North American Journal of Fisheries Management 23:206-215, 2003
© Copyright by the American Fisheries Society 2003

Effectiveness of Using Summer Thermal Indices to Classify
and Protect Brook Trout Streamsin Northern Ontario

CHRIS R. PicarD?

Department of Biology, Lakehead University,
955 Oliver Road, Thunder Bay, Ontario P7B 5E1, Canada

MicHAEL A. BozEk*

Wisconsin Cooperative Fishery Research Unit, College of Natural Resources,
University of Wisconsin—Stevens Point, Sevens Point, Wisconsin 54481, USA

WALTER T. MomoT

Department of Biology, Lakehead University,
955 Oliver Road, Thunder Bay, Ontario P7B 5E1, Canada

Abstract.—\We tested five thermal indices for their ability to differentiate streams containing
brook trout Salvelinus fontinalis from streams not containing brook trout in forested watersheds
of the Precambrian Shield, northern Ontario, with the goal of identifying and protecting riparian
areas of thermally sensitive trout streams during timber harvesting. Logistic regression was used
to predict brook trout presence and absence, with maximum summer temperature, mean summer
temperature, mean sampling temperature, mean maximum summer temperature, and thermal sta-
bility as independent variables. Brook trout streams were cooler and thermally more stable than
non-brook-trout streams, but temperatures overlapped considerably between the two types of
stream. Correct classification of streams ranged from 60.3% for summer temperature stability to
67.1% for maximum summer and mean sampling temperatures. The models yielded correct pre-
dictions more often for brook trout absence (~80%) than for brook trout presence (=50%) because
streams with temperatures above lethal limits clearly precluded brook trout presence, whereas
cooler temperatures merely indicated thermal suitability. In cooler streams, other factors, such as
suitable spawning and rearing habitat and migration barriers, likely contributed to variation in
brook trout presence. The specific prediction probabilities of the models could be used to assign
management protection levels or identify additional sampling requirements necessary for deter-

mining brook trout distributions in streams with suitable temperatures.

Timber harvesting can detrimentally affect
stream habitat, water quality, and salmonid pop-
ulations (Chamberlin et al. 1991; Binkley and
Brown 1993), particularly when conducted in ri-
parian areas (Heifetz et al. 1986). Specifically, re-
moval of riparian vegetation can directly increase
summer water temperatures to levels that are un-
suitable for salmonids (Brown and Krygier 1970;
Feller 1981; Barton et al. 1985). Thermal effects
can be chronic, persisting for up to 20 years or
more after timber harvesting, until ariparian over-
story redevelops (Hostetler 1991; Hicks et al.
1991).

Riparian buffer strips have ameliorated some
negative effects of forestry practices in North
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America (e.g., Brown and Krygier 1970; Rishel et
al. 1982; Barton et al. 1985). Because brook trout
Salvelinus fontinalis may be particularly vulnera-
ble to stream temperature increases (Coutant 1977)
that result from timber harvesting in riparian areas
(Barton et al. 1985), the Ontario Ministry of Nat-
ural Resources (OMNR) developed timber man-
agement guidelines requiring forestry operatorsto
leave undisturbed reserves of riparian buffer strips
adjacent to streams containing brook trout popu-
lations (Ontario Ministry of Natural Resources
1988). Buffer-strip dimensions used in Ontario
vary depending on the slopes of riparian areas ad-
jacent to the stream and are based, in part, on the
work of Trimble and Sartz (1957) in New Hamp-
shire. Originally designed to reduce sediment |oad-
ings from logging roads (Trimble and Sartz 1957),
these buffer strips also provide shade that helps
maintain cooler stream temperatures in summer
(Barton et al. 1985).

Under the OMNR guidelines, fisheries biolo-
gists are responsible for identifying brook trout

206



EFFECTIVENESS OF SUMMER THERMAL INDICES

streams that require riparian protection. However,
detailed information on resident brook trout dis-
tributions in streams of the Precambrian Shield,
northern Ontario, is lacking because much of the
region is remote and roadless, thus hindering sur-
veys of aquatic resources. Logistic and fiscal con-
straints preclude the large-scale surveys required
to accurately assess brook trout distributions. As
aresult, trout habitat may be jeopardized because
precise implementation of the OMNR timber man-
agement guidelines is often extremely difficult.

Summer stream temperature is the most impor-
tant single factor influencing brook trout distri-
butions (MacCrimmon and Campbell 1969) and
may be useful for discriminating brook trout
streams, which need protection, from non-brook-
trout streams. Brook trout often inhabit streams
receiving groundwater discharge (Threinen and
Poff 1963; Portt et al. 1989), which reduces sum-
mer stream temperatures and provides suitable
thermal conditions. The maximum temperatures
previously used to identify brook trout streams
range from 19°C (Creaser 1930) to 24°C (Ricker
1934). In southern Ontario, Barton et al. (1985)
observed that streams with weekly maximum
stream temperatures of 22°C or lower harbored
self-sustaining brook trout populations, whereas
warmer streams had marginal or no brook trout
populations. Brook trout prefer temperatures at or
below 20°C (Creaser 1930; Cherry et al. 1977;
Peterson et al. 1979) and avoid warmer tempera-
tures (Gibson 1966; Cunjak et al. 1993).

Our objectives were to (1) assess the thermal
characteristics of first- and second-order streams
of the Precambrian Shield in northern Ontario and
(2) evaluate the effectiveness of five summer
stream temperature indices for discriminating
brook trout streams from non-brook-trout streams
in this geographic region.

M ethods

Study streams were situated in the Lake Supe-
rior watershed west and south of Lake Nipigon
and west of the Nipigon River. Northern Ontario
has a continental climate, with warm summers
(mean July temperature, about 16.9°C) and cold
winters (mean January temperature, about
—17.2°C; Environment Canada climate station,
Thunder Bay, Ontario, unpublished data); temper-
atures are somewhat moderated near Lake Supe-
rior. Annual precipitation ranges from 685 to 831
mm, of which 75% falls as rain. Northern Ontario
is typical of the Precambrian Shield in that most
of the area comprises thin glacial till over igneous
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and metamorphic bedrock. However, thicker ter-
minal moraines and glaciofluvial depositsare com-
mon in localized areas.

Seventy-three first-order and second-order
streams from an approximately 30,000-km? area
of northern Ontario were studied in 1993 (45
streams) and 1994 (28 streams). Mean wetted
widths of streams ranged from 0.76 to 7.21 m, and
mean watershed areas ranged from 1.6 to 29,391
km2. Brook trout presence or absence in each
stream was determined from three electrofishing
passes through one 60-m reach per stream, con-
ducted with a Smith-Root, Inc. backpack electro-
fishing unit (model 12 or 15B). Sampling occurred
in mid-July to August, when summer thermal con-
ditions are most limiting to brook trout. Stream
temperatures were measured in each stream with
a Taylor maximum—minimum thermometer. Ther-
mometers were randomly placed within each site,
except that deep, low-velocity pools were avoided
to eliminate the possible effects of thermal strat-
ification (Matthews et al. 1994; Nielsen et al.
1994). From late June to early September in both
years, maximum, minimum, and ambient sampling
temperatures were recorded to the nearest 1.0°C
every other week from the maximum—minimum
thermometers, which were then reset. Maximum—
minimum thermometer accuracy was verified at
each biweekly temperature reading with a Fisher
precision thermometer or a calibrated Flett Re-
search, Ltd. digital thermometer, each accurate to
within 0.1°C.

Five thermal indices were calculated based on
the biweekly temperature measurements: (1) max-
imum summer temperature, (2) mean maximum
summer temperature, (3) mean summer tempera-
ture, (4) summer temperature stability, and (5)
mean sampling temperature. The first four indices
were calculated from temperatures recorded with
the maximum-—minimum thermometers, and mean
sampling temperatures were calculated from tem-
peratures recorded biweekly with the Fisher pre-
cision thermometer or the Flett Research, Ltd. dig-
ital thermometer. The maximum summer temper-
ature of each stream was the single highest max-
imum biweekly temperature recorded. The mean
maximum temperature of each stream was calcu-
lated as the sum of all maximum biweekly tem-
peratures recorded at a site, divided by the total
number of site visits. The mean summer temper-
ature was actually the mean mid-range summer
temperature and was calculated as the sum of the
biweekly mid-range temperatures (i.e., (maximum
temperature + minimum temperature)/2) divided
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by the total number of site visits. Summer tem-
perature stability was calculated as the sum of the
differences between biweekly maximum and min-
imum temperatures divided by the number of site
visits. The mean sampling temperature of each
stream was calculated as the sum of the temper-
atures collected at the time of sampling, divided
by the number of site visits.

Because streams were studied in 2 years (1993
and 1994) and climatic conditions can influence
stream temperatures (Smith 1972), climatic and
stream temperature variability was assessed be-
tween years. Data from the Environment Canada
climate station in Thunder Bay, Ontario, were used
to evaluate variation in air temperature between
1993 and 1994 and to were compared normal (i.e.,
mean) climatic conditions. To directly assess an-
nual variation in stream temperatures caused by
annual differencesin air temperature, 10 reference
streams were monitored during both years, and
temperatures were compared between years by use
of paired t-tests. Differencesin each thermal index
between brook trout streams and non-brook-trout
streams were compared with t-tests. The signifi-
cance level (o) was set at 0.05.

The ability of each of the five thermal indices
to predict brook trout presence and absence was
evaluated by logistic regression, which is suitable
for analyses with a binary response variable (Cox
and Snell 1989; Manly 1994). Regression coeffi-
cients were estimated with the maximum likeli-
hood method (Hosmer and Lemeshow 1989). Lo-
gistic regression uses the function

eu

m™ = ,
1+ e

where 7 is the probability of brook trout presence,
e is the inverse natural logarithm of 1, and

u=k+ mxq,

with k being the regression constant, m, the re-
gression coefficient, and x, the value of the in-
dependent variable.

The —2 log-likelihood statistic was used to test
the significance of each model. This statistic mea-
sures the deviation of observed values from the
model and is analogous to residual sums of squares
in linear regression (Hosmer and Lemeshow
1989). Reductions in the value of —2 log-likeli-
hood indicate improved model fit. The significance
of —2 log-likelihood is assessed with a chi-square
test, and P valuesless than or equal to 0.05 indicate
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Ficure 1.—Normal (average) mean monthly air tem-
peratures (left scale; solid lines) and total monthly pre-
cipitation (right scale; broken lines) for May to Septem-
ber 1993-1994. Data were recorded at the Environment
Canada climate station in Thunder Bay, Ontario.

that the regression coefficient differs significantly
from zero (Hosmer and Lemeshow 1989).

To assess correct classification rates, we com-
pared predicted probabilities of brook trout pres-
ence and absence that were calculated from the
models with observed brook trout presence and
absence. Brook trout were predicted as present if
predicted probabilities were 0.50 or greater and
absent if predicted probabilities were less than
0.50. The kappa statistic was used to determine
whether the classifications of brook trout presence
and absence produced by the logistic regression
models were significantly better than chance clas-
sifications (Titus et al. 1984). The value of kappa
expresses the proportion of streams correctly clas-
sified by a given model after the effect of chance
correct classification is removed (Beauchamp et
al. 1992). Classifications were considered signif-
icant at P values less than or equal to 0.05.

Results

Summer air temperatures and precipitation were
similar between the 1993 and 1994 sampling years
and were similar to the mean climatic conditions
for theregion (Figure 1). June and September tem-
peratures were cooler in 1993 than in 1994, where-
as July and August temperatures were cooler in
1994 than in 1993. In July and August, when trout
sampling occurred, the mean monthly tempera-
tures in both 1993 and 1994 were within 2.0°C of
mean daily temperatures for those months. Pre-
cipitation was also similar between years (i.e.,
comparable to average conditions) except in July
1993, when 224 mm of rain fell (141.1 mm greater
than normal). Maximum temperatures of some of
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TaBLE 1.—Comparison (t-tests) of differences in mean maximum and mean summer temperatures between 1993 and
1994 for 10 reference streams in northern Ontario. Significance was determined at P values less than 0.05.

Brook trout
presence (1)

Site or absence (0) 1993 1994 t P
Mean maximum summer temperature (°C)

Asterick 1 16.8 16.0 1.5667 0.1682
Buzzer 1 0 19.6 19.0 0.8018 0.4552
East Welch 0 16.6 17.6 —1.2700 0.2398
Max 0 17.6 16.2 1.6733 0.1328
McConnell 1 0 21.3 21.3 0.000 1.000

North Current 1 1 20.8 21.6 —1.2649 0.2415
North Current 5 1 20.2 184 2.0125 0.0794
Pearl 1 0 21.0 21.0 0.0000 1.0000
Savigny 0 20.6 20.6 0.0000 1.0000
West Current 1 19.2 19.2 0.0000 1.0000

Mean summer temperature (°C)

Asterick 1 14.25 12.25 4.3818 0.0047*
Buzzer 1 0 15.50 14.70 1.0643 0.3183
East Welch 0 13.20 13.60 —0.6532 0.5319*
Max 0 14.10 12.20 4.9058 0.0012*
McConnell 1 0 17.33 15.67 1.4142 0.2302
North Current 1 1 17.17 17.50 —0.5000 0.6533
North Current 5 1 17.00 14.38 3.0851 0.0215*
Pearl 1 0 18.00 17.50 0.6124 0.5734
Savigny 0 17.40 16.80 0.9204 0.3843
West Current 1 15.50 15.40 0.1612 0.8767

the 10 reference streams varied between 1993 and
1994, but as a whole, did not appear to be influ-
enced by the slight differences in climatic condi-
tions that occurred between years (Table 1).
Though the mean maximum temperatures of four
reference streams were higher in 1993 than in
1994, two were lower, and four were the same,
none differed significantly between years (Table
1). Similarly, only 3 of 10 streams had mean sum-
mer water temperatures that were significantly
cooler in 1994 than in 1993. Among all study
streams (i.e., brook trout and non-brook-trout com-
bined), mean maximum temperatures were ap-
proximately 1.5°C cooler than maximum temper-
atures, and mean temperatures were approximately

5-6°C cooler than maximum temperatures (Table
2). Mean sampling temperatures were 0.8°C and
0.4°C lower than the mean summer temperatures
of brook trout and non-brook-trout streams, re-
spectively.

Brook trout were captured in 30 of 73 streams.
For both years, the 30 streams containing brook
trout were significantly cooler and thermally more
stable than the 43 streams without brook trout (Ta-
ble 2). Maximum, mean maximum, mean, and
mean sampling temperatures were significantly
cooler (2°C) in brook trout streams than in non-
brook-trout streams (Table 2). Temperatures in
brook trout streams were also more stable (i.e.,
1°C temperature range) than those in non-brook-

TaBLE 2—Comparison of five stream temperature indices between brook trout and non-brook-trout streams (n = 73)
in northern Ontario based on t-tests. Values are means = SEs. Significance was determined at P values less than 0.05.

Trout streams

Non-trout streams

Thermal index (n = 30) (n=43 t P

Maximum summer

temperature (°C) 19.8 + 0.48 22.1 = 045 34711 0.0009
Mean maximum summer

temperature (°C) 18.4 + 0.48 20.5 = 041 3.1691 0.0023
Mean summer

temperature (°C) 14.8 + 0.44 16.3 = 0.33 2.8133 0.0063
Summer temperature

stability (°C) 74 * 024 8.3 (0.25) 2.7613 0.0073
Mean sampling

temperature (°C) 14.04 + 0.463 15.94 + 0.338 3.4029 0.0011
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trout streams. However, despite these differences,
the distribution of stream temperatures overlapped
considerably between brook trout and non-brook-
trout streams. For example, maximum tempera-
tures in brook trout streams ranged from 14°C to
24°C, while those in non-brook-trout streams
ranged from 13°C to 28°C (Figure 2). The greatest
degree of overlap in maximum temperatures oc-
curred near the upper preferred thermal limit of
brook trout (20°C), with nearly equal numbers of
brook trout streams (17) and non-brook-trout
streams (16) having maximum temperatures be-
tween 19°C and 22°C. Similar trends were also
evident for each of the other thermal indices (Fig-
ure 2).

Brook trout presence and absence was signifi-
cantly related to the five thermal indices (Figure
2; Table 3) because brook trout streams were gen-
erally cooler and thermally more stable than non-
brook-trout streams. However, stream temperature
indices classified trout presence and absence cor-
rectly in only 44 (60.3%) to 49 (67.1%) of the 73
streams, depending on the index used (Table 3).
Maximum temperature provided the best fit in pre-
dicting brook trout presence and absence (i.e., low-
est —2 log-likelihood), albeit only marginally bet-
ter than the other four thermal indices. All tem-
perature models were better predictors of brook
trout absence than presence. Absence was cor-
rectly predicted in 34-36 of 43 streams (79.1—
83.7%), whereas brook trout presence was cor-
rectly predicted in only 10-15 of 30 streams (33.3—
50.0%).

Discussion

Despite significant relations in the ability of the
thermal indices to predict brook trout presence and
absence, no single index accurately distinguished
brook trout streams from non-brook-trout streams
in northern Ontario. Of the five thermal indices
used, mean sampling temperature (i.e., ambient
temperature) is the easiest to measure and there-
fore might be the likeliest choice among biologists
for determining thermal suitability of streams for
brook trout in northern Ontario. The logistic re-
gression model based on this index had as high an
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overall correct classification rate as the models us-
ing maximum summer temperature and mean max-
imum summer temperature. Yet, though it was the
best predictor of trout presence, this index unfor-
tunately still misclassified 15 of the 30 trout
streams and had a lower classification rate at pre-
dicting absence than did the other indices. There-
fore, if only ambient stream temperatures were
used to classify streams based upon spot surveys
during timber management planning, clearly a
large number of trout streams in northern Ontario
would not be identified.

In general, thermal indices yielded correct clas-
sification predictions more often for brook trout
absence (approximately 80%) than for brook trout
presence (=50%). While temperature plays arole
in structuring brook trout distributions in northern
Ontario (i.e., the models were significant), thisun-
even classification success rate indicates that other
factors also influence brook trout distribution. The
higher rates attained in predicting non-brook-trout
streams (i.e., absence) occurs because high stream
temperatures preclude brook trout survival once a
thermal threshold level is attained. Many previous
studies have indicated that brook trout prefer cold-
er streams (=20°C) (Creaser 1930; Cherry et al.
1977; Peterson et al. 1979) and avoid warmer tem-
peratures (Gibson 1966; Cunjak et al. 1993), thus
making temperature an excellent candidate vari-
able to index trout populations for timber harvest
planning purposes. Our study concurs with pre-
vious research findings that brook trout are absent
from streams where maximum temperatures ex-
ceed 24°C (Barton et al. 1985). Because of the
lethality of these higher temperatures, trout ab-
sence is nearly certain, thus producing more ac-
curate prediction rates. Conversely, at lower tem-
peratures, trout presence and absence are less
clearly discriminated, because cooler stream tem-
peratures do not themselves ensure brook trout
presence. Rather, temperature is only one prereg-
uisite of many for brook trout survival and per-
sistence. Other factors, such as the lack of ade-
quate spawning and rearing habitat, the influence
of other species, stochastic climatic catastrophes
(e.g., drought), and migration barriers may prevent

—

Ficure 2.—Frequency distributions of five summer thermal indices for brook trout (solid bars) and non-brook-
trout streams (crosshatched bars) of the Precambrian Shield in northern Ontario (left panels) and probabilities of
brook trout presence in northern Ontario streamsrel ative to the respective thermal indices (right panels). Probabilities
were calculated by means of logistic regression. Maximum summer, mean maximum, and mean sampling temper-
atures were considered significant at P values less than or equal to 0.05.
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TaBLE 3.—Results of logistic regression analyses, correct classification rates, and kappa statistics of the five temper-
ature indices predicting brook trout presence and absence in 73 northern Ontario streams.

Variable —2 log-likeli- Presence (%) Absence (%)  Overall (%)
in model hood P (n = 30) (n =43 (n=173 Kappa P
Maximum summer
temperature (°C) 87.665 0.0008 13 (43.3) 36 (83.7) 49 (67.1) 0.285 <0.025
Mean maximum summer
temperature (°C) 89.414 0.0021 14 (46.7) 35 (81.4) 49 (67.1) 0.292 <0.010
Mean summer
temperature (°C) 91.363 0.0061 10 (33.3) 36 (83.7) 46 (63.0) 0.182 >0.050
Summer temperature
stability (°C) 91.347 0.0061 10 (33.3) 34 (79.1) 44 (60.3) 0.131 >0.050
Mean sampling
temperature (°C) 88.176 0.0011 15 (50) 34 (79.1) 49 (67.1) 0.300 <0.010

brook trout from colonizing and persisting in some
thermally suitable streams. Moreover, catastrophic
climatic events may have greater consequencesfor
streams located close to thermal thresholds, as ep-
isodic climatic conditions that increase tempera-
tures could cause local extirpations (Rahel and
Nibblelink 1999), whereas cooler streams situated
away from thermal thresholds are more thermally
buffered and less subject to perturbation. When
microclimates of streams are altered during timber
harvesting in riparian areas, thermally marginal
streams are more likely to lose trout populations
(Barton et al. 1985).

Classification of natural systems based on asin-
gle continuous variable, such as temperature, can
be problematic because stream thermal conditions
lie along a temperature continuum that makes pre-
cise classification difficult. The overlap in tem-
peratures near the thermal tolerances of brook trout
was one source of error in the models. The low
classification success rate in our study resulted
from temperatures of warmer brook trout streams
overlapping with those of many non-brook-trout
streams, particularly the cooler ones. For example,
nearly equal numbers of brook trout and non-
brook-trout streams had maximum temperatures
between 19°C and 22°C. As a result, our logistic
regression analyses indicated that the probability
of predicting brook trout presence at 20°C dropped
to less than 50%. In this case, the consequence of
employing maximum temperature as a predictor is
that brook trout were actually presentin 17 streams
predicted as non-brook-trout streams by this mod-
el.

Stream temperatures are generally protected by
riparian buffer strips (Binkley and Brown 1993),
although summer stream temperatures have also
increased following timber harvest operations that
maintained buffer strips (Aubertin and Patric
1974; Hewlett and Fortson 1982; Rishel et al.

1982). In studies demonstrating the effectiveness
of riparian buffers, maximum summer water tem-
perature increased from 1.2°C to 6.0°C and per-
sisted for up to 6 years. Similar temperature in-
creases in some of the brook trout streams we stud-
ied in northern Ontario would likely raise tem-
peratures above lethal limits (i.e., ~24-25°C),
thereby causing local extirpations. Meisner (1990)
simulated loss of thermal habitat for brook trout
due to increased climatic warming in southern On-
tario streams. An estimated 30—42% reduction in
summer thermal habitat for brook trout occurred
in two streams when mean annual air temperatures
increased by 4.1-4.8°C. Large-scale timber har-
vesting in riparian areas across northern Ontario
could create similar thermal effects on brook trout
streams. Barton et al. (1985) demonstrated that
stream temperatures in clearcuts increase linearly
with distance from buffered areas. They found that
stream sections with no forested riparian buffer
could increase in temperature by more than 7°C at
sites over 6 km beyond buffered riparian areas.
In studies demonstrating increased stream tem-
peratures despite application of buffer strips, in-
direct hydrologic processes during timber harvest
in areas outside the riparian zone may have oc-
curred. For instance, deforestation of groundwater
recharge areas in upland sections of watersheds
inhibits water infiltration (Lee 1980), thereby re-
ducing groundwater storage and transmission to
streams and, in turn, reducing the thermal buff-
ering capacity of those systems. Groundwater ef-
fects are especially prevalent when soils are dis-
turbed and compacted by the heavy machinery
used in modern forestry and silvicultural practices
(Chamberlin et al. 1991). In addition to increased
stream temperatures following deforestation of re-
charge zones, streamflows can also be drastically
altered; small streams may become intermittent
(Kostadinov and Mitrovic 1994) or experience
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chronic reductions in summer base flow (Hicks et
al. 1991). Moreover, increased stream tempera-
tures may alter the connectivity of metapopula-
tions and affect the ability of brook trout to re-
colonize streams where they are extirpated. Thus,
the brook trout carrying capacity in some streams
may be reduced or eliminated, and long-term sus-
tainability may be jeopardized. Relations between
timber harvesting in upland areas of watersheds,
stream groundwater discharge, and thermal suit-
ability need further investigation, particularly in
light of the marginal nature of these streams.

Brook trout in our study area existed in streams
with temperatures above thermal preferenda and
even those with temperatures near the upper lethal
limit. Perhaps some of these brook trout may have
adapted to slightly warmer temperatures, or per-
haps the warmer brook trout streams contained
pockets of suitable thermal microhabitat created
by localized groundwater discharge that were un-
detected in our sampling. Brook trout in warmer
streams probably rely on cooler temperatures near
localized groundwater discharge areas during pe-
riods when streams reach maximum temperatures
(Gibson 1966; Bowlby and Roff 1986; Cunjak et
al. 1993). Groundwater discharge refugia can be
5.0—7.5°C cooler than the ambient stream temper-
ature (Gibson 1966; Bilby 1984; McCrae and Ed-
wards 1994). If similar coolwater refugia exist in
northern Ontario streams, then even the warmest
brook trout streams in our study (i.e., maximum
temperature = 24°C) might still sustain some fish
until cooler seasonal temperatures prevail in the
fall. Because of the local nature of groundwater
discharge (i.e., seeps), these streams would prob-
ably not be identified via thermal indices unless
temperature was measured near the groundwater
discharge areas. From a modeling standpoint, such
a situation increases the error in predicting trout
presence and absence. From a practical standpoint,
locating thermal refugiafor the purpose of broadly
applying the OMNR timber management guide-
lines would be prohibitive.

Several alternate approaches that might increase
the applicability of thermal indices are possible.
The first approach is to use only the absence por-
tion of the classification to identify non-brook-
trout streams and then either to protect all re-
maining streams (i.e., those identified as poten-
tially containing brook trout) or collect fish data
from those streams. A second approach would be
to use the best presence model in combination with
the best absence model. A third approach would
be to assign an acceptable probability level error
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rate for predicting presence and absence of trout.
Used in this context, temperature can be a screen-
ing variable to identify streams with suitable ther-
mal conditions for brook trout. Biologists could
assign a probability of trout presence (or suitabil-
ity) to streams based on the temperatures of the
streams and then determine the probability of mis-
classification for different management activities.
Perhaps, at some predetermined sensitivity level
that entails an unacceptable misclassification risk,
additional sampling could be warranted or addi-
tional protection could be conferred outright.

The results of our study indicate that summer
temperature measurements collected at random
points in streams would be insufficient to identify
brook trout streams requiring protection from tim-
ber harvest operations, unless applied within the
context of a more comprehensive sampling and
analysis program. Our research clearly identifies
that many brook trout streams in northern Ontario
approach the upper thermal limits of brook trout
physiology, thereby underscoring the need to iden-
tify and protect streams and their watersheds from
forestry or other land use practices that result in
elevated stream temperatures. |mplementation of
riparian buffer strips on brook trout streams aids
in this effort, but may not be sufficient to protect
many marginal streams from the indirect hydro-
logic effects of timber harvesting in the watershed.
Forested groundwater recharge areas in northern
Ontario may require maintenance of undisturbed
reserves of standing forests in watersheds to pro-
tect brook trout habitat.

Acknowledgments

We thank D. McCormick, K. Maclntosh, and D.
King for field assistance.

References

Aubertin, G. M., and J. H. Patric. 1974. Water quality
after clearcutting a small watershed in West Vir-
ginia. Journal of Environmental Quality 3:243-249.

Barton, D. R., W. D. Taylor, and R. M. Biette. 1985.
Dimensions of riparian buffer strips to maintain
trout habitat in southern Ontario streams. North
American Journal of Fisheries Management 5:364—
378.

Beauchamp, J. J., W. D. Taylor, and E. P Smith. 1992.
Selection of factors affecting the presence of brook
trout (Salvelinus fontinalis) in Adirondack lakes: a
case study. Canadian Journal of Fisheries and
Aquatic Sciences 38:597—-608.

Bilby, R. E. 1984. Characteristicsand frequency of cool -
water areasin awestern Washington stream. Journal
of Freshwater Ecology 2:593—-602.

Binkley, D., and T. C. Brown. 1993. Forest practices as



214

a nonpoint source of pollution in North America
Water Resources Bulletin 29:710-729.

Bowlby, J. N., and J. C. Roff. 1986. Trout biomass and
habitat relationships in southern Ontario streams.
Transactions of the American Fisheries Society 115:
503-514.

Brown, G. W., and J. T. Krygier. 1970. Effects of clear-
cutting on stream temperature. Water Resources Re-
search 6:1133-1139.

Chamberlin, T. W., R. D. Harr, and E H. Everest. 1991.
Timber harvesting, silviculture, and watershed pro-
cesses. Pages 181-205 in W. R. Meehan, editor. In-
fluences of forest and rangeland management on
salmonid fishes and their habitats. American Fish-
eries Society, Special Publication 19. Bethesda,
Maryland.

Cherry, D. S., K. L. Dickson, J. Cairns, Jr., and J. R.
Stauffer. 1977. Preferred, avoided, and lethal tem-
peratures of fish during rising temperature condi-
tions. Journal of the Fisheries Research Board of
Canada 34:239-246.

Coutant, C. C. 1977. Compilation of temperature pref-
erence data. Journal of the Fisheries Research Board
of Canada 34:739—745.

Cox, D. R., and E. J. Snell. 1989. Analysis of binary
data. Chapman and Hall, New York.

Creaser, C. W. 1930. Relative importance of hydrogen
ion concentration, temperature, dissolved oxygen,
and carbon dioxide tension on habitat selection by
brook trout. Ecology 11:246-262.

Cunjak, R. A., D. Caissie, N. El-Jabi, P Hardie, J. H.
Conlon, T. L. Pollock, D. J. Gibson, and S. Ko-
madina-Douthwright. 1993. The Catamaran Brook
(New Brunswick) habitat research project: biolog-
ical, physical, and chemical conditions (1990—
1992). Canadian Technical Report of Fisheries and
Aquatic Sciences 1914.

Feller, M. C. 1981. Effects of clearcutting and slash-
burning on stream temperatures in southwestern
British Columbia. Water Resources Bulletin 17:
863-867.

Gibson, R. J. 1966. Some factors influencing the dis-
tribution of brook trout and young Atlantic salmon.
Journal of the Fisheries Research Board of Canada
23:1977-1980.

Heifetz, J., L. M. Murphy, and K. V. Koski. 1986. Ef-
fects of logging on winter habitat of juvenile sal-
monidsin Alaskan streams. North American Journal
of Fisheries Management 6:52-58.

Hewlett, J. D., and J. C. Fortson. 1982. Stream tem-
perature under an inadequate buffer strip in the
southern Piedmont. Water Resources Bulletin 18:
983-988.

Hicks, B. J., R. L. Beschta, and R. D. Harr. 1991. Long-
term changes in streamflow following logging in
western Oregon and associated fisheries implica-
tions. Water Resources Bulletin 27:217-226.

Hosmer, D. W., and S. Lemeshow. 1989. Applied lo-
gistic regression. Wiley, Toronto.

Hostetler, S. W. 1991. Analysis and modeling of long-
term stream temperatures on the Steamboat Creek

PICARD ET AL.

basin, Oregon: implications for land-use and fish
habitat. Water Resources Bulletin 27:637-647.

Kostadinov, S. C., and S. S. Mitrovic. 1994. Effects of
forest cover on the streamflow from small water-
sheds. Journal of Soil and Water Conservation 49:
382-386.

Lee, R. 1980. Forest hydrology. Columbia University
Press, New York.

McCrae, G., and C. J. Edwards. 1994. Thermal char-
acteristics of Wisconsin headwater streams occu-
pied by beaver: implications for brook trout habitat.
Transactions of the American Fisheries Society 123:
641-656.

MacCrimmon, H. R., and J. S. Campbell. 1969. World
distribution of brook trout, Salvelinus fontinalis.
Journal of the Fisheries Research Board of Canada
26:1699-1725.

Manly, B. E J. 1994. Multivariate statistical methods:
a primer. Chapman and Hall, London.

Matthews, K. R., N. H. Berg, D. L. Azuma, and T. L.
Lambert. 1994. Coolwater formation and trout hab-
itat use in a deep pool in the Sierra Nevada, Cali-
fornia. Transactions of the American Fisheries So-
ciety 123:549-564.

Meisner, J. D. 1990. Potential loss of thermal habitat
for brook trout, due to climatic warming, in two
southern Ontario streams. Transactions of the Amer-
ican Fisheries Society 119:282—-291.

Nielsen, J.L., T. E. Lisle, and V. Ozaki. 1994. Thermally
stratified pools and their use by steelhead trout in
northern California streams. Transactions of the
American Fisheries Society 123:613—-626.

Ontario Ministry of Natural Resources. 1988. Timber
management guidelines for the protection of fish
habitat. Ontario Ministry of Natural Resources,
Fisheries Branch, Toronto.

Peterson, R. H., A. M. Sutterlin, and J. L. Metcalfe.
1979. Temperature preference of several species of
Salmo and Salvelinus and some of their hybrids.
Journal of the Fisheries Research Board of Canada
36:1137-1140.

Portt, C. B., S. W. King, and H. B. N. Hynes. 1989. A
review and evaluation of stream habitat classifica-
tion systems for use in southern Ontario streams.
Ontario Ministry of Natural Resources, Fisheries
Branch, Fish Community and Habitat Section, To-
ronto.

Rahel, F J., and N. R Nibblelink. 1999. Spatial patterns
in relations among brown trout (Salmo trutta) dis-
tribution, summer air temperature, and stream size
in Rocky Mountain streams. Canadian Journal of
Fisheries and Aquatic Sciences 56(Supplement 1):
43-51.

Ricker, W. 1934. An ecological classification of certain
Ontario streams. University of Toronto Studies, Bi-
ological Series, Ontario Fisheries Laboratory Pub-
lication 37, Toronto.

Rishel, G. B., J. A. Lynch, and E. S. Corbett. 1982.
Seasonal stream temperature changes following for-
est harvesting. Journal of Environmental Quality
11:112-116.

Smith, K. 1972. River water temperature—an environ-



EFFECTIVENESS OF SUMMER THERMAL INDICES 215

mental review. Scottish Geographical Magazine 88: Chance-corrected classification for use in discrim-

211-220. inate analysis: ecological applications. American
Threinen, C. W., and R. Poff. 1963. The geography of Midland Naturalist 111:1-7.

Wisconsin's trout streams. Wisconsin Academy of  Trimble, G. R., and R. S. Sartz. 1957. How far from a

Arts, Sciences, and Letters 52:57-75. stream should a logging road be located? Journal

Titus, K., J. A. Mosher, and B. K. Williams. 1984. of Forestry 55:339-341.



