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Abstract

Predictive models were developed to improve the understanding of
stream-resident brook trout (Salvelinus fontinalis) populations and habitat in
northwestern Ontario, and to facilitate protection of stream-resident brook trout
from the adverse impacts of timber harvest. Geology-based models correctly
predicted trout presence/absence in 75%-80% of streams studied in 1993.
However, correct prediction rates declined to 50%-65% when these models
were transferred to independent data coliected in 1992 and 1994. Combining
data from all years produced models that correctly predicted trout
presence/absence in 70%-80% of streams. Univariate geology models were
best at predicting trout presence (up to 85% correct predictions). One-third of
the trout streams data had maximum summer temperatures >22°C, and thus
are considered marginal. Using the combined data, models with geology and
climate variables explained up to 24% of the variation associated with stream
temperatures. Stream temperatures were negatively related to brook trout
abundance in the combined data. Stability of stream temperatures accounted
for 25% of the variation in trout biomass (kg/ha). These models could be used
by fisheries managers to implement current guidelines protecting brook trout

habitat from the effects of timber harvest.
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Introduction

Fisheries managers in Ontario are authorized under the federal Fisheries
Act to protect brook trout (Salvelinus fontinalis) populations and the coldwater
habitat they occupy from the adverse impacts of forest management and other
land-use practices (OMNR 1988). Since brook trout is a coldwater species,
increased summer temperatures resulting from stream-side (riparian) forest
harvest may be the most critical impact affecting brook trout populations. For
example, Barton et al. (1985) observed significantly warmer maximum summer
temperatures in southern Ontario streams with reduced riparian vegetation.
The removal of riparian forest stands from an Oregon salmonid stream
increased annual maximum temperatures by 16°C, increased July mean-
maximum temperatures by 8°C , and resulted in daily temperature fluctuations
of up to 19°C (Brown and Krygier 1970). Maximum stream temperatures
increased by >10°C in June and July and by 7°C in August following complete
clear-cutting of a Pennsylvania watershed (Rishel et al. 1982). Brown et al.
(1971) investigated six clear-cut watersheds in Oregon, and observed maximum
stream temperature increases ranging from 2°C to 8°C following harvest.
Maximum temperatures of a British Columbia stream increased by 5°C following
complete watershed clear-cutting (Feller 1981).

While most studies only monitored the short-term (i.e. <5 years) effects
of riparian forest removal, the warming influence may be chronic. Feller (1981)

reported the persistence of warmer summer stream temperatures for a
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minimum of seven years after clear-cutting. The summer thermal regimes of
several Oregon streams had not recovered to pre-logging levels 20 years after
forest removal (Hostetler 1991).

Removal of riparian forest stands alters other habitat parameters
important to brook trout survival. Hicks et al. (1991) reported reductions in
summer base-flows that persisted for >20 years following clear-cutting in
Oregon. Barton et al. (1985) observed a positive relationship between
concentrations of fine particulate matter and depleted riparian vegetation. Dose
and Roper (1994) observed chronic habitat deterioration in several salmonid
streams in Oregon following timber harvest. Heifetz et al. (1986) reported that
clear-cuts along stream banks in Alaska significantly reduced the pool habitat
and overhead cover that were crucial overwintering areas for juvenile coho
salmon (Oncorhynchus kisutch). In their review of numerous deforestation
studies, Binkley and Brown (1993) summarized the adverse impacts of riparian
forest removal on numerous water quality parameters (i.e. concentrations of
dissolved oxygen, phosphate, nitrate, and suspended sediments).

Establishment of undisturbed stream-side reserves of standing forests
(buffer-strips) can often ameliorate the negative influence of forestry practices
(Brown and Krygier 1970; Brown et al. 1971; Rishel et al. 1982; Barton et al.
1985; Heifetz et al. 1986). Consequently, the Ontario Ministry of Natural
Resources (OMNR) has developed timber management guidelines requiring

forestry operators to leave undisturbed buffer-strips adjacent to lakes and
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streams containing brook trout populations (OMNR 1988) (Appendix 1). The
dimensions (i.e. widths) of buffer-strips are dependent on the slope of the land
that lies adjacent to streams, and are based on the work of Trimble and Sartz
(1957) in New Hampshire. Originally, those buffer-strips were designed to
reduce sediment loadings from logging roads (Trimble and Sartz 1957),
however, they also maintain shade cover that protects stream temperatures.

In Ontario, local fisheries managers have the responsibility of identifying
brook trout streams requiring riparian protection during the timber management
planning process (OMNR 1988). In northwestern Ontario (NWO) however, the
detailed distribution of stream resident brook trout and the majority of other
stream fishes is generally not known. Therefore, an improved understanding of
brook trout distribution is essential to accurately implement timber management
guidelines. Since, current monetary and man-power constraints, and limited
road access to much of NWO preclude the establishment of large-scale aquatic
surveys to determine brook trout distribution, the development of predictive
models could assist fisheries managers in protecting trout streams.

Numerous predictive models have been used to evaluate fish distribution
on a variety of spatial scales. These models have used as predictor variables:
1) habitat features (Beauchamp et al. 1992; Bozek and Hubert 1992; Lyons
1992a), 2) seasonal movements (Elliot 1986), 3) watershed characteristics
(Beauchamp et al. 1992; Nelson et al. 1992; Bozek and Hubert 1992), and 4)

geological features (Lyons 1992a; Nelson et al. 1992). The critical difference
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between these previously mentioned studies and the situation in NWO is that
the distribution of the species of interest was known prior to describing the
relation between fish distribution and the independent variables, whereas in
NWO, the development of predictive models is needed to determine brook trout
distribution. Understanding habitat variables that limit brook trout distribution,
and environmental conditions that produce suitable habitat is essential for

developing predictive models.

Temperature

Water temperature is the most important single factor limiting brook trout
distribution (Macérimmon and Campbell 1969). Cool maximum summer
temperatures are vital to stream resident brook trout populations (Brasch et al.
1973; Scott and Crossman 1973). Barton et al. (1985) observed that maximum
summer temperature was the most critical variable distinguishing trout streams
from non-trout streams in southern Ontario. Laboratory investigations have
reported upper lethal temperatures of 23.4-25.3°C (Fry et al. 1946), 24°C
(Cherry et al. 1975), and 26.2-27.8°C (Grande and Andersen 1991) for juvenile
brook trout. Field studies have reported that wild brook trout can survive in
streams that reach water temperatures of 24°C (Meisner 1990), and some
consider this to be the maximum temperature limiting brook trout distribution
(Ricker 1934; Meisner 1990). However, in southern Ontario, Barton et al.

(1985) observed that self-sustaining trout populations were only found in
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streams with maximum temperature <22°C, whereas warmer streams harboured
marginal or no trout populations. Also, Creaser (1930) suggested 19°C as the
maximum stream temperature for the development of a self-sustaining brook
trout population. While there is some inconsistency regarding the maximum
temperature of a healthy brook trout stream, there is general agreement
concerning preferred brook trout temperature. Numerous studies (both field
and laboratory) have reported preferred temperatures of <20°C (Creaser 1930;
Ferguson 1958; Cherry et al. 1975; Cherry et al. 1977; Coutant 1977; Peterson
1979), and the avoidance of warmer temperatures (Gibson 1966; Power 1980;
Cunjak et al. 1993). In lakes, brook trout move to the deeper, cooler waters of
the thermocline (Ferguson 1958), but stream resident populations rely on
localized coolwater refugia during prolonged warm periods (Gibson 1966;

Bowlby and Roff 1986; Cunjak et al. 1993).

Groundwater

Thermal characteristics of streams are partially influenced by
groundwater discharge (Hynes 1970; Ward 1985). The importance of
groundwater discharge in maintaining cool stream temperatures that lie within
the physiological tolerances of brook trout is well understood (Creaser 1930;
Threinen and Puff 1963; Meisner et al. 1988; Meisner 1990; McCrae and
Edwards 1994). If groundwater is not sufficient to maintain total stream

temperatures below 20°C, then trout use cooler, localized groundwater
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discharge areas (Gibson 1966; Bowlby and Roff 1986; Cunjak et al. 1993). A
groundwater discharge refugium used by brook trout in the Miramichi River,
New Brunswick was 5°C cooler than the main river (Gibson 1966). In-Thrash
Creek, Washington, Bilby (1984) observed temperatures approximately 5°C
cooler near groundwater discharge areas relative to the ambient stream
temperature. Groundwater-fed channels in Halley Creek, Wisconsin were up to
approximately 7.5°C cooler than the main stream channel (McCrae and
Edwards 1994).

Groundwater discharge is also critical throughout the life-history of
stream-resident brook trout. Spawning often occurs in redds constructed on or
near groundwater upwellings (Benson 1953; Hale and Hilden 1969; Webster
and Eiriksdottir 1976; Johnson and Webster 1977; Witzel and MacCrimmon
1983) which protect developing eggs and larvae from the potentially lethal
effects of siltation and ice formation, thus increasing survival-to-emergence
(Hale and Hilden 1969). In fact, groundwater can be more important than
substrate composition at determining redd sites selected by spawning brook
trout (Webster and Eiriksdottir 1976). Increased groundwater discharge may be
positively related to the carrying capacity of trout streams. Elevated young-of-
the-year (YOY) abundance (Latta 1965), and trout biomass (Bowlby and Roff
1986) were attributed to the proximity of groundwater discharge. In winter,
isolated warmwater refugia near groundwater discharge areas are important to

young and adult brook trout survival (Cunjak and Power 1986). Additionally,
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episodic pH depressions associated with spring snow-melt can chronically effect
preemergent brook trout growth and survival (Kwain and Rose 1985; Hutchison
et al. 1989). Acidic conditions may be diluted and/or neutralized by
groundwater discharge through redds (Johnson and Webster 1977; Curry et al.
1991; Snucins et al. 1992).

Groundwater hydrology is also important to other salmonids. Sowden
and Power (1985) reported that survivai of preemergent rainbow trout
(Oncorhynchus mykiss) was positively related to groundwater velocity through
spawning redds. Hansen (1975) observed that larval brown trout (Salmo trutta)
emerged earlier from redds constructed over groundwater upwellings. Lorenz
and Eiler (1989) suggested that groundwater upwellings may expand the
spawning habitat available to sockeye salmon (O. nerka) by permitting
successful reproduction in areas with lower current velocity and greater
composition of fine material in the substrate. Cunjak et al. (1993) reported
greater densities of YOY and age 1* Atlantic salmon (S. salar) in stream
reaches where groundwater comprised a greater proportion of the flow. On the
west coast, the improvement and development of new Pacific salmon spawning
areas over groundwater discharge zones may have increased adult chum

salmon (O. keta) production (Bonnell 1991; Cowan 1991).
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Geology

Groundwater hydrology and temperature are influenced by regional
geology (Freeze and Cherry 1979). Geologic formations that permit water
infiltration and groundwater storage are termed aquifers, while formations that
are not conducive to infiltration and storage are aquitards (Freeze and Cherry
1979). Aquifers develop in both bedrock and glacial (surficial) features. Some
sedimentary bedrocks such as sandstone, limestone, and dolomite form large
aquifers in many areas of the world, while impermeable igneous and
metamorphic formations tend to form aquitards (Freeze and Cherry 1979). In
surficial deposits, well-sorted materials such as sand and gravel form aquifers
since they are porous, (i.e. allowing the infiltration of water), and permeable (i.e.
the pores are interconnected), allowing the movement of groundwater towards a
discharge area (Freeze and Cherry 1979). In contrast, fine and compacted
particles such as clay form aquitards due to reduced porosity and permeability.

Aquifers are also characterized by transmissivity which is the measure of
an aquifer's water-transmitting ability (units are length?/time; e.g. m%/s) (Freeze
and Cherry 1979; Robson 1989). Transmissivity is positively correlated to the
hydraulic conductivity and thickness of the aquifer (Freeze and Cherry 1979;
Robson 1989). Hydraulic conductivity is the linear rate of groundwater flow
(cm/s) through an aquifer, and is proportional to porosity and permeability .
Theoretically, hydraulic conductivity may be so high (e.g. subterranean

channels) that groundwater flow could exhibit hydrologic extremes similar to
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surface run-off. In such cases, groundwater flow is of littie value to brook trout.

Groundwater thermal characteristics are influenced by the depth of the
water-table below the ground surface. Shallow groundwater temperatures are
influenced by, and fluctuate with, air temperatures (Mathess 1982). Thermal
fluctuations are negatively correlated with water-table depth (Mathess 1982).
Below a specified depth, known as the neutral zone, seasonal fluctuations are
eliminated and groundwater temperatures remain constant (Meisner et al.
1988).

The bedrock in NWO is primarily composed of igneous and
metamorphic rocks (Ayres et al. 1970), which generally exhibit low
permeabilities and form aquitards (Freeze and Cherry 1979). Therefore, the
surficial geologic features deposited following the retreat of the Wisconsinin
glaciers (Zoltai 1965) strongly influences distribution of NWO aquifers. The
hydraulic conductivity of surficial aquifers in NWO probably permit the long-term
storage of groundwater (Freeze and Cherry 1979; Dean et al. 1991a), which
produces the stable hydrologic and thermal conditions brook trout prefer. The
depth of the neutral zone at 40-60°N latitude (which encompasses NWOQ) has
been estimated at 17.7m below the ground surface (Meisner et al. 1988). The
estimated temperature of groundwater up to 100m in depth is 1-2°C warmer
than the mean annual air temperature (Freeze and Cherry 1979), and Miesner
et al. (1988) estimated annual groundwater temperatures 10-20m below the

ground surface in NWO at 2.2-5.5°C.

20



Linkages Between Geology, Groundwater, Temperature, and Brook Trout
There may be a functional link between the distribution of brook trout in
NWO and the deposition of surficial features following the retreat of previous
glacial events. Surficial geology influences groundwater hydrology, which in
turn provides the thermal habitat required by stream resident brook trout. Thus
geology could be useful for identifying brook trout streams. Many studies have
discussed mechanisms that link trout distribution in North America to geology.
For example, Nelson et al. (1992) reported that cutthroat trout (O. clarki
henshawi) and brook trout distribution within the Humboldt River drainage in
northeastern Nevada were strongly related to geologic districts. Although they
did not directly investigate groundwater, Nelson et al. (1992) observed that
brook trout were found only in glaciated areas. Brook trout distribution in
southern Ontario streams is related to surficial geologic deposits conducive to
groundwater transmission (Portt et al. 1989). Threinen and Puff (1963) mapped
known brook trout distribution in Wisconsin on a geological template, and also
revealed that brook trout distribution was strongly correlated to glacial features
conducive to groundwater transmission. A similar distribution pattern is evident
for stream-resident brook trout in the southern peninsula of Michigan
(Hendrickson and Doonan 1972). Dean et al. (1991a) in a comprehensive
paper, discussed the influence of bedrock geology, surficial geology, and
climatology on groundwater hydrology, and brook trout habitat and distribution

in NWO. Dean et al. (1991b) presented a 'Geofisheries’ algorithm based on
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subjective ratings of the three environmental variables. The Geofisheries
algorithm produced a model for predicting thermal habitat suitability and brook

trout distribution in NWO.

Objectives

The objectives of this study were: 1) to develop and validate models
predicting the distribution of brook trout in the Lake Superior drainage of NWO
using surficial geology, biogeography, climate and stream temperatures, 2) to
assess the relation between geology and stream temperatures, and 3) to
develop and test models predicting brook trout abundance using summer
thermal conditions.

Brook trout distribution models could be used to identify trout habitat
during timber management planning, and allow the implementation of protective
guidelines. By assessing the relation between geology and stream
temperatures, the influence that geology has on groundwater transmission and
thermal habitat suitability for brook trout can be evaluated. Models predicting
brook trout abundance can determine the sensitivity of trout standing stocks to
the warming effects of deforestation. Fisheries managers could use all the
mentioned models to implement current guidelines and develop improved

protective guidelines for forest management planning.
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Study Area

The study area encompassed approximately 30,000 km? of northwestern
Ontario, and was bounded by: 1) the Kaministikwia/Dog River watershed and
the Gull River watershed to the west, 2) the Gull River watershed to the north,
3) the Nipigon River watershed to the east, and 4) Lake Superior, and the
Canada/U.S. border to the south (Figure 1). All study streams are direct or
indirect (via Lake Nipigon) tributaries of Lake Superior. The streams lie within
three ecoregions : the Nipigon Plains, the Thunder Bay Plains, and the Superior
Highlands (Wickware and Rubec 1989).

Most of the study area lies within the Nipigon Plains ecoregion..
Granodiorite is the dominant bedrock formation in the western portion of this
ecoregion, while diabase dominates near Lake Nipigon. The principal surficial
landforms are ground moraines and sandy glaciolacustrine plains. Surface
relief consists of rolling and undulating hills with elevation ranging from 305-
587m (Wickware and Rubec 1989). The Thunder Bay Plains ecoregion, located
in the southwest portion of the study area and along the north shore of Lake
Superior, is comprised of diabase, greywacke, and shale bedrock formations.

In this area, thin ground moraine and glaciolacustrine clay are the dominant
surficial features. The terrain is generally rolling with frequent steep cliffs and
elevation ranges from 183-633m (Wickware and Rubec 1989). The Superior
Highlands ecoregion comprises a narrow corridor within the study area lying

between Black Sturgeon Lake and Black Bay of Lake Superior. Bedrock here
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Figure 1. Map of study area showing ecoregion boundaries as presented by

Wickware and Rubec (1989).
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is comprised of conglomerate and greywacke sedimentary rocks and diabase
and granodiorite igneous rocks. Ground moraine, and terminal moraines are
the prominent surficial features. The relief is generally rolling and undulating
with elevations ranging from 344-593m (Wickware and Rubec 1989).

The climate of the area becomes cooler in a northeast direction (Kemp
1993). The annual mean air temperature in Thunder Bay is 2.4°C, while in
Cameron Falls it is 1.8°C (Figure 1). Total annual precipitation in Thunder Bay
is 703.5mm (546.8mm rainfall, 156.7mm snowfall), while total annual
precipitation in Cameron Falls is 831.4mm (598.8mm rainfall, 232.6mm
snowfall)(Ontario Climate Centre, Environment Canada, unpublished data).

Brook trout recolonized NWO from refugia located in the Mississippi
River headwaters, and possibly from the northeastern U.S. following retreat of
the Wisconsinin glaciers (Bailey and Smith 1981; Underhill 1986). Stephenson
and Momot (1994) suggested that recolonization occurred during the earliest
stages of deglaciation (=9,500-10,000 years before present). At this time,
elevated water levels and drainage patterns permitted access to the interior of
NWO via Lake Superior and glacial Lake Kelvin (located in the basin of current
Lake Nipigon) (Prest 1970; Bailey and Smith 1981). Brook trout distribution
became increasingly restrictive as the climate warmed and meltwaters receded.
Excluding the Hudson Bay drainage, northwestern Ontario currently delimits the
western edge of native brook trout distribution in Canada (MacCrimmon and

Campbell 1969; Scott and Crossman 1973).
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Methods

The objective of this study was to develop models predicting brook trout
distribution, thermal habitat, and abundance for NWO streams and assess the
models transferability to other regions in NWO. To accomplish this, two data
sets from distinct geographic locations were used. The first data set consisted
of 45 streams studied in 1993, and was used to develop predictive models.
The second data set consisted of 34 streams studied in 1992 or 1994, and was
used to validate the best models developed from the 1993 data. Stream
temperatures were not available from the streams studied in 1892, therefore,
models with stream temperature as either independent or dependent variables
were validated with 28 streams studied in 1994. To develop and validate
models predicting brook trout abundance, only streams that contained brook
trout were used.

Although all streams were located within the same study area (Figure 1),
the geographic location of the 1993 streams was significantly different than the
1992/1994 streams. The 1993 streams were distributed further west
(Kolmogorov-Smirnoff test: D=0.4693, P=0.0004), further south (Kolmogorov-
Smirnoff test: D=0.5641, P=0.0001), and further from Lake Nipigon
(Kolmogorov-Smirnoff test: D=0.5719, P=0.0001) than the 1992/1994 streams.
Furthermore, the 1993 streams were located in different ecoregions relative to
the 1992/1994 streams (Chi-square test: X?°=23.641, P=0.0001). The 1993

streams were primarily located in the Thunder Bay Plains and Nipigon Plains,
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while the 1992/1994 streams were mainly in the Nipigon Plains and the

Superior Highlands.

Study Stream Selection Criteria

Study reaches on streams were selected to elucidate relations between
surficial geology, brook trout distribution, and summer thermal conditions in
NWO streams. First- and second-order streams (Hynes 1970) draining small
watersheds (<60km?) and dominated in surface area by one type of surficial
deposit were selected for this study. These streams were chosen to maximize
the influence of a particular surficial deposit on stream conditions. To highlight
the relationship between geology, groundwater, and brook trout, approximately
two-thirds of the streams selected contained surficial deposits in the watershed
that were expected to be conducive to groundwater transmission. Reaches
downstream of large lakes (>1km? surface area) were avoided in order to
eliminate potential thermal effects masking the influence of surficial geologic
deposits. Streams with small lakes (<1km? surface area) were permitted if a
suitable study site was located >2km downstream of the lake. To maximize
sample size, streams with reasonable road access were selected. Because of
limited information regarding fish distributions in NWO, no prior knowledge of
species composition influenced stream selection.

Stream order and watershed boundaries were determined from 1:50,000

scale topographic maps. A Planix 7 electronic planimeter was used to measure

28



watershed areas (km?). Surficial geology was determined with 1:100,000 scale
Northern Ontario Engineering Geology Terrain Study (NOEGTS) maps (Mollard
and Mollard 1979a,b,c,d,e,f). Road access to streams was verified using
topographic maps, and maps provided by the Thunder Bay District and Nipigon
District offices of the OMNR, and forestry companies.

The surface area of all surficial deposits in each watershed was
measured using a Planix 7 electronic planimeter. In watersheds having more
than one surficial deposit, additional surface area measurements included:

1) the total area of all deposits adjacent to the stream,

2) the area of the deposit containing the study reach,

3) the area of the largest deposit in surface area adjacent to the stream,

and

4) the individual areas of all other deposits adjacent to the stream.

Field Data Collection

Brook Trout Presence/Absence and Abundance

Study reaches were inventoried in 1993 and 1994 to determine brook
trout presence/absence, and abundance. Only brook trout presence/absence
data were available from the 1992 streams. Study reach lengths were
measured to the nearest meter, and the upstream and downstream ends of the
reaches were marked on the right bank (facing upstream) with wooden stakes.

Both ends of the reaches were located at transition boundaries between habitat
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types (e.qg. riffle, run, or pool) (Hawkins et al. 1993). The 1993 and 1994 study
reaches were approximately 60m long and included =3 riffle/pool sequences
(Lyons 1992b). The 1992 study reaches were approximately 100m long, and
also included >3 riffle/pool sequences.

Brook trout populations and standing stocks were estimated using a
three-pass depletion/removal method (Zippin 1958). However, if no fish were
captured or seen during the first two passes, the third pass was not completed.
Conversely, if the brook trout capture rate did not decrease during the first three
passes, a fourth pass was usually performed. Trout populations and standing
stocks were not estimated for Gull 3 Creek and Poshkokagan Creek. Only one
depletion pass was performed in Gull 3 Creek and trout were caught by angling
in Poshkokagan Creek.

Fish sampling was conducted in mid- and late-July and August by two
trained persons using either a Model-12 (battery-powered) or Model-15B
(generator-powered) Smith-Root backpack electrofisher. One person carried
the electrofisher and operated the anode pole and a dip-net. The second
person handled a dip-net and carried a 22.7 | bucket for holding all fish
captured during the current pass.

The electrofisher output parameters (voltage, pulse width, pulse
frequency) were adjusted to compensate for differing stream water
conductivities. Electrofishers were initially set at 0 volts, 2ms pulse width, and

60Hz pulse frequency. Voltage was increased in increments of 100 volts until
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either: 1) fish in the stream were visibly affected by the electrical current, or 2)
a rapidly repeating tone was evident from the audio output voltage indicator
(Smith-Root Inc. 1988, 1992). If neither condition occurred and the maximum
1,100 volts was reached, then pulse width and pulse frequency were increased
until satisfactory results were achieved.

To ensure study reach closure for population estimates (White et al.
1982), 5mm mesh blocking seine nets were set across stream widths at the
upstream and downstream ends and secured to the substrate with large rocks.
At the end of each pass, fish were transferred for later processing to porous
buckets stabilized within the stream, and outside the study reach.

Foliowing the last depletion pass, fish from each pass were counted and
sampled separately. Total length (TL) and fork length (FL) of all fish were
measured to the nearest millimetre. Large trout (=100mm FL) were weighed
individually (to the nearest gram) with Pesola spring-scales or a Sartorius PT-
1200 electronic scale. Total weights of all small trout (<100mm FL) in each
pass were measured together. Non-trout fish were first separated by species
and pass, and then all individuals in each group were weighed together.

Trout abundance was estimated with the POPEST basic program which
uses a maximum-likelihood estimator (Platts et al. 1983). Four parameters of
brook trout abundance were calculated:

1) trout number per kilometre of stream,

3) trout number per hectare of stream,
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2) trout biomass (kg) per kilometre of stream, and

4) trout biomass (kg) per hectare of stream.

Temperature Monitoring

Stream temperatures were monitored biweekly during daylight through
the summers of 1993 and 1994 to assess the relation between stream summer
thermal conditions and: 1) brook trout distribution, 2) watershed geology, and 3)
brook trout abundance. Temperature data were not available for the 1992
streams.

Calibrated Taylor maximum/minimum thermometers were secured inside
neutral grey-coloured protective cases of ABS piping (30cm long x 7.62cm
inside diameter) to avoid heat reflectance or absorbtion. Thermometers were
completely submerged in riffle or run habitats of each study reach during May
and early June of 1993 and 1994. Deep, low-velocity pool habitats were not
sampled to avoid possible effects of thermal stratification (Matthews et al. 1994;
Nielsen et al. 1994). Thermometers were secured in the stream by inserting a
steel rod that was driven into the substrate through holes drilled in the ABS
cases. As stream-flows decreased, some thermometers were moved to deeper
areas of identical temperature (confirmed with a Flett Research Ltd. digital
thermometer, accurate to £0.1°C), usually within 3m of the original location.
Stream temperatures recorded in this study reflected the general temperature of

the study reaches rather than any potential thermal influences of localized
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groundwater discharge points. However, the general temperatures are a
product of factors (including groundwater) that influence thermal conditions
(Ward 1985).

From May to October of both years (1993 and 1994), maximum,
minimum, and actual sampling temperatures were read and recorded biweekly
from the maximum/minimum thermometers (to the nearest 1.0°C) and
thermometers were reset. Temperatures were monitored on similar dates each
year. Maximum/minimum thermometer accuracy was verified at each
temperature reading with a Fisher precision thermometer or calibrated Flett
Research Ltd. digital thermometer, each accurate to +0.1°C.

A critical summer thermal period was standardized among streams to
facilitate comparative temperature analyses. The summer thermal period was
defined as all dates in July and August (the warmest months in NWO) plus
contiguous dates in June and September when maximum stream temperatures
were within 1°C of the coolest maximum temperature recorded in July or August
(Figure 2). Streams having the most restrictive summer thermal periods in
each year were used to define the summer period for all streams in that year.
The summer period in 1993 included six biweekly temperature recordings. It
began in the third week of June and ended in the first week of September. The
summer period in 1994 included five biweekly temperature recordings. It began
in the first week of July and ended in the first week of September.

Four thermal indices were calculated and used in the analyses:
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Figure 2. Schematic illustration of the method used to determine the summer
thermal period using the maximum temperatures of a hypothetical stream
recorded during biweekly temperature monitoring visits. The summer thermal
period includes all monitoring visits during July and August (visits 4-7 inclusive)
plus visits in June and September when maximum temperatures were <1°C less
than the coolest maximum temperature recorded during July or August. In this
example, the coolest maximum temperature in July or August was 15°C (the
horizontal line) recorded at visit 5. Therefore, monitoring visits in June and
September would be included in the summer thermal period if maximum
temperatures were 214°C. Therefore, the summer thermal period of this
hypothetical stream began at monitoring visit 3 (maximum temperature = 14°C)
and ended at monitoring visit 8 (maximum temperature = 16°C). Monitoring
visits 2 (10°C) and 9 (11°) were excluded from the summer thermal period since

the maximum temperatures recorded were >1°C less than 15°C.
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1) maximum summer temperature,
2) mean-maximum summer temperature,
3) mean summer temperature, and

4) summer thermal stability.

Maximum summer temperature of each stream was the single highest
maximum temperature recorded during the summer thermal period. The mean-
maximum temperatures (MEANMAX) were calculated as the sum of all
maximum temperatures recorded during the summer period divided by the

number of temperature recording visits (n) during the summer period, ie:

MEANMAX(°C)=Znaximums
n

The mean summer temperature (SUMMMEAN) used in this study was
actually the mean-median temperature. It was calculated as the sum of the
median temperatures recorded at each visit (i.e. [maximum + minimum]/2)

during the summer period divided by n, ie:

SUMMMEAN(CC)= El(maximum +minimum)/2]
n
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Summer thermal stability (SUMMSTAB) was calculated as the sum of the
differences between the maximum and minimum temperature recorded at each

visit during the summer period, divided by n, ie:

SUMMSTAB(°C)= I(maximum-minimum)
n

Three methods were used to evaluate annual and geographical
differences in stream temperatures. First, thermal indices measured from the
1993 streams were compared to those measured in 1994 with t-tests using the
TTEST procedure of SAS (SAS Institute 1988). These analyses were
conducted for all streams, for trout streams, and for non-trout streams.

Between year differences were considered significant at P<0.05. Second, the
mean-maximum summer temperatures, and the mean summer temperatures of
10 reference streams monitored in both years were calculated based on
temperature recordings from dates that coincided with the shorter summer
period defined in 1994. These thermal indices for each stream were compared
between years using the TTEST procedure of SAS (SAS Institute 1988). Third,
since climatic conditions have a large impact on stream temperatures (Smith
1972), summer climatic conditions each year were examined for any differences
that may have caused annual stream temperature variation. Climatic conditions

were assessed using data from the Thunder Bay and Cameron Falls climate
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stations (Ontario Climate Centre, Environment Canada, unpublished data).

To assess thermal differences between trout and non trout streams each
year, thermal indices were compared using the TTEST procedure of SAS (SAS
Institute 1988).

For all t-test analyses, if the assumptions of normality and equal variance
were not met then the Wilcoxon Rank-Sum test in the NPAR1WAY procedure

of SAS (SAS Institute 1988) was used for thermal comparisons.

Modelling Brook Trout Presence/Absence

Models predicting brook trout presence/absence were developed using
the 1993 data, and were validated using independent data collected in 1992
and 1994. A second model development procedure was conducted using the
combined data from all years.

Variables predicting brook trout distribution were analyzed with logistic
regression using the LOGISTIC procedure of SAS (SAS Institute 1990).
Logistic regression was used since the response variable (brook trout
presence/absence) was binary (Cox and Snell 1989), and logistic regression is
the preferred analysis for distinguishing between two classes (e.g. presence or
absence) when some or all of the independent variables are binary or
categorical (Press and Wilson 1978; Prager and Fabrizio 1990). Regression
coefficients were estimated using the maximume-likelihood method (SAS Institute

1990; Hosmer and Lemeshow 1989). Logistic regression uses the function:
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where: n = the probability of brook trout presence
e = the inverse natural logarithm of 1
U =K+ mX, + MX, +...+ MX
where: k = the regression constant
m, = the regression coefficients
x; = the values of the independent variables.

The -2 log likelihood statistic was used to test significance of each
model. This statistic measures the deviation of observed values from the model
(analogous to residual sums-of-squares in linear regression) (Hosmer and
Lemeshow 1989). With constant sample size, lower values of -2 log likelihood
indicate improved model fit. The significance of -2 log likelihood is assessed
with a chi-square test, and P<0.05 indicates that at least one of the regression
coefficients are significantly different from zero (Hosmer and Lemeshow 1989).
The Wald chi-square statistic was used to test the significance of regression
coefficients in each model (SAS Institute 1990). Models were considered
statistically significant if all regression coefficients were significantly (P<0.05)
different from zero.

Predicted probabilities of brook trout presence/absence were calculated
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from the best models and compared to brook trout presence/absence observed
during model development and model validation to assess correct prediction
(i.e. classification) rates. If predicted probabilities were =0.50, then brook trout
were predicted present. Conversely, if predicted probabilities were <0.50 then
brook trout were predicted absent. The Kappa statistic was used to determine
whether the classification of trout presence/absence produced by the best
logistic regression models were significantly better than chance classifications
(Titus et al. 1984). The value of Kappa expresses the proportion of streams
correctly classified by a given model after the effect of chance correct
classification is removed (Beauchamp et al. 1992). A P<0.05 indicates that
trout presence/absence classification by a given model was significantly better

than expected by chance.

Predicting Brook Trout Presence/Absence - Model Development |

Four model types were developed using the 1993 data to predict brook
trout distribution: 1) Geology models, 2) Biogeographic/Climatic models, 3)
Thermal models, and 4) Combined models which used combinations of

variables from the first three model types.

GEOLOGY MODELS
The surficial geologic deposits used to develop predictive models were

identified with the Northern Ontario Engineering Geology Terrain Study
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(NOEGTS) maps (Mollard and Mollard 1979a,b,c,d,e,f) (Appendix 2). Limited
quantitative information regarding the characteristics of surficial geology
aquifers in NWO is available. Therefore, to evaluate the best method of
quantifying surficial geologic deposits, four methods were employed and tested
in models predicting brook trout presence/absence in NWO: 1) Geofisheries
(Dean et al. 1991b), 2) Modified Geofisheries, 3) Objective, and 4)
Dichotomous. All numeric ratings of surficial geologic deposits reflected the
ability of deposits to transmit groundwater. Both the quantity (i.e. volume) and
quality (i.e. temperature) of groundwater were approximated by the ratings.
The subjective Geofisheries ratings (Dean et al. 1991b) were used in the
assessment of the Geofisheries model. These ratings were also the basis of
the Modified Geofisheries models, and the Geofisheries-derived Dichotomous
models. Objective dimensional characteristics of surficial deposits were used to

assess the Objective models and Objective Dichotomous models.

1) Geofisheries Model

The Geofisheries model was developed by Dean et al. (1991a,b) to
predict brook trout distribution in NWO, however, this model was never
empirically validated. The Geofisheries model is based on subjective numerical
ratings of geologic and climatologic variables relative to their suitability to
predict groundwater hydrology and thus brook trout distribution (Dean et al.

1991a,b). Variables in the model rate the following:
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1) bedrock geology structures (BEDROCK) determined from Ayres et al.
(1970) (Table 1),

2) surficial deposits in a stream’s watershed lying within 1km of the
stream (SURFACE) as determined from NOEGTS maps (Mollard and
Mollard 1979a,b,c,d,e,f) (Table 2), and

3) climate zones (CLIMZONE) (Figure 3, Table 3).

For each study stream, a Geofisheries score (GEOFISH) was calculated

using the following formula from Dean et al. (1991b):

BEDROCK+(3xSURFACE) xCLIMZONE
2

GEOFISH=

Surficial geology features are separated by boundaries on the NOEGTS
maps. Often within a single boundary, several surficial deposits are listed in
order of their dominance, and such landforms are termed complex terrain units
(Figure 4) (Gartner et al. 1981). The first deposit listed in a complex terrain unit
is the dominant deposit (as determined by surface area) and usually comprises
>50% of the surface area. Subordinate deposits can comprise 10-50% of the
surface area (Figure 4) (Gartner et al. 1981). To calculate the Geofisheries
score (GEOFISH), the highest rated surficial deposit within a complex terrain

unit (Table 3) is used regardless of dominance (Dean et al. 1991b).
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Table 1. Subjective Geofisheries ratings of bedrock types in the Superior and Southern
provinces (Dean et al. 1991b). Rating variability is due to location and the presence or

absence of dykes or fauits.

Bedrock Type

Rating

Migmatic Metasediments
Metasediments

Felsic to Intermediate Metavolcanics
Late Felsic Igneous

Mafic Metavolcanics

Ultramafic

Early Felsic igneous

Early Felsic Igneous and Migmatic Metasediments
Metasediments

Late Felsic Igneous
Mafic metavolcanics
Ultramafic

Early Felsic Igneous
Carbonatite Alkalic
Late Mafic Igneous
Felsic Metavolcanics
Animikie
Keweenawan

Superior Province

1-3.5
3o0r35
3.50r4
450rb
3o0r3.5
40r4.5
2.5-3.5

Southern Province

3o0r45
2750r3
S5o0r55
3or3.5
450r5
34.5

6.5
50r5.5
40r45
5.5-6
5.75-6.25




Table 2. Subjective Geofisheries ratings of surficial deposits (SURFACE) and Northern Ontario
Engineering Geology Terrain Study (NOEGTS) map codes for the deposits (Dean et al. 1991b).

Rating variability is due to location.

Surficial Deposit NOEGTS Code Rating
Ground Moraine MG 20
DeGeer/Hummocky Moraine MH 7.0
End Moraine ME 8.0
Interlobate Moraine ME 8.5
Small Esker GE 6.5
Large Esker GE 7.5
Kame Field GK 75
Outwash GO 7.0
Valley Train GO 9.0
Delta GD or LD 9.0
Glaciolacustrine Plain LP 1.50r2.0
Raised Beach LB 7.0
Alluvial Plain AP 7.5
Organic Terrain with Sand, Gravel, or Moraine (Fen) eg. pOT(sgME) 9.5
Organic Terrain with Bedrock or Glaciolacustrine Plain (Bog)  eg. pOT(cLP) 0.0-6.0
Spillway in Sand or Organics graphic symbol 10.0
Spillway in Bedrock or Ground Moraine graphic symbol 9.5
Spillway in Clay or Silt graphic symbol 6.0
Eolian graphic symbol 7.5
Drumlin Field _graphic symbol 7.5




Figure 3. Map of study area showing climate zone boundaries defined by Dean

et al. (1991b).
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Table 3. Subjective Geofisheries ratings of climate zones (Dean et al. 1991b).

Climate Zone Rating
Southwest 0.0
Matawin-Shebandowan 0.9
Transition 09
Northwest 1.0
Lake Shore West 1.2
Lake Shore East 1.2
Near Shore 1.4
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Figure 4. Strawberry Creek (a 1993 site) showing the various surficial deposits
within the watershed (Mollard and Mollard 1981b). More than one deposit type
is listed in deposits 1,4,5, and 6, therefore, these deposits are termed complex
terrain units. The dominant deposits (>50% of the surface area) are listed first,
and the subordinate deposits (<50% of the surface area) are in parentheses.
Deposit 4 is a complex terrain unit consisting of 3 deposit types. In deposit 4,
the highest rated deposit type is the kame (GK, rating = 7.5). The dominant
deposit type is the clay glaciolacustrine plain overlying bedrock (cLP/RN) which
is rated 1.5. The dominant and first subordinate deposit types (cLP/RN and
cLP) are rated the same by Geofisheries, therefore, the rating for the highest

rated deposit type among the dominant and first subordinate is 1.5.
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The components of the Geofisheries model (BEDROCK, SURFACE,
CLIMZONE) were tested in univariate and multivariate logistic regression
models to assess their ability to predict brook trout presence/absence (Table 4).
Because the Geofisheries model uses an index value derived from the product
of subjective geological and climatological ratings (Dean et al. 1991b), the
variance associated with each variable (Tables 1, 2, 3) is masked in such a
model (i.e. the associated variance and the interaction effects of the
independent variables are not reliably represented by an additive model).
Multiple regression analysis is the accepted method for evaluating the variance,
and assessing interaction effects of more than one independent variable on a

dependent variable (Jaccard et al. 1990; see Rempel and Colby 1991).

2) Modified Geofisheries Models

Results from the analyses testing the components of Geofisheries in
univariate and multivariate logistic regression models revealed that the surficial
geology component of the model (SURFACE) was the only variable significantly
related to brook trout presence/absence (Table 4). Furthermore, the
Geofisheries model (GEOFISH) was highly correlated to SURFACE (r*=0.8599,
P=0.0001) (Figure 5), thus the surficial geology component was driving the
Geofisheries model. Therefore, Modified Geofisheries models predicting brook
trout presence/absence were developed based on Geofisheries’ ratings of

surficial deposits (Table 2).
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Table 4. Results of logistic regression analyses testing the surficial geology (SURFACE),
bedrock geology (BEDROCK), and climate zone (CLIMZONE) components of the Geofisheries
models in univariate and multivariate models predicting brook trout presence/absence.

Variable(s) in R;gression Wald Chi-sq:are Constant -2 log Likelihood P

Model Coefficient P

SURFACE 0.4472 0.0068 -3.6975 45,192 0.0005
BEDROCK -0.0783 0.7240 -0.3644 67.162 0.7244
CLIMZONE 1.5962 0.4252 -2.4059 56.648 0.4242
SURFACE 0.4475 0.0067 -3.7739 57.286 0.0024
BEDRQOCK 0.0182 0.9477

SURFACE 0.5199 0.0053 -8.4371 42.647 0.0007
CLIMZONE 3.9392 0.1241

BEDROCK -0.1362 0.56593 -2.1809 56.307 0.6128
CLIMZONE 1.9191 0.3574

SURFACE 0.5234 0.0057 -8.6158 42.635 0.0021
BEDROCK 0.0331 0.9110

CLIMZONE 3.9538 0.1240

51



Figure 5. Relation between Geofisheries scores (Dean et al. 1991b) and the
surficial component of the Geofisheries model

(GEOFISH = 2.777 + 1.487(SURFACE); r* = 0.8599 and P=0.0001).
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A total of 54 Modified Geofisheries variables were developed based on
the surficial deposits that were adjacent to the study streams (Table 5). The
modifications were conducted in three steps:

Step 1. The ratings of surficial deposits comprising various portions of
the watershed were tested:

1) the rating of the deposit within which the study reach was located,

2) the rating of the largest deposit in surface area within the watershed,

that was adjacent to the stream (Figure 6), and

3) the weighted mean rating of all deposits adjacent to the stream

(Figure 6).

Step 2. Sensitivity analyses tested different ratings of sandy
glaciolacustrine plains and fens. Glaciolacustrine plains are primarily comprised
of either clay or sand (Mollard and Mollard 1979a,b,c,d,e,f) which have distinct
hydraulic conductivities influencing groundwater hydrology. However,
Geofisheries rates all glaciolacustrine plains identically despite the hydrologic
differences (Dean et al. 1991b) (Table 2). The Geofisheries rating of 1.5 or 2.0,
and a higher rating of 7.8 for sandy glaciolacustrine plains were tested. A
rating of 7.8 was chosen since that was the mean of the other highly rated
deposits (see Table 2). The rating for clay glaciolacustrine plains (1.5 or 2.0)

was not changed.



Table 5. Three iteration steps conducted to produce 54 Modified Geofisheries variables rating surficial geologic deposits. The variables were tested
for their ability to predict brook trout presence/absence in northwestern Ontario streams.

SS

Variable Name

Step 1

Step 2

Step 3

Site Deposit (S), Largest Deposit (L)

Rating for Sandy  Rating for Fens Using the Highest Rated Deposit (H),

or Weighted Mean Rating (WM) Glaciolacustrine the Dominant Deposit (D),
Plains or the Highest Rated Deposit
Among the Dominant and
First Subordinate Deposits (H12)
for a Complex Terrain Unit
SITEAH S 1.5 9.5 H
SITEAD S 1.5 9.5 D
SITEAH12 S 1.5 9.5 H12
SITEBH S 1.5 5 H
SITEBD S 1.5 5 D
SITEBH12 S 1.5 5 H12
SITECH S 1.5 Bog H
SITECD S 1.5 Bog D
SITECH12 S 1.5 Bog H12
SITEDH S 7.8 9.5 H
SITEDD S 7.8 9.5 D
SITEDH12 S 7.8 9.5 H12
SITEEH S 7.8 5 H
SITEED S 7.8 5 D
SITEEH12 S 7.8 5 H12
SITEFH S 7.8 Bog H



Table 5 (continued). Three iteration steps conducted to produce 54 Modified Geofisheries variables rating surficial geologic deposits. The variables
were tested for their ability to predict brook trout presence/absence in northwestern Ontario streams.

9S

Variable Name

Step 1

Step 2

Step 3

Site Deposit (S), Largest Deposit (L)

Rating for Sandy Rating for Fens Using the Highest Rated Deposit (H),

or Weighted Mean Rating (WM) Glaciolacustrine the Dominant Deposit (D),
Plains or the Highest Rated Deposit
Among the Dominant and
First Subordinate Deposits (H12)
for a Complex Terrain Unit
SITEFD S 7.8 Bog D
SITEFH12 S 7.8 Bog H12
LARGAH L 1.5 9.5 H
LARGAD L 1.5 9.5 D
LARGAH12 L 1.5 9.5 H12
LARGBH L 1.5 5 H
LARGBD L 1.5 5 D
LARGBH12 L 1.5 5 H12
LARGCH L 1.5 Bog H
LARGCD L 1.5 Bog D
LARGCH12 L 1.5 Bog H12
LARGDH L 7.8 9.5 H
LARGDD L 7.8 9.5 D
LARGDH12 L 7.8 9.5 H12
LARGEH L 7.8 5 H
LARGED L 7.8 5 D



Table 5 (continued). Three iteration steps conducted to produce 54 Modified Geofisheries variables rating surficial geologic deposits. The variables
were tested for their ability to predict brook trout presence/absence in northwestern Ontario streams.

LS

Variable Name

Step 1

Step 2

Step 3

Site Deposit (S), Largest Deposit (L)

Rating for Sandy  Rating for Fens Using the Highest Rated Deposit (H),

or Weighted Mean Rating (WM) Glaciolacustrine the Dominant Deposit (D),
Plains or the Highest Rated Deposit
Among the Dominant and
First Subordinate Deposits (H12)
for a Complex Terrain Unit
LARGEH12 L 7.8 5 H12
LARGFH L 7.8 Bog H
LARGFD L 7.8 Bog D
LARGFH12 L 7.8 Bog H12
MEANAH WM 1.5 9.5 H
MEANAD WM 1.5 9.5 D
MEANAH12 WM 1.5 9.5 H12
MEANBH WM 1.5 5 H
MEANBD WM 1.5 5 D
MEANBH12 WM 1.5 5 H12
MEANCH WM 1.5 Bog H
MEANCD WM 1.5 Bog D
MEANCH12 WM 1.5 Bog H12
MEANDH WM 7.8 9.5 H
MEANDD WM 7.8 9.5 D
MEANDH12 WM 7.8 9.5 H12



Table 5 (continued). Three iteration steps conducted to produce 54 Modified Geofisheries variables rating surficial geologic deposits. The variables
were tested for their ability to predict brook trout presence/absence in northwestern Ontario streams.

Variable Name

Step 1

Step 3

Site Deposit (S), Largest Deposit (L)
or Weighted Mean Rating (WM)

Rating for Sandy Rating for Fens Using the Highest Rated Deposit (H),
Glaciolacustrine

the Dominant Deposit (D),

or the Highest Rated Deposit
Among the Dominant and

First Subordinate Deposits (H12)
for a Complex Terrain Unit

MEANEH WM 78 5 H
MEANED WM 78 5 D
& MEANEH12 WM 78 5 H12
MEANFH WM 7.8 Bog H
MEANFD WM 7.8 Bog D
MEANFH12 WM 7.8 Bog H12




Figure 6. Demonstration of the method used to calculate the Modified
Geofisheries ratings of: 1) the deposit containing the study reach, 2) the largest
deposit in surface area adjacent to the stream, and 3) the weighted mean
rating. The map is of Nile Creek (a 1993 study site) showing the location of the
study reach and the surficial geologic deposits within the watershed (Mollard
and Mollard 1979a). Deposits 2,3, and 4 are adjacent to (i.e. abutting) the
stream. If an adjacent deposit extends downstream of the study reach (e.g.
Deposits 3 and 4), then only the portion (surface area) of the deposit that is
upstream of the study reach and adjacent to the stream is considered in the
calculation of ratings. The total area of deposits adjacent to Nile Cr.
(TOTAREA) is 2.129km?. Deposit 4 (tsMG) is the site deposit since it contains
the study reach. The surface area of Deposit 4 is 0.459km?, which comprises
21.56% of TOTAREA. Deposit 2 (sGD) is the largest deposit in surface area
(1.487km?) that is adjacent to the stream, comprising 69.85% of TOTAREA.
The surface area of Deposit 3 (cmLP) (the third adjacent deposit) is 0.183km?
which comprises 8.59% of TOTAREA. The Modified Geofisheries rating of the
site deposit (tsMG) for Nile Creek is 2.0. The Modified Geofisheries rating of
the largest deposit adjacent (sGD) for Nile Creek is 9.0. The weighted mean
rating for all deposits adjacent to Nile Creek is:

(2.0 x 0.2156) + (9.0 x 0.6985) + (1.5 x 0.0859) = 6.847.
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Sensitivity analyses also tested different ratings for fens. Fens were
defined by Dean et al. (1991a) as wetlands comprised primarily of peat that are
overlying or are adjacent to sand/gravel deposits. Therefore, fens are
indicators of groundwater discharge rather than actual groundwater transmitting
deposits. Fens were rated highly (9.5) by Geofisheries (Dean et al. 1991b). In
addition to the Geofisheries rating, a moderate rating of 5.0 was tested. It was
felt that groundwater discharging into fens may be exposed to the extremes of
ambient temperature prior to reaching the stream channel thus hindering the
cooling influence of direct groundwater discharge. Fens were also tested using
a rating equivalent to the Geofisheries rating for bogs (0.0-6.0 depending on the
stream’s location) (Table 2), since all wetlands may impact thermal habitat and
brook trout distribution similarly.

Step 3. Three other modifications of surficial deposit ratings tested the
contribution of the various deposits comprising a complex terrain unit (Figure 4)
to explaining brook trout presence/absence. First, the Geofisheries method of
using the highest rated deposit was tested. Second, the rating of the dominant
deposit (surface area) was tested since it may have the greatest influence on
thermal habitat. Third, the highest rated deposit among the dominant and first
subordinate deposits was also tested. The first subordinate deposit may
comprise up to 50% of the surface area of a complex terrain unit (Gartner et al.

1980), and thus substantially impact thermal habitat.
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3) Objective Geology Models

Since, the Geofisheries model (Dean et al. 1991b) employs subjective
ratings of surficial geologic deposits, models using variables based on objective
characteristics of the deposits adjacent to the study streams were also tested
as predictors of brook trout presence/absence. Objective characteristics
included in the models were: 1) deposit thickness, 2) hydraulic conductivity of
the materials comprising the deposits, and 3) deposit volume. Since these
characteristics do not apply to wetlands (i.e. fens or bogs), contrary to
Geofisheries, the objective geology models rated surficial deposits associated
with wetiands (i.e. deposits adjacent to or underlying wetlands) rather than rate
the wetlands themselves.

Deposit thicknesses measured in meters were calculated from the
estimated thickness values of the deposits listed by Zoltai (1963; 1965) (Table

6). Three variables based on deposit thickness were tested:

1) thickness of the deposit containing the study reach, (SITETHIC),
2) thickness of the largest deposit in surface area adjacent to the stream,
(LARGTHIC), and

3) weighted mean thickness of all adjacent deposits (MEANTHIC).

Models based on hydraulic conductivity of the material in each deposit

were developed and tested for their ability to predict brook trout
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Table 6. Thickness of surficial deposits in northwestern Ontario estimated by Zoltai (1965).

Surficial Deposit Thickness (m)
Ground Moraine 1.7
Hummocky Moraine 6.1
End and Interlobate Moraines 25.3
Outwash 9.1
Delta 16.2
Kame Fields 22.9
Kame/Outwash Complex 16.0
Clay Glaciolacustrine Plain 3.0
Sandy Glaciolacustrine Plain 12.2
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presence/absence. Freeze and Cherry (1979) compiled a table of hydraulic
conductivities (measured in cm/s) for a number of materials based on several
empirical studies. Ratings for these values were standardized (Table 7) using

the formula:

10-(-log of the median hydraulic conductivity value).

The variables tested using the hydraulic conductivity ratings were:

1) the hydraulic conductivity rating of the deposit containing the study
reach (SITEHYCO),

2) the hydraulic conductivity rating of the largest deposit in surface area
adjacent to the stream (LARGHYCO), and

3) a weighted mean hydraulic conductivity rating of all adjacent deposits

(MEANHYCO).

Three variables representing the volume of surficial deposits were tested
for their ability to predict brook trout presence/absence:

1) the volume of the deposit containing the study reach (SITEVOL):

SITEVOL= (thickness of the deposit containing the study reach) x (area

of the deposit containing the study reach),

2) the volume of the largest deposit adjacent to the stream (LARGVOL):

LARGVOL-= (thickness of the largest deposit) x (area of the largest
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Table 7. Hydraulic conductivity ratings of surficial materials in northwestern Ontario, and the
Northern Ontario Engineering Geology Terrain Study (NOEGTS) codes for the materials.
Ratings were calculated as: 10-[Hog of the median hydraulic conductivity values] as listed in
Freeze and Cherry (1979). -

Material _NOEGTS -Hydraulic
Code _ Conductivity Rating

Gravel g 10.7
Sand s 8.3
Gravel/Sand gs 9.7
Silt or Loess m 5.3
Sitty Sand ms 7.0
Till t 29
Till/Sand /Gravel tsg 8.3
Till/Sand ts 6.3
Till/Silt tm 4.7
Clay c 1.6
Clay/Silt cm 3.3
Clay/Till tc 2.8
Unfractured Bedrock RR, RN, RL, RP 0.3
Fractured Bedrock RR, RN, RL, RP 6.0
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deposit), and

3) the weighted mean volume of all deposits adjacent to the stream

(MEANVOL):

MEANVOL= (weighted mean thickness of all adjacent deposits) x (total

area of all adjacent deposits).

Variables that were indices of surficial deposit transmissivity were
calculated:

1) the transmissivity of the deposit containing the study reach

(SITETRAN):

SITETRAN= (thickness of the deposit containing the study reach) x

(hydraulic conductivity of the deposit containing the study reach),

2) the transmissivity of the largest deposit adjacent to the stream

(LARGTRAN):

LARGTRAN = (thickness of the largest deposit) x (hydraulic conductivity

of the largest deposit), and

3) the weighted mean transmissivity of all deposits adjacent to the

stream (MEANTRAN):

MEANTRAN= (weighted mean thickness of all adjacent deposits) x

(weighted mean hydraulic conductivity of all adjacent deposits).

Each of the transmissivity variables were very highly correlated with the
corresponding deposit thickness variable (* values approximately 0.98),

therefore, the transmissivity variables were considered redundant and not
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tested.

In addition to these univariate models, numerous multivariate models
using combinations of the objective geology variables were also tested for their
ability to predict brook trout presence/absence. The rate of groundwater flow
(volumeftime) is dependent upon the hydraulic conductivity of the porous
material travelled through, and the size of the deposit comprised by the material
(Freeze and Cherry 1979). Therefore, in bivariate models predicting trout
presence/absence, hydraulic conductivity variables were paired with their
corresponding variable that reflected surficial deposit size (either thickness,
area, or volume). The components of the three deposit volume variables

(deposit thickness and deposit area) were also tested as bivariate models.

4) Dichotomous Geology Models

Two methods were implemented to rate surficial deposits on a
dichotomous basis (i.e. good or poor). Variables derived from these ratings
were then used in models that were tested for their ability to predict brook trout
presence/absence. In the first method, dichotomous ratings were derived from
the Geofisheries ratings of surficial deposits (Table 2). Good deposits (rated 1)
were those that Geofisheries rated =6, and poor deposits (rated 0) were rated
<6. Three steps (similar to those taken in the 'Modified Geofisheries Models’
section) were taken to develop 36 Geofisheries-derived dicho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>