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LAND USE, DISSOLVED OXYGEN, AND ARCTIC GRAYLING RELATIONSHIPS 

Abstract 

Intensity and types of land use have changed rapidly in the last century and in north-

western Alberta this has coincided with the decline of Wapiti River watershed Arctic Grayling 

(Thymallus arcticus) populations.  Data on diurnal dissolved oxygen (DO), chemical and 

physical stream habitat data were collected in nine sub-watersheds of the Wapiti River with 

historically abundant Arctic Grayling populations.  Levels and fluctuations of DO and 

temperature were related to the status of populations; five of the nine streams had higher 

temperatures and lower DO during summer, anoxic conditions during winter and extirpated 

populations.  Amount of disturbed land and road density within sub-watersheds were inversely 

related to DO levels and population status.  Cumulative effects modelling suggests a possible 

mechanism for these relationships is increased phosphorous runoff, leading to impaired habitat.  

These relationships and thresholds may be used as a management tool to maintain or restore 

Arctic Grayling and other stream fishes.  
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Introduction 

Overview of Land Use, Dissolved Oxygen and Fish Management 

Land use has changed rapidly in the last century in Alberta and its effects have rolled 

across the landscape and cascaded down through watersheds.  In this work, “land use is defined 

as the area on the landscape that has been modified by human activity” (Fiera Biological 

Consulting, 2012, p. 5).  The predominant changes that have taken place on the Albertan 

landscape in the last century are the growth of agriculture as a land use, widespread forestry 

activity, and the heavy footprint of oil and gas industries.  Other changes include the growth of 

urban development, acreages and industrial land uses such as gravel mining.  These changes in 

land use have replaced forested land with developed land.  The effects of changing land use on 

stream ecosystems, particularly the shift from forest to agriculture, have received much attention 

in recent years.  Both the loss of fish and a reduction in water quality-based habitat due to 

changing land use are well documented  (Wang, Hondzo, Xu, Poole, & Spacie, 2003; 

Mulholland, Houser, & Maloney, 2005; Bernot, Sobota, Hall, Mulholland, Dodds, Webster, . . . 

Arango, 2010; Ragosta, Evensen, Atwill, Walker, Ticktin, Asquith, & Tate, 2010;).    

Streams experience a multitude of effects when the land use in their catchment is 

modified.  The riparian corridor acts as both a barrier and a filter, so that its removal leaves the 

stream more vulnerable to outside inputs (The Federal Interagency Stream Restoration Working 

Group (FISRWG), 2001, p. 2-84).  Increased nutrient and/or debris loading, particularly via run-

off from agricultural lands, can fundamentally alter the trophic systems found in streams 
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(Masamba & Mazvimavi, 2008).  Land use changes have been shown to affect stream 

metabolism regardless of where in the watershed these changes take place (Bernot et al., 2010).   

Furthermore, there are numerous effects of land use on the hydrology of a watershed, including 

changing discharge and altering the timing and volume of spate flows, that in turn alter the flow 

of streams (FISRWG, 2001, p. 3-18; Chambers, Culp, Glozier, Cash, Wrona, & Noton, 2006).  

Helms, Schoonover, & Feminella (2009) reported that both larger spate flows and an increasing 

proportion of impervious surface in the watershed results in a reduction in dissolved oxygen 

levels.  Understanding the changes that land use may cause to a stream involves understanding 

the processes and changes throughout the watershed and also where within the watershed those 

changes are occurring.  

A large number of studies incorporate catchment scale metrics and dissolved oxygen to 

examine stream health (see Frimpong, Sutton, Engel, & Simon, 2005; Brisbois, Jamieson, 

Gordon, Stratton, & Madani, 2008; Bernot et al., 2010; Peterson, Sheldon, Darnell, Bunn, & 

Harch, 2011).  The common goal is to find reliable, readily deployable, and easily communicated 

indicators of water quality and stream health.  Sánchez, Colmenarejo, Vicente, Rubio, García, 

Travieso, & Borja (2007) indicate that oxygen deficit is a quick and simple way to determine 

water quality because it is easily measured and it has a linear relationship with the water quality 

index.  Dissolved oxygen has received attention as a simple metric for water quality (e.g., 

Carrino-Kyker & Swanson, 2007; Brisbois et al., 2008) and is very promising in the search for 

practical and reliable diagnostic tools to aid in management.  Recent work has focused on 

increasingly explicit models and more detailed spatial analysis of land use locations within 

watersheds (e.g., Bernot et al., 2010; Peterson et al., 2011).    
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Mulholland et al. (2005) point out the usefulness of stream parameters as an indicator for the 

state of the watershed in which they are located due to their integrating nature.  As water 

throughout the whole watershed flows to the stream (Hynes, 1975), it brings chemical and 

physical input from every part of the watershed to the stream where it is all aggregated.  

Dissolved oxygen in streams is readily understood in terms of its ecological processes and 

functions.  For instance, the diurnal cycle (Figure 1) as a general component of aquatic systems 

is well understood (Cox, 2003; Ice, 2008).   Thus, changes to levels and patterns in dissolved 

oxygen concentrations can inform us of the state of the watershed and its land use.  Conversely, 

monitoring land use may inform us of potential changes to dissolved oxygen in the watershed 

streams.  The relationships that exist between the watershed and dissolved oxygen within a   

stream may allow the development of effective management and monitoring tools for sustainable 

land use planning.   

The importance of dissolved oxygen for fish and fish populations is well-documented 

(see Breitburg, Adamack, Rose, Kolesar, Decker, Purcell,...Cowan Jr., 2003; Magee, Rens & 

Lamothe, 2005; Helms et al., 2009).  FISRWG (2001) provides a good discussion of the factors 

influencing dissolved oxygen, its diurnal cycle and its interaction with the biotic components of 

the stream ecosystem (pp. 2-33).  Adequate dissolved oxygen levels are essential to fish and 

other stream biota and these levels are strongly influenced by flow regime (Garvey, Whiles, & 

Streicher, 2007).  The lethal effects of dissolved oxygen deficit are stark and obvious as 

demonstrated in fish kills, but can also include sub-lethal effects that lower health, impede 

reproductive success and curtail habitat availability (FISRWG, 2001, pp.2-27 & 2-70; Breitburg, 

2002).  Quinn, Jacobs, Chen, & Stringfellow (2005) also point out the ability of hypoxic 
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Figure 1. Automated data logging dissolved oxygen measurements for Steeprock Creek taken at 

fifteen minute intervals. Sunrise is indicated by a yellow line and sunset by a black line. A 

typical diurnal cycle for dissolved oxygen levels is evident here. 

conditions to block fish migration.  The understanding of how the cumulative effects of human 

development on the landscape are linked to water quality, particularly dissolved oxygen levels, is 

necessary for any successful fish management plan.  

Arctic Grayling (Thymallus arcticus) and their stream habitats are a good focus for 

studying these cumulative effects as extirpation in large portions of their historic range reflects 

their sensitivity to changes (see Kaya, 1991; Buzby & Deegan, 2004).  Arctic Grayling have 
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been extirpated in more than 95% of their historic range in the contiguous United States (Magee 

et al., 2005; Steed, Zale, Kole, & Kalinowski, 2010).  There has been a large decline of Arctic 

Grayling in Alberta (Alberta Sustainable Resource Development, 2005) and particularly in parts 

of the Wapiti River watershed (C. Johnson, personal communication, March 24, 2012).  The 

population declines in the Wapiti River watershed have been accompanied by marked 

hydrological changes (Chambers et al., 2006), including very low dissolved oxygen levels.   

Presently, Arctic Grayling are thought to be extirpated in several sub-watersheds of the 

Wapiti River watershed and declining in most although not all sub-watersheds (McGurk, Froese, 

Quach, & Seward, 2009). Restoration work in riparian zones in parts of these watersheds is 

currently being conducted, implicitly assuming that riparian health is a major correlate to Arctic 

Grayling status (McGurk et al., 2009). Arctic Grayling are particularly sensitive to habitat 

quality, especially water quality and oxygen levels. The Canadian Council of Ministers of the 

Environment (CCME) guidelines for coldwater fish (2001) recommend 6.5 mg/L of dissolved 

oxygen for adult fish and 9.0 mg/L for other life stages.  These guidelines accurately reflect the 

requirements of Arctic Grayling and add to their suitability for a study species because they 

provide good representation for the group of fish species that fall under the coldwater fish 

guidelines, including other local Alberta species such as Bull Trout (Salvelinus confluentus), 

Rainbow Trout (Onchorynchus mykiss), and Mountain Whitefish (Prosopium williamsoni). 

The government agency, Alberta Fish and Wildlife, has a direct and active role in 

managing fish in the watershed, although different departments and levels of government are 

responsible for the various parts of management of water and the land within the watershed.  One 
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potential management option to restore lost grayling populations is to ensure that the habitat is 

suitable and then reintroduce grayling.  A pre-requisite of restoring and reintroducing grayling 

into these ecosystems requires that the causes of their decline and disappearance are known and 

corrected.  The proposed research hopes to further establish the hierarchy of known factors, 

detailing distal and proximal causes of fish decline (Garvey et al., 2007). 

 The goal of this project is to characterize and contrast existing and lost grayling habitat 

with respect to key features of water quality-based aspects of Arctic Grayling habitat and place 

that in the context of land use.  Arctic Grayling are a fish well suited to examining some of these 

trends because they are sensitive, extirpated in some of their historic range, have temperature and 

dissolved oxygen requirements that align well with the CCME guidelines and have been the 

focus of management efforts.  The Wapiti River watershed historically boasted widespread 

Arctic Grayling populations that are now restricted to particular tributaries and the Wapiti River 

itself.  Superficially, it appears that this distribution is stratified according to land use so that an 

excellent research opportunity is available.  Unsystematic measurements of dissolved oxygen 

concentrations also seem to align with the land use pattern.  This work will formalize all these 

observations and attempt to define their relationships. 

 

Research Question 

 The question that I will address through the process of this research project is one that 

incorporates three components:  land use, fish-oriented water quality (primarily dissolved 

oxygen) and Arctic Grayling status.  These three components are crucial in the determining distal 
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causes, proximal causes and their interactions as they bear upon the Arctic Grayling in the 

Wapiti River watershed.  Hence, my question is the following:  What is the nature of the 

dissolved oxygen and temperature cycles in the Wapiti River watershed, what are its effects on 

the Arctic Grayling population(s) and how does land use influence both of these things?   

My null hypothesis is that there is no relationship between land use, dissolved oxygen 

and the Arctic Grayling population(s).  The alternate hypothesis is that there is a relationship 

between land use, dissolved oxygen and the Arctic Grayling population(s).  Furthermore, the 

alternate hypothesis assumes that this relationship is measurable and definable.     

 

Objectives 

1. To understand the diurnal cycles of dissolved oxygen and temperature in the sub- 

watersheds of the Wapiti River. 

2. To understand the role of dissolved oxygen levels and temperature cycles in affecting 

Arctic Grayling populations. 

3. To determine the role that land use within the watershed has in determining dissolved 

oxygen cycles. 

4. To synthesize sub-watershed-scale cumulative effects data and correlate these to Arctic 

Grayling status and water quality status. 
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Materials and Methods 

Study Area 

The Wapiti River watershed straddles the border between Alberta and British Columbia 

and has many small tributaries. Alberta’s seventh largest city, Grande Prairie, is located at N 

55°10.187’ and W 118°48.359’ and is the principal city in the watershed.  There are several  

Table 1. 

 The percentage of different natural subregions found in each of the nine study sub-watersheds.  

The location of measurement, i.e., the watershed mouth, is located in the natural subregion 

where” site” is listed in parenthesis. 
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    53.5% 

(site) 

8.6% 

(site) 

22.0% 

(site) 

24.3% 

(site) 

 

Central 

Mixedwood 

 11.3% 

(site) 

78.2% 

(site) 

18.2% 

(site) 

26.8% 91.4% 51.8% 75.7% 100.0% 

(site) 

Lower 

Foothills 

0.4% 

(site) 

88.7% 21.8% 70.5% 19.7%  26.2%   

Upper 

Foothills 

83.6%   11.3% 

 

     

Subalpine 15.9%         

 Note: Blue represents abundant Arctic Grayling, green represents scarce Arctic Grayling and red 

represents extirpated Arctic Grayling status. 
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towns, hamlets and settlements as well as numerous farms and acreages in the watershed.  The 

natural subregions found in the study sub-watersheds are Dry Mixedwood, Central Mixedwood, 

Lower Foothills, Upper Foothills and Subalpine (Table 1).  This study will only deal with the 

portion of the watershed that is located in Alberta.  There are small parts of both the Beavertail 

and the Steeprock sub-watersheds that are excluded from the study area because they are in 

British Columbia.  There were nine sub-watersheds (Figure 2) that were studied: Bear River, 

Beavertail Creek, Calahoo Creek, Diamond Dick Creek, Gunderson Creek, Iroquois Creek, 

Kamisak Creek, Pinto Creek, and Steeprock Creek.  

The oxygen and temperature sampling site within each sub-watershed was selected 

according to several factors.  First, sites that were concealed and unlikely to undergo tampering 

by the public were sought.  Second, sites were selected that had no obvious evidence of 

immediate or adjacent anthropogenic disturbance, such as quad trails or immediately next to 

bridges.  Third, deeper pools or runs were located to increase the chances of being able to find 

flowing water for the winter field season 
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Figure 2.  Map of study area with the main rivers, urban centre and a map of Alberta (inset) for 

reference.  The study sub-watersheds are outlined in colours related to grayling population status: 

red = extirpated, green = high risk, blue = moderate risk. Cleared land (agricultural and forestry) 

appears as white shading, with relatively undisturbed land (forest) appearing darker. 
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Sub-watershed Comparisons 

 Each site was visited twice; first during the summer of 2011 (Figure 3) and then again 

during the winter of 2012 (Figure 4).  Each site was described as to its vegetation, watercourse 

characteristics, and topography.  GPS coordinates and a description of site access were also 

recorded.  A Secchi disk was used to measure turbidity: It was lowered into the stream until the 

bands were no longer visible and then raised until just visible at which point the depth of that 

Figure 3.  Datasonde deployed in Calahoo Creek on August 3, 2011.  Aircraft cable is looped 

through the datasonde handle (inside PVC pipe) and through holes in the PVC pipe, which is 

wrapped in chicken wire.  All of this is anchored to rebar that has been driven into the stream 

bed.   
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Figure 4.  Winter field sampling at Steeprock Creek on February 12, 2012.   
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submersion was measured. 

Discharge was calculated by using a modified version of the procedure given by Munson, 

Axler, Hagley, Host, Merrick, & Richards (2004). The wetted channel width and the rooted 

channel width were measured and the wetted width was divided into quarters (Figure 5).  At each 

one of the three quarter divisions, depth was measured and a vertical point within the water 

column for discharge measurement determined.  Standing down current of the established point, 

a Gurley meter (Price Type AA made by Gurley Precision Instruments, Troy, New York) was set 

to 0.6 of the stream depth and the rotations of the Gurley meter counted for a duration of 40  

Figure 5.  Sample site at Beavertail Creek August 9, 2011.  A measuring rope has been strung 

across the whole watercourse and markers (arrows) have been located at the quartile boundaries 

of the wetted width.  Depth and velocity were measured at each of these three markers.   
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seconds.  Velocity was obtained by applying the conversion factor provided with the Gurley 

meter to the number of rotations measured at each site.  Area was calculated by graphing the 

watercourse using the wetted channel width and the depth measurements at the quartiles.   Then 

the area of each quartile was summed, after which discharge was calculated as: 

                                                                                                        (1)                           

where: 

Q is discharge,  

n is the number of subsections across the stream,  

A is the area of the subsection, and 

V is the velocity measured for that subsection (see Bruckner, 2012). 

This method provides a relatively quick means to assess discharge in order to make a comparison 

between the study sub-watersheds. 

 

Oxygen and Temperature Relationships  

Both oxygen and temperature measurements taken by the datasondes were corroborated 

by measuring these parameters with two different methods.  Automated temperature loggers 

(Onset models H08-001-01, H01-001-01 and UA-002-64, Cape Cod, Massachusetts) were 

deployed both in the water and in a shaded terrestrial location to measure air temperature. 
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Temperature of both the water and the air was also measured at the time of deployment with an 

alcohol thermometer. 

Corroborative measures of dissolved oxygen were taken using a titration kit (Hach model 

OX-2P, Loveland, Colorado) that measures oxygen in a procedure similar to the Winkler 

titration (Winkler, 1888).  Oxygen is precipitated out of the water by the addition of excess 

manganese, iodide and hydroxide, which yields a manganese hydroxide precipitate that is then 

oxidized by the dissolved oxygen.  Upon the acidification of the solution the iodide is converted 

to iodine.  The iodine is then titrated by thiosulfate and the amount of iodine titrated is 

proportional to the amount of dissolved oxygen originally present in the solution. The 

manufacturer’s instructions were followed for this titration procedure without modification.  This 

measurement was done to provide corroboration of the values obtained by the optical dissolved 

oxygen probe in the datasonde.   

A Yellow Springs Instruments (YSI) datasonde 600 OMS V2 (YSI, Yellow Springs, 

Ohio) equipped with a YSI 6155 dissolved oxygen membrane probe was deployed to make long-

term, repeated measurements of several characteristics.  Markfort & Hondzo (2009) compared 

the main types of dissolved oxygen probes available and concluded that the optical DO sensor 

(as used in this study) is appropriate and reliable for extended deployment.  

The one-point calibration method was done according to the manufacturer’s instructions. 

Three components that are crucial to the determination of dissolved oxygen are the partial 

pressure of oxygen, salinity and temperature (Ibanez, Hernandez-Esparza, Doria-Serrano,  

Fregoso-Infante, & Singh, 2008; Yellow Springs Instruments, 2009, p. 16f).  Salinity is 

http://www.springerlink.com.ezproxy.royalroads.ca/content/?Author=Margarita+Hernandez-Esparza
http://www.springerlink.com.ezproxy.royalroads.ca/content/?Author=Carmen+Doria-Serrano
http://www.springerlink.com.ezproxy.royalroads.ca/content/?Author=Arturo+Fregoso-Infante
http://www.springerlink.com.ezproxy.royalroads.ca/content/?Author=Arturo+Fregoso-Infante
http://www.springerlink.com.ezproxy.royalroads.ca/content/?Author=Mono+Mohan+Singh
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accounted for by the conductivity sensor and is most often a minor factor in the dissolved oxygen 

levels in freshwater (Munson et al., 2004).  Temperature plays a key role in that it affects the 

solubility of oxygen in water (FISRWG, 2001, p. 2-32) and this accounted for by the real-time 

measurement of water temperature by the datasonde.  Partial pressure is affected by barometric 

pressure and by extension altitude (YSI, 2009, p. 38ff) and is the factor that must be entered 

manually.   In most cases, I calibrated the datasondes by entering the current reading from the 

nearest weather station and this has introduced a possible source of error due to the distance from 

the site of calibration.  When calibrating optical DO sensors with weather station barometric 

pressure, care must be taken to ensure that a true barometric pressure is used and not one 

corrected to sea level.  In some cases, a handheld barometer was available and used for 

calibration; this is the optimal method of obtaining barometric pressure to perform a calibration.  

Barometric pressure should be measured directly at the location of calibration to ensure accurate 

and precise long-term deployment readings. 

 After calibration, datasondes were deployed in the creeks. This involved driving a one-

hundred and fifty centimetre long section of rebar into the creek bed (Figure 4).  Chicken wire 

was wrapped around a seventy-five centimetre section of PVC pipe that was in turn fastened to 

the rebar using hose clamps.  The purpose of this was to prevent the loss or movement of the 

datasonde due to high stream flows or disturbance by beavers.  Additionally, aircraft cable was 

looped through the wire handle on the datasonde wire and then locked to a tree on shore to 

prevent theft of the datasonde or its loss should it become dislodged.  The datasonde was located 

in the water column so as to keep the membrane free of the mud at the creek bottom and to 

remain submerged should the water levels drop. 
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Cumulative Effects  

Cumulative effects that may affect stream water quality within each sub-watershed were 

estimated by examining GIS data.  The GIS data for each sub-watershed were analyzed to 

determine the area of selected natural landscape and developed land use types in each watershed.  

An estimate of the pre-development landscape areas was obtained by removing the area  

Table 2. 

 Runoff coefficients used to develop theoretical phosphorous budget for the Wapiti River 

watershed. All land uses and landscape types used are listed. 

Landscape Types 

 
Total Phosphorous 
(kg/ha/yr) Total Suspended Solids (kg/ha/yr) 

Forest  0.111 2502 

Lentic (includes wetlands) 03 03 

Lotic 03 03 

   

Footprint types   

Agriculture 0.7734 1484.513 

Feedlots 2506 10006 

Roads (includes in-block roads) 3.57 20008 

Well sites 7.959 8699 

Cutblocks (<30 years old) 0.3910 25011 

Pipelines 0.3910 25011 

Seismic lines 0.3910 25011 

Powerlines 0.3910 25011 

Gravel pits 1.512 8699 

Notes:  1 – Average of values given for Alberta locations in Mitchell & Trew, 1992. 

2 – United States Environmental Protection Agency (USEPA) (1976) median values for 

forest runoff found in Jeje (2006). 
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3 - Assumed any export from aquatic systems is constant and of little significance for the 

watershed budget 

4 - Average of 30 agriculture values found in Jeje (2006). 

5 - Average of 5 Alberta intensive agriculture values in Jeje (2006). 

6 - USEPA (1976) value for feedlots found in Jeje (2006). 

7 - Logging road, public highway and private road value from the Maine Department of  

Environmental Protection (2000) found in Jeje (2006). 

8 - USEPA (1976) value for urban land use found in Jeje (2006). 

9 - Industrial land use value from Reckhow et al. (1980) found in Jeje (2006). 

10 - Average value from St. Onge et al. (1990) found in Jeje (2006). 

11 - Forest land use value from USEPA (1976) found in Jeje (2006). 

12 - Strip mine land use value from The Cadmus Group (1998) found in Jeje (2006). 

13 - Average of values found in (Jeje, 2006) with intensive and non-intensive agriculture                                 

receiving a weighting equal to regional agriculture land use. 

 

estimates for all developed landscape types (e.g., agricultural, pipelines, roads, gravel pits, etc.) 

and converting them back into a natural landscape type reflective of its location in the natural 

subregion (e.g., forest, grassland, alpine meadow, etc.).  Phosphorous runoff coefficients for each 

landscape type were estimated from Jeje (2006) and Mitchell & Trew (1992).  A weighted 

average of pasture runoff coefficients and intense agriculture runoff coefficients (Table 2) was 

used to create a lumped metric for agricultural land use.  

The theoretical phosphorous budget for each sub-watershed was then estimated for two 

development scenarios.  One development scenario was pre-development: How much 

phosphorus might be expected as runoff in the entire sub-watershed from natural landscape 

types?  The other development scenario was current development: How much phosphorus might 
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be expected as runoff from the current proportions of undeveloped and developed landscape 

types?   The ratio of these two phosphorus runoff scenarios (i.e., current: pre-development) was 

used as an index of change in phosphorus runoff as a consequence of development.  For 

example, a ratio of one would mean that phosphorus runoff in the watershed has not changed 

from the expected natural level.  A ratio of two would be interpreted as a phosphorus runoff 

increase of 200%, a ratio of three indicates an increase of 300%, and a ratio of less than one 

would indicate a decrease in phosphorous runoff from the expected natural levels.  This 

theoretical phosphorus budget does not account for factors such as riparian filtration, annual 

changes in precipitation, or slope and drainage characteristics of the watershed.   It is intended to 

represent an index of change in nutrient runoff, rather than a precise estimate of actual 

phosphorus increases in the stream.   

Road density was calculated using GIS data and a road was defined as every roadway 

greater than five metres in width and up to double-lane highways.  This also included the in-

block roads present in cutblocks. Smaller, non-road linear features such as trails, seismic lines, 

power lines, and pipelines were not included in this estimate. The density calculated is 

kilometres of road per square kilometre for each sub-watershed. 

 

Statistical Analysis 

Dissolved oxygen values were plotted against other parameters to identify any trends and 

measures of central tendency and dispersion were calculated (Zar, 1999).  Mean, standard 

deviation, range, and coefficient of variation were analysed for both dissolved oxygen and 
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temperature (Table 3).  The trend observed between dissolved oxygen and water temperature was 

tested with the Pearson Correlation Coefficient.  This test was employed to test the strength of 

any linear relationships and the direction of those relationships. The Pearson Correlation 

Coefficient was also used to examine the relationship between specific conductivity and 

dissolved oxygen. 

Table 3. 

Measures of Central Tendency and Dispersion calculated for temperature and dissolved oxygen 

values collected in the summer of 2011. 
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Temperature (°C) 

Mean 10.07 13.5 17.37 15.57 16.13 17.37 17.47 12.81 15.26 

Standard Deviation 1.49 1.4 1.23 1.1 1.23 0.92 1.31 0.99 1.46 

Range 6.1 6.53 6.28 4.58 4.95 4.21 5.73 4.69 5.86 

Coefficient of Variation (%) 14.80 10.37 7.08 7.06 7.63 5.30 7.50 7.73 9.57 

Dissolved Oxygen (mg/L) 

Mean 10.8 10.54 9.03 9.93 8.2 6.43 6.91 9.33 9.56 

Standard Deviation 0.31 0.26 0.26 0.19 0.57 0.56 0.58 0.33 0.43 

Range 1.29 1.15 1.86 0.72 3.09 2.28 2.77 1.28 1.72 

Coefficient of Variation (%) 2.87 2.47 2.88 1.91 6.95 8.71 8.39 3.54 4.50 

Note: Blue represents abundant Arctic Grayling, green represents Arctic Grayling and red 

represents extirpated Arctic Grayling status. 
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Results 

Sub-watershed Comparisons 

The study creeks were relatively similar in physical characteristics, allowing for adequate 

comparisons. Natural regions exhibited a slight trend across the sub-watersheds but were similar  

Table 4. 

The physical and hydrological characteristics of the nine study sub-watersheds as measured in 

the summer of 2011. 
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Cross section 

Area (m
2
 ) 4.32 1.59 1.24 10.55 5.85 8.65 0.73 0.20 1.73 

Discharge 

(m
3
/s) 1.91 0.20 0.42 1.50 3.54 0.33 0.02 0.05 0.21 

Mean Depth 

(m) 0.71 0.53 0.26 0.71 0.94 1.26 0.28 0.18 0.51 
Deepest 

Measurement 
(m) 0.84 0.65 0.42 0.71 1.03 1.35 0.35 0.19 0.81 
Wetted 

Channel 
Width (m) 7.90 3.74 5.32 4.28 7.24 7.97 3.31 1.34 17.60 

Stream Order 5 3 3 5 4 6 3 3 5 
Turbidity (cm) 86 

bottom 
59 

bottom 
39 

almost 

bottom 

37 35 78 34 

bottom 
30 

almost 

bottom 

62 

almost 

bottom 
Hours of Full 
Sunlight/ Day 9.8 11.6 11.8 9.6 9.7 7.3 8.0 7.5 7.6 

Elevation (m) 1000 741 750 711 787 829 833 708 714 

Note: Blue represents abundant Arctic Grayling, green represents Arctic Grayling and red 

represents extirpated Arctic Grayling status. 
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Table 5. 

Chemical properties of the streams as measured in summer of 2011. 
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NO3 0.6 0.1 1.1 0.4 2.2 0.8 0.1 1 0.1 

NH3 1 0 1 0 2 0 1 0 0 

PO4 0 2.5 8.2 7.4 8.7 1.5 4.7 9.6 3.4 

pH  6 6 7 7 6 6 7 6 6 

Note:  Blue represents abundant Arctic Grayling, green represents Arctic Grayling and red 

represents extirpated Arctic Grayling status. 

(Table 1), as were the physical (Table 4) and chemical (Table5) stream parameters. Stream depth 

(Figure 6) and stream discharge (Figure 7) did vary somewhat across the nine study streams, 

however, the observed  differences do not appear directly correlated to the status of Arctic 

Grayling populations, nor to the historical status of all nine streams once supporting abundant 

Arctic Grayling. 

 



23 

LAND USE, DISSOLVED OXYGEN, AND ARCTIC GRAYLING RELATIONSHIPS 

Figure 6.  Mean of water depths measured at quartiles across study streams (coloured to indicate 

Arctic Grayling status) during July and August 2011.  
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Figure 7.  Estimated discharge of the study streams (coloured to indicate Arctic Grayling status). 

Sampling dates extended from late July through August 2011.   

 

Oxygen and Temperature Relationships 

The dissolved oxygen regime varied across the sub-watersheds not only in absolute value 

but also in the magnitude of fluctuations, an attribute which reflects the diurnal cycle. 

Temperature fluctuations generally showed a pattern that was the inverse of dissolved oxygen 

fluctuations (Figure 8) so that creeks with large temperature fluctuations generally had small 
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dissolved oxygen fluctuations and vice versa.  Temperature and dissolved oxygen exhibit a 

strong negative correlation in creeks with abundant grayling habitat (Table 6).  In contrast,  

Table 6. 

Pearson Correlation Coefficients for each of the nine streams analyzing the strength of the 

correlation between dissolved oxygen values and water temperature as measured in the summer 

of 2011.  

Gunderson 
Creek 

Calahoo 
Creek 

Iroquois 
Creek 

Pinto 
Creek 

Bear 
River 

Beavertail 
creek 

Diamond 
Dick Creek 

Kamisak 
Creek 

Steeprock 
Creek 

-.9264 -.8661 -.6002 -.8143 -.4381 .3436 .3976 -.8107 -.1202 

Note:  A negative value indicates that as one parameter increases the other parameter decreases 

and positive indicates that both values increase or decrease together.  Blue, green and red 

indicate abundant, scarce, and extirpated Arctic Grayling populations respectively. 

creeks where lower dissolved oxygen levels were recorded and that were classified as extirpated 

grayling habitat, with the exception of Kamisak Creek, did not demonstrate such a strong 

correlation between oxygen and temperature.  For instance, Gunderson Creek as an abundant 

Arctic Grayling stream had a Pearson Correlation Coefficient of -0.9264, and Pinto Creek as a 

scarce Arctic Grayling creek had a value of -0.814; whereas Beavertail Creek as an extirpated 

Arctic Grayling stream had a value of 0.34359.  The dissolved oxygen level and water 

temperature have a strong inverse correlation in streams that also have Arctic Grayling 

populations, whereas these correlations are much weaker in extirpated Arctic Grayling streams. 
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Figure 8.  Summer dissolved oxygen and temperature diurnal regimes of nine different streams 

(coloured to indicate Arctic Grayling status) in the Wapiti River watershed during July and 

August 2011.  Ovals represent the means (center point) of dissolved oxygen and temperature 

with standard deviation (height and width of the ovals respectively).  Each oval represents one 

week of data points, taken at fifteen minute intervals.   
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During the winter, specific conductance exhibited a negative correlation with dissolved 

oxygen (Table 7), of which Iroquois Creek demonstrated the strongest negative correlation 

(Pearson Correlation Coefficient of -0.8562).  All winter Pearson Correlation Coefficient 

valueswere higher than summer values both for same stream values and across all streams. The 

absolute specific conductance values in Iroquois Creek were often twice as high as same creek 

summer values and the winter values of other creeks. The Iroquois Creek oxygen value is the 

mean of only the first several hours of measurements, as subsequent dissolved oxygen readings 

produced by this datasonde were zero (apparently caused by a datasonde malfunction, 

inappropriate sensor placement or an unknown event). 

Table 7. 

 Pearson Correlation Coefficients for specific conductance (mS/cm) and dissolved oxygen 

(mg/L).   
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Summer 
-.3228 .0008 -.0388 -.3326 -.0549 .404 -.2565 -.1866 -.3692 

Winter 
-.3914 -.5642 -.8593 -.6874           

Note:  Bars are coloured to indicate grayling status; blue represents abundant Arctic Grayling, 

green represents scarce and red represents extirpated.  Values are given for both summer and 

winter where applicable. The 5 creeks without a specific conductance value were anoxic and no 

datasonde deployment.   
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Cumulative Effects  

Cumulative effects were examined by analyzing GIS data and searching for relationships 

between cumulative effects and water quality-based habitat.  The theoretical phosphorous budget 

was compiled from GIS data to produce an estimate of changes in phosphorous runoff (using 

Figure 9.  Theoretical change in phosphorous runoff for the Wapiti River sub-watersheds. Values 

are the ratio of calculated current runoff coefficient to the calculated pre-development runoff 

coefficient. Bars are coloured to indicate Arctic Grayling status. 

values previously presented in Table 2).  The nine sub-watersheds experienced an increase in the 

phosphorous runoff coefficient from pre-development (approximately pre-1900) to current levels 
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ranging from 2.06 (Calahoo Creek) to 6.23 (Bear River), as shown in Figure 9.  Through GIS 

analysis the amount of hectares for each land use type was determined in each sub-watershed. 

These land use footprints only began in the twentieth century, so that this value is also the 

absolute increase for the respective land use type (Table 8).  Agriculture is the land use that 

dominates both the increase in the phosphorus runoff coefficient and that contributes the largest 

amount of phosphorous to the total runoff (Table 2and Table 8). 

Table 8. 

Increase in land use types from pre-development to present in different sub-watersheds of the 

Wapiti River.  

Land use type 
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Northern  

Alberta 

Agriculture 0.0 0.0 848.1 0.0 31935.0 2792.6 4487.5 1842.5 3084.7 

Feedlots 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Roads 
(includes in-

block roads) 153.7 93.1 187.1 872.9 2031.9 433.2 335.4 163.6 218.4 

Well Sites 36.2 23.2 87.6 507.5 244.3 193.5 45.2 58.6 45.0 

Cutblocks 874.4 1523.4 75.3 4756.1 763.6 0.0 322.5 0.0 0.0 

Pipelines 87.1 112.1 155.0 680.7 419.5 292.6 84.5 55.9 61.9 

Seismic 42.5 59.8 50.9 249.5 424.2 243.4 138.8 173.6 162.3 

Powerlines 0.0 0.0 0.0 0.0 13.7 0.0 0.0 26.0 0.0 

Gravel Pits 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.0 1.5 

Note:  Numbers presented are the hectares of each land use type by sub-watershed.  Values are 

for the present and simultaneously represent the increase from pre-development because these 

land use types were not on the landscape at that time.   Blue represents abundant Arctic Grayling, 

green represents Arctic Grayling and red represents extirpated Arctic Grayling. 
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Figure 10.  Summer 2011 mean water temperature and mean dissolved oxygen concentration 

plotted against the ratio of current to pre-development phosphorous runoff coefficients. Symbols 

are coloured to indicate Arctic Grayling status where blue is abundant, green is scarce and red is 

extirpated. 
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Figure 10 shows the mean summer dissolved oxygen and temperature plotted against the 

estimated increase in phosphorous runoff.  Watersheds with less than a 3-fold increase do not 

have anoxic conditions in winter (Figure 11).  Likewise, for Arctic Grayling status there is a  

Figure 11.  Mean winter dissolved oxygen concentrations versus the ratio of current: pre-

development phosphorous runoff. The dashed line indicates a potential threshold in the increase 

of phosphorus runoff (above 3-fold) beyond which water becomes unsuitable as fish habitat. 

Coloured symbols indicate Arctic Grayling status.  



32 

LAND USE, DISSOLVED OXYGEN, AND ARCTIC GRAYLING RELATIONSHIPS 

potential threshold of over a 3-fold increase in phosphorous run-off that separates those creeks 

with Arctic Grayling populations from those without (Figure 9).  Finally, there is a general trend 

of decreasing dissolved oxygen with an increasing density of roads (Table 9 and Figure 12). 

Table 9. 

Road density and total road length for each sub-watershed.  
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Lineal km/km2 0.63 0.48 0.82 0.75 1.35 0.87 0.89 0.66 0.67 

Total m in 
watershed 56545 40605 67004 327466 733313 155056 120348 57828 76930 
Note:  Blue represents abundant Arctic Grayling, green represents Arctic Grayling and red 

represents extirpated Arctic Grayling status. 
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Figure 12.  Mean summer dissolved oxygen concentration versus road density, in each 

watershed.  Coloured symbols indicate Arctic Grayling status.  
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Discussion 

Sub-watershed Comparisons 

 The sub-watersheds proved similar enough to warrant comparison between them.  The 

main differences that were encountered were not in creek size or structure, variables that needed 

to be controlled, but rather in land use and water quality-based habitat, the independent variables 

that were to be examined.  Even though there is a slight trend between water quality and natural 

subregion, streams with the best water quality-based habitat were not correlated to parameters 

such as discharge, elevation or even subregion.  Although GIS information for small upstream 

portions (i.e., in British Columbia) of the Steeprock Creek and Beavertail Creek watersheds 

could not be accessed, there is nothing to suggest that these watersheds with the information 

available for this study were anything but adequate for comparison between the sub-watersheds. 

 

Oxygen and Temperature Relationships 

The direction and strength of the trends between dissolved oxygen and water temperature 

provides a good indication of water quality-based, coldwater fish habitat.  Habitat supporting 

abundant Arctic Grayling was characterized by a strong relationship between dissolved oxygen 

and temperature, where dissolved oxygen decreases when temperature increases.  One finding of 

note is the relationship between diurnal fluctuations of oxygen and temperature, rather than the 

more simple relationships between mean oxygen and temperature, which to the author’s 

knowledge has not been reported elsewhere.  A pattern of high dissolved oxygen with low 
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fluctuations was observed in good grayling habitat, which agrees with Brisbois et al. (2008), 

however an interesting trend of low temperatures with high fluctuations was also observed 

concomitantly.  Arctic Grayling are considered to be cold-water stenotherms sensitive to 

temperature fluctuations (Deegan, Golden, Harrison, & Kracko, 2005) so it is counterintuitive 

that they should thrive under these circumstances.  Potentially, streams that have larger 

temperature fluctuations in conjunction with high, stable levels of dissolved oxygen provide 

habitat that favours both adult and young-of-the-year survival, something which is unusual for 

Arctic Grayling (Northcote, 1995; Buzby & Deegan, 2004).  

Kamisak Creek and Steeprock Creek had unexpectedly high summer dissolved oxygen 

levels for creeks with extirpated Arctic Grayling populations.  This phenomenon could be 

attributed to the presence of more intact riparian zones causing light limitation of algae (Bernot 

et al., 2010).  More intact riparian zones were anecdotally observed at these creeks, but not 

explicitly measured in this study so it is not possible to substantiate this.  Anoxic conditions in 

winter could certainly be the overwhelming reason behind the extirpated status of the grayling, 

although it is also possible that these once-historical spawning streams also suffer from fish 

accessibility issues such as passage through waters of lower quality (Quinn et al., 2005) or the 

partial fish barrier weir on the Beaverlodge River.  Due to the high precipitation both in the 

winter of 2010/2011 and the summer of 2011, stream flows were high in the summer of 2011 and 

likely contributed to higher than expected oxygen levels in some streams (Garvey et al., 2007).  

Specific conductance did not play a large factor in the dissolved oxygen levels in the 

streams as is expected in freshwater bodies (Munson et al., 2004).  In winter, however, strong 
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correlations were observed both relative to the summer and in absolute terms (Table 7).  Reduced 

flows in winter could account for a proportional increase in the amount of solutes in stream 

water.  Of note is that the strongest correlation between dissolved oxygen and specific 

conductance occurred during the winter season sampling of Iroquois Creek.  Dissolved oxygen 

levels in the stream started low (around 4 mg/L) and then became anoxic. Potentially, part of the 

explanation lies in the high specific conductance and its high negative correlation to dissolved 

oxygen.  Unfortunately, I am unable to offer anything more than speculation as to what was the 

cause of the high specific conductance. 

Further to that, an oversight in the field was the failure to redo the sampling for Iroquois 

Creek in the winter of 2012.  My initial thought upon seeing the data as I removed the datasonde 

was that it reflected declining oxygen levels much like those seen during late winter in lakes and 

even streams (Munson et al., 2004).  As analysis proceeded, it became apparent that my first 

impression was only one of three possibilities with the other two being: 1) that the probe 

provided no accurate readings during deployment and 2) that the probe was initially performing 

well but then something intervened.  The first option is unlikely as the other methods used to 

verify the accuracy of the datasonde provided the same readings, i.e., hobotemp and dissolved 

oxygen titration.  The second option has more merit, but no physical interference, e.g., lodged 

mud or position of datasonde in creek, was observed when the datasonde was retrieved from the 

creek.  Furthermore, the dissolved oxygen probe calibrated well and provided consistent readings 

at the next site where it was redeployed later on the same day.  These explanations have been 

reported so that the reader can discount the winter readings from Iroquois Creek if they feel that 

is appropriate for their purposes. 
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There were only three sites (Calahoo Creek, Gunderson Creek, and Pinto Creek), with a 

possible fourth site (Iroquois Creek) that showed a dissolved oxygen/temperature regime capable 

of supporting Arctic Grayling.  Arctic Grayling are a coldwater fish requiring 6.5 mg/L of 

dissolved oxygen as an adult and 9.5 mg/L in other life stages (CCME, 2001).  In the summer of 

2011 both Beavertail Creek and Diamond Dick Creek experienced dissolved oxygen levels 

below 6.5 mg/L and only Pinto Creek, Gunderson Creek and Calahoo Creek were consistently 

above 9.5 mg/L.  My sampling during the winter of 2012 found that only Calahoo Creek, 

Gunderson Creek, and Pinto Creek had sufficient oxygen for Arctic Grayling; Iroquois Creek 

initially had small amounts of dissolved oxygen but may have become anoxic over the course of 

datasonde deployment, and the other creeks were anoxic (Figure 11).  Only three of the nine sub-

watersheds likely provided good year-round habitat for all life stages of Arctic Grayling. My 

broad conclusion is that there is currently limited habitat for Arctic Grayling in the Wapiti River 

watershed with acceptable water quality, as defined by the key parameters of dissolved oxygen 

and temperature. 

 

Cumulative Effects 

My findings generally align with the body of work that has been done in examining 

stream health and the use of dissolved oxygen to gauge that health (Cox, 2003; Frimpong et al., 

2005; Garvey et al., 2007; and Sanchez et al., 2007; Brisbois et al., 2008; Bernot et al., 2010; 

Peterson et al., 2011).  The relationship that was observed is reminiscent of the hierarchical 

framework proposed by Frissell, William, Warren, & Hurley (1986) and Garvey et al. (2007), in 
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that land use at the catchment scale is preeminent in determining in-stream water quality. I was 

able to characterize potential grayling habitat with respect to dissolved oxygen and place that in 

the context of land use.  Accordingly, the null hypothesis has been rejected and the alternate 

hypothesis that land use, dissolved oxygen and Arctic Grayling have a measureable and 

definable relationship has been accepted. 

 I found the use of a very coarse land use metric to be quite effective in describing the 

relationship between fish status and land use, which is contrary to the current trend of employing 

an ever-finer resolution.  Peterson et al. (2011) present a very strong case for the effectiveness of 

more explicit landscape models in gauging stream health.  Similarly, other authors (e.g., Wang et 

al., 2003; and Bernot et al., 2010) describe the importance of spatial distribution in determining 

the impacts of land use upon streams.  Nevertheless, my results show that lumped metrics or 

coarse resolution can also be sufficient to identify issues concerning water quality or fish 

population health.  Indeed, where possible I averaged several different values to get a 

representative coefficient for each particular landscape or land use type and conceivably this was 

effective due to the scale. Temporally, large time scales were examined in that I compared pre-

development to current use.   In terms of spatial scale, riparian zones have a greater relative 

effect on water quality and quantity than other parts of the watershed but are only a very small 

absolute portion of the whole watershed.  Thus, examination at a watershed scale might be 

effective because the relatively higher effects attributed to the riparian zone are diluted by the 

absolute size of the remaining watershed.  The theoretical phosphorous budget was built using 

runoff coefficients cited from several different sources.  Although more exhaustive examination 

must be undertaken to obtain a more detailed picture of each stream, the approach detailed here 
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allows a snapshot of the stream with a simple assessment and what affects land use changes 

might have over the longer term.  

Mitchell and Trew (1996) note that Alberta runoff coefficients tend to be lower than 

those reported for other areas, therefore, values derived from studies on Alberta landscapes were 

used wherever possible.  Even in the cases where values from other locations needed to be used, 

it does not affect the change in land use comparison because it is a relative measure.  It does, 

however, alter the comparison of different land use types within the same temporal unit.  

Although location specific measurements, e.g., a raster type analysis (see Peterson et al., 2011), 

would have provided greater accuracy, this method provided sufficient resolution to examine 

trends on the landscape.  This is particularly the case because of the magnitude of the difference 

between forest and agriculture coefficients (a 7-fold difference for phosphorous and a 10-fold 

difference for TSS).  Agricultural area had the greatest negative impact on water quality-based 

habitat in these watersheds, far more than linear disturbance, oil and gas lease area or cutblocks 

did. This concurs with the results of Vuorenmaa, Rekolainen, Lepisto, Kenttӓmies, & Kauppila 

(2002) who note that agriculture provides the greatest non-point source of nutrient runoff and 

about 60% of anthropogenic phosphorous runoff.  

The quality of fish habitat is not only a function of local habitat, but also of surrounding 

land use and the watershed as whole because the integrating nature of streams assimilates the 

cumulative effects of land use in the watershed into its waters (Mulholland et al., 2005).  The 

importance of dissolved oxygen for the success of fish and fish populations (e.g., Helms et al., 

2009) and the influence of land use on fish habitat  has been well documented (e.g., Breitburg et 
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al., 2003; Frimpong et al., 2005; Johnson, McNair, Srivastava, & Hart, 2007; Brisbois et al., 

2008).  Diurnal oxygen cycles can stress fish (Ice, 2008) and combined with other factors it can 

create unsuitable habitat.  Reproductive success of salmonids can start to be impaired at 

dissolved oxygen concentrations as high as 9 mg/L (Munson et al., 2004).  Helms et al. (2009) 

noted that abundance of lithophilic spawners, such as Arctic Grayling (Nelson & Paetz, 1992), 

increased with an increasing amount of forested area in a watershed and decreased with 

increasing amount of impervious surface. This was also the observed trend in my study.  Fish 

populations respond to the water quality in their habitats, which is a function of the cumulative 

effects present in the surrounding watershed. 

The concurrence of the theoretical phosphorous budget, land use, summer diurnal 

dissolved oxygen cycles, winter dissolved oxygen levels and grayling populations allows for the 

broad-scale, integrative assessment of major changes in land use on fish.  In all of these 

parameters, there appears to be a threshold just above a 3-fold increase in the runoff coefficient 

which delineates creeks according to water quality-based habitat.  Following further validation 

and calibration to specific regions, it should be practical to build models that produce realistic 

scenarios based upon changes in land use.  This would allow managers to step back from 

proximal factors of fish decline, e.g., dissolved oxygen, and start working with ultimate factors, 

such as land use, that drive the proximal factors (Bernot et al., 2010).    

The road density in each sub-watershed aligns approximately with the overall land use 

and Arctic Grayling habitat classification.  However, the coarse relationship suggests that road 

density is only a small portion of what drives dissolved oxygen levels. Probably, road density is 
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further correlated to a more powerful driver of dissolved oxygen levels such as phosphorus and 

sediment runoff, or to other aspects of fish status such as stream fragmentation and fishing 

pressure. As such, road density is useful as a good index of cumulative effects in a watershed, 

but must not be considered to be the proximate driver of fish status. 

Grouping creeks by the three main parameters measured in this study (i.e., dissolved 

oxygen cycles measured in summer, the winter oxygen levels, and theoretical phosphorous 

budget) each provided a classification similar to that of the Arctic Grayling population 

classification.  My categorization of habitat based on these parameters, as having abundant, 

scarce or extirpated grayling populations worked well. GIS data, which broadly indexes aspects 

of cumulative effects, allows for the simple classification of these streams that mirrors the 

classification produced by using the dissolved oxygen regime or Arctic Grayling populations. 

This provides fisheries managers with a powerful, simple, and cost-effective tool for watershed 

planning and assessment.      

 

Future Research 

 Future research should address the mechanistic aspects between correlated fluctuations in 

dissolved oxygen and temperature and their effects of fish status. The correlated relationships 

demonstrated in this study allow some of the more-proximate factors affecting fish populations 

to be understood in the context of ultimate factor of land use.  With the easy availability of GIS 

data, land use categorization at the scales used in my study is a simple and accessible assessment 
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tool.  Most significantly, this should allow for the evaluation of potential actions that enables 

sustainable management which is proactive and not reactive over the mid- to long-term.    

Scale continues to be an important issue for managers. Bigger scales provide greater 

oversight and long-term planning opportunities, whereas smaller scales allow for greater detail 

and the more conclusive establishment of cause-effect relationships involved in the systems 

being managed.  As aforementioned, the present trend is to greater spatial detail and more 

explicit modelling, both of which are costly for regional fisheries managers.  The present work 

depicts the suitability of coarse-scale metrics, being both relatively quick and cost-efficient, for 

dissolved oxygen and Arctic Grayling in the Wapiti watershed.  Further work needs to be done to 

establish the suitability of this approach for other fish species, other locations and other water 

quality parameters.  I am not suggesting that fine scale tools have no use or place but that they 

should be reserved for acute cases where the need is greatest in order to conserve resources.  

Similarly, though I would maintain that the non-riparian watershed land use is more important 

than the riparian zone mostly due to its greater absolute size: I would not deny the relatively 

greater benefit to water quality gained by maintaining or re-establishing healthy riparian zones. 
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Management Recommendations 

Beyond the recommendations made for further research, I would like to make some 

recommendations for fisheries and land use managers.  Three main recommendations for 

sustainable management are suggested from this study: 1) managing at the appropriate scale, 2) 

extending management into the political sphere, and 3) recommendations particular to the issue 

examined.   

1.  Watersheds are the appropriate scale of management, with streams or agriculture or 

any subunit within watersheds comprising only part of the issue.  Specific problems, such as 

point-source pollution or fish kills, may arise that are best dealt with at a fine scale that allow for 

appropriate intervention.  Beyond remedial action, a much broader view and larger scale is 

required to effectively manage the ecological functioning of streams and their watersheds.  

Fisheries managers must engage novel tactics to make progress on the cumulative effects within 

the watersheds of the water bodies (streams or lakes) that they traditionally manage.  This can be 

challenging as they rarely have any direct authority over the activities that take place on the 

landscape outside the physical boundaries of water bodies.  Managers should be working at the 

watershed scale with a reduction in scale commencing when local and acute issues are identified.  

 2.  Because of the large scale of management (i.e., the watershed), the real challenge for 

managers is engaging policy makers, the government and the public in sustainable management.  

Being able to model land use thresholds that affect fish populations brings with it, among other 

things, the responsibility of knowledge.  Action must be taken before ecological decline begins 
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or at least before some threshold, for example, extirpation of a species is reached, so that the 

responsibility that comes with knowledge can be fulfilled.  The crux of this issue is how we as a 

society exist on the landscape.  Either we need to alter land use or examine ways of mitigating 

the negative impacts of land uses that are responsible for unwanted outcomes.  The greatest 

challenge facing fish and fish populations is beyond their realm, outside the confines of their 

habitat.  Fish success is dependent upon the political and social workings of cultures with which 

they share the landscape.  Fisheries managers need to get involved in extension work, public 

consultation and in the political process in order to address the issues facing fish that are beyond 

the streams. 

 3.  Be wary of a 3-fold increase in phosphorous export.  All extirpated creeks had a 

higher increase in phosphorous budget than this and the only one scarce-grayling creek 

(Iroquois) exceeded this level. On a continuum of streams with scarce Arctic Grayling, this 

stream was likely near extirpation as is suggested by the low oxygen in winter and the lower 

summer oxygen levels (around 9 mg/L).  It could well be that the Arctic Grayling population in 

Iroquois Creek is in the transition stage from scarce to extirpated and that the increase in the 

theoretical phosphorous budget of 3.18 is a predictor of a shift that is occurring.  Managers need 

to take action when the increase in phosphorous runoff indicates that cumulative effects are 

going to transform once-healthy creeks into unsuitable habitat and so prevent such ecological 

losses. 

In this study area, there appear to be three management options to reduce the detrimental 

effects on water quality and Arctic Grayling: 1) reduce the amount of agricultural land use in the 
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extirpated sub-watersheds; 2) using greater spatial resolution to explore the opportunity to reduce 

the impact of agricultural land use by its relative locations within the watershed; and 3) research 

agricultural practices and develop a code of conduct that will reduce the negative impact of 

agriculture on water quality-based habitat and Arctic Grayling populations. 
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