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Abstract

Increases in stream water temperatures from the removal of riparian vegetation

are one of the major reasons for extirpation of brook trout. Recent riparian plantings by
the Eastern Brook Trout Joint Venture are long-term restoration efforts and the outcome
of these plantings may not be known for decades. I evaluated the feasibility of success on
the Smith Creek Restoration Project (Rockingham County, Virginia) by simulating a full
riparian canopy through artificial shading of 550 meters of stream. I compared air and
stream temperature data before, during and after (June 2006 to November 2007) the
shading experiment (July 26 through September 15, 2007) and developed step-wise linear
regressions to predict stream temperatures. Additionally, I developed relationships
between air and stream temperature to predict the effect of climate change on the Smith
Creek Restoration Project. The artificial shading cooled maximum daily temperatures by
1.4 °C at the most downstream site creating a 700 meter (mean daily maximum) thermal
refuge (< 23 °C). The model predicted stream temperature decreases of 1.2 °C and 1.0
°C if riparian canopy was restored in the upper reaches. Restoring the riparian canopy to
80 % shade would offset (maintain current daily maximum temperatures) a mean air
temperature increase of 2.2 °C from climate change. Biologist can develop models to
predict the success of future restoration projects by collecting simple air and water
temperature measurements. These measurements can also be used to predict restoration

success under different climate change scenarios.



Chapter One: Artificial Stream Shading

Introduction

Stream habitat is often the major factor determining the composition of aquatic
communities and stream temperature is a major contributor in determining stream habitat
(Bovee 1982). Most aquatic species are subject to physiological thermal limits which are
usually most stressful during the summer months (Saila et al. 2004). Activities causing
riparian vegetation removal such as agriculture, timber harvest and urbanization can
contribute to a high range of diurnal temperature fluctuations and may increase daily
mean stream temperature (Barton and Taylor 1985). Studies have indicated a mean
increase of 1 to 3 °C following timber harvest activities (Brownlee et al. 1988). Riparian
vegetation removal can affect stream temperature for multiple decades before the riparian
canopy is restored (Hostetler 1991). Many streams across the country have had riparian
ecosystems greatly altered over the last two centuries (Sugimoto et al. 1997) and average
stream temperature has been shown to significantly increase after adjacent vegetation is
removed (Brown and Krygier 1970; Johnson and Jones 2000).

Brook trout (Salvelinus fontinalis) are a coldwater species relying on stream
temperatures not exceeding 24 °C (Ricker 1934; MacCrimmon and Campbell 1969;
Meisner 1990b). Salmonid mortality increases when stream temperatures reach the 23 to
25 °C range (Matthews and Berg 1997). Barton and Taylor (1985) found that a stream in
Ontario with a weekly mean of 22 °C or below supported viable populations of brook
trout. Streams with weekly means higher than 22 °C had either weak or non-existing
populations. Although brook trout prefer colder temperatures they may survive high

critical thermal maximums if other environmental factors such as pH, cover, dissolved



oxygen and other variables are acceptable. Unfortunately, many streams along the brook
trouts southern range reach and exceed these maximum limits (Matthews and Berg 1997).
Elliot (1994) listed the brook trout thermal limit as 25.3 °C and Saila et al. (2004)
determined a reasonable thermal tolerance under summer conditions to be 23 °C based on
a literature review. Clearly these upper thermal limits are under ideal conditions and will
not benefit feeding or growth of coldwater species. Under ideal situations the most
beneficial stream temperature to increase brook trout feeding and growth occurs between
10 to 16 °C (MacCrimmon and Campbell 1969; Cherry et al. 1977).

Stream temperature affects species composition and multiple biological and
chemical processes within a watersheds ecosystem (Bovee 1982). Growth and mortality
of many species is determined by daily maximum and minimum stream temperatures
throughout the year. Additionally, chemical processes such as decomposition may be
heavily influenced by stream temperatures (Bovee 1982). Although mean maximum
stream temperature may reach lethal limits during the summer for some species, various
coldwater refuges are available in most streams. These refuges may be utilized by brook
trout and other salmonids which are sensitive to warmwater temperatures. Many of these
refuges are located adjacent to tributaries or groundwater inputs that supply cooler water
than the mainstream flow (Nielsen et al. 1994; Bonneau and Scarnecchia 1996).

Salmonids have been found to sustain cooler body temperatures during summer
months with the use of thermal refuges within a watershed. Berman and Quinn (1991)
found chinook salmon (Oncorhynchus tshawytscha) maintained a lower body
temperature than the mean stream temperature during warmwater periods. Bonneau and

Scarnecchia (1996) found juvenile bull trout (Salvelinus confluentus) utilized thermal



refuges in pools created by cooler tributary inputs. Many trout species migrate to second
and third order headwater streams near groundwater inputs for thermal refuge; however,
these streams often experience low flow rates during the summer drought conditions.

Many fish communities and trout populations have been altered due to increasing
stream temperatures (Wehrly et al. 2007). Some projects have focused on determining
the effects of canopy cover cooling stream temperatures. These studies have indicated
stream temperatures decline after entering forest canopy areas (Zwieniecki and Newton
1999). The majority of heat loss under shaded conditions is primarily attributed to
convective heat exchanges (Larson et al. 2002). Understanding how shade from riparian
vegetation may affect stream temperature is essential in designing watershed restoration
projects and managing recovering brook trout populations.

The objectives of this chapter are to determine 1) the effects of shading on daily
maximum, daily minimum and mean daily temperatures throughout the Smith Creek
Restoration Area and 2) compare shaded temperature metrics to brook trout thermal
limits to determine the feasibility of reintroduction.

Methods
Study Area

The study area is located in a subwatershed of Smith Creek in northeast
Rockingham County, Virginia (Figure 1.1). The watershed historically sustained a native
brook trout population in the Smith Creek Restoration Area. However, agricultural
landuse over the last two centuries in the area has degraded the habitat and extirpated the

brook trout population in this area. Brook trout still inhabit the headwater areas of the
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Figure 1.1. Study area on Smith Creek in northeast Rockingham County, VA.

subwatershed in an area known as Fridley Gap (Figure 1.2). The population was almost

extirpated before a liming project was conducted in 1993 to buffer the acidity of the

stream and restore the population to a yearly average of 300 adult trout (Hudy et al.

2000). However, the existing population may not be large enough for long-term viability.

To achieve short-term or long-term viability the population should meet the Ne = 50:500

rule. An effective population size (Ne) of 50 is the minimum viable population size to

allow survival and reduce the chance of inbreeding for 100 years (Soule 1980). Long-

term survival requires a Ne of at least 500 allowing the population to retain genetic

viability which is crucial to continue evolving with environmental factors (Franklin

1980).
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Figure 1.2. Aerial photograph of subwatershed with Fridley Gap brook trout population.

Current restoration efforts are underway to restore riparian vegetation in past
agriculture areas downstream of Fridley Gap. The restoration efforts are underway to
create coldwater refuge areas in the lower reaches for brook trout during the summer
months. This would allow the current reproducing population in the headwaters to
extend its range downstream and potentially increase population viability.

Artificial Shading Methods

We shaded 550 meters of stream in the Smith Creek Restoration Area on
Rainbow Hill Farms Inc. (Figure 1.3). Ten centimeter fence posts were placed every 9.1
meters along the stream bank on both sides. Trees were used in place of fence post where

they were present. We attached three pieces of 9.5 gauge high tensile fencing to
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Figure 1.4. Diagram of cable support system constructed to hold shade cloth. Black spots are
fence post; dotted lines are high tensile fencing; tan is shade cloth; and blue represents stream
surface underneath of shade.

the top 15 cm of each fence post and stretched it across the stream. One piece of fencing
was stretched straight across the stream to the other side. The other two pieces were
stretched at 45 degree angles one downstream and one upstream to create a crossing cable
support system (Figure 1.4).

Ninety percent tan shade cloth was purchased from PAK Uunlimited Inc, Cornelia
Georgia. The cloth reduced sunlight reaching the stream to only 10%. Tan colored cloth
was used to eliminate any heat that may be absorbed by darker colors. Cloth fabric was
used in the place of plastic to allow better air and water flow through the artificial

canopy. The cloth was purchased in 6.5 x 18.3 meter panels with grommets every 1.5



meters along the sides and ends. Six and a half meters was wide enough to cover all but
the edges of the average wetted width of the stream (7.05 m). The cloth was attached to
the cable support system using zip ties every 18.3 meters. Ropes were tied from side
grommets to fence post or stakes when necessary. This provided extra support and
reduced the amount of movement during heavy winds.

Shade cloth was attached to the cable system on July 26, 2007 and remained up
until November 1, 2007. Two heavy thunderstorm events occurred on the nights of
August 7 and 10 resulting in seven fence post being broken. These posts were replaced
immediately the following mornings.

Data Collected

Hobo Pro v temperature loggers (Onset 2008) were used to collect hourly air and
stream temperature data from June 2006 to September 2006 and then again from March
2007 to November 2007. One logger was placed at site A, B, E, and F each year (Figure
1.3). Two loggers were placed in the stream at the top of the shaded reach, site C. One
logger was used for primary collection and one as a backup. Similarly, two loggers were
placed at the downstream end of the shaded reach site D for the same purpose.
Additional temperature loggers were deployed to determine how shade affected
temperatures downstream of the shaded area. Air temperature was collected from three
locations at the study site. One logger was placed under the shade cloth and one was
placed in the shade adjacent to the shade cloth to determine if the cloth had any affect on
air temperature. The other air temp logger was placed in the shade on the bank under a
white PVC tube to avoid direct sunlight. Temperature loggers are accurate to < 0.2 °C.

To determine drift, temperature loggers where submerged in ice water (0.0 “C) before



placing them in the stream and before downloading. If records where not 0.0 °C data was
re-calibrated before analyzing. Solar smart sensors (Onset 2008) were used to determine
the difference in shortwave radiation penetrating the shade cloth. One sensor was placed
under the shade cloth and the other sensor was mounted on the bank in direct sunlight.
Data Analysis

Past stream temperature data from 2005 and 2006 indicated the major warm
stream temperature period ranged from July 15" to September 15™ for brook trout in the
restoration area. Therefore, data for before and after shade comparisons were made from
July 26™ to September 15", which is referred to as the Critical Period from here on.

To determine the heating/cooling effects of the shade cloth on maximum stream
temperatures the mean difference of daily maximum stream temperatures from site C to
site D were analyzed during the Critical Period in 2006 before shade and 2007 during
shade. The mean difference in daily mean and daily minimum temperatures were also
analyzed during these periods. Additionally, site C and E were compared to determine
what effect shading would have further downstream. Site E is located 1 km downstream
of the shaded reach. Since data was paired and not normally distributed a Wilcoxon
Signed Ranks test was used to determine statistical differences among sites. Differences
were considered significant at the p < 0.05 level. To determine if shade reduces daily
temperature range, diurnal fluctuations were calculated for site C and site D in 2007.

Rolling averages were calculated to investigate both short and long-term
temperature means in the Smith Creek Restoration Area (Wehrly et al. 2007). Three day
rolling averages were calculated by averaging the daily means and daily maximums for

every three day period throughout the Critical Period. The highest temperature of these
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averages was then selected as the maximum three day rolling average. Maximum rolling
averages were calculated for 1, 3, 7, 14, 21, 28, 35, 42, and 49 days for comparison to
Wehrly et al. (2007) findings in Wisconsin and Michigan streams. Rolling maximums
were also analyzed during the Critical Period before and after shading to determine how
shading affects long-term stream temperatures.
Results

In 2006, before shading, the mean difference of daily maximum temperatures for
the Critical Period increased significantly (Wilcoxon Signed Ranks, Z = -5.729, N = 52,
p-value < 0.001) from site C to site D by 0.4°C (Table 1.1), with a one day maximum
increase of 0.9 °C. In 2007, after shading, the mean daily maximum temperatures
decreased significantly (Wilcoxon Signed Ranks, Z = -6.275, N = 52, p-value < 0.001)
from site C to site D by 1.0 °C with a one day maximum cooling affect of 1.9 °C.
Additionally, there was not one-day when the daily maximum temperature was higher at
site D than site C during the shaded period. Daily mean temperatures increased from site
C to site D by 0.2 °C (Wilcoxon Signed Ranks, Z = -4.034, N = 52, p-value < 0.001) in
2006 and decreased during the shaded period by 0.5 °C (Wilcoxon Signed Ranks, Z = -
6.275, N = 52, p-value < 0.001). Mean daily minimum temperatures for the Critical
Period varied little, decreasing from site C to site D by 0.2 °C in 2006 and 0.1 °C during
shade in 2007. Mean daily diurnal fluctuations during shade at site C averaged 3.2 °C
with a maximum of 5.7 °C and mean daily fluctuations at site D were significantly lower
(Wilcoxon Signed Ranks, Z =-6.140, N = 52, p-value < 0.001) at 2.2 °C with a maximum

of 4.2 °C.
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Table 1.1. Daily mean and daily maximum mean differences from July 26 to September 15
during the Critical Period before shade in 2006 and after shade in 2007. Differences from Site C
to Site D; Site C to Star Site (700 m below Site D); Site C to Site E (1000 m below Site D). Refer
to Figure 1.3.

Daily Mean Daily Mean Daily Maximum Daily Maximum

Difference 2006 Difference 2007 Difference 2006  Difference 2007
Site C to Site D 0.14 -0.46 0.43 -1.01
Site C to Star -1.03 -1.35 -0.66 -1.94
Site C to Site E -0.53 0.18 -0.04 -0.28

To determine the effect of shading one kilometer below the shaded area mean
daily maximum, mean daily mean, and mean daily minimum were also compared from
site C to site E before and during the shade period. In 2006, before shading, the mean
difference of daily maximum temperatures from site C to site E did not differ (-0.04 °C)
(Wilcoxon Signed Ranks, Z = -0.697, N = 52, p-value = 0.486). During the shaded
period the mean difference in daily maximum temperatures from site C to site E
increased by 0.3 °C (Wilcoxon Signed Ranks, Z = -2.983, N = 52, p-value = 0.003)
(Table 1.1). Before shading the difference in mean daily mean temperature was 0.5 °C
(Wilcoxon Signed Ranks, Z = -6.275, N = 52, p-value < 0.001) cooler at site E than Site
C. Following shading the mean daily mean temperature at site E was 0.2 °C (Wilcoxon
Signed Ranks, Z = -5.665, N = 52, p-value < 0.001) cooler than site C. Mean daily
minimum temperatures decreased for both years from site C to site E with a decrease of
0.8 °C (Wilcoxon Signed Ranks, Z =-6.275, N = 52, p-value < 0.001) before shading and
0.6 °C (Wilcoxon Signed Ranks, Z = -6.257, N = 52, p-value < 0.001) throughout
shading.

The one day maximum temperature at site D before shading was 26.2 °C and 24.3

°C during shading. The mean difference of rolling maximums at site C (control) for days
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Figure 1.5. Rolling maximum temperatures (°C) at site D from July 26 to September 15 before
shade in 2006, during shade in 2007, and thermal tolerances indicated by field observations on
presence of trout by Werhly et al. 2007.

1 to 49 was 0.1 °C (Wilcoxon Signed Ranks, Z =-.0602, N = 9, p-value = 0.547) warmer
in 2007 than in 2006. The mean difference of rolling maximums at site D (treatment) for
days 1 to 49 was 1.7 °C (Wilcoxon Signed Ranks, Z = -2.689, N = 9, p-value = 0.007)
cooler in 2007 during shade than in 2006 (Figure 1.5). Additionally, as the stream
traveled from site C to site D the mean rolling maximums increased 0.6 “C (Wilcoxon
Signed Ranks, Z = -2.680, N = 9, p-value = 0.007) in 2006 and cooled 1.2 °C (Wilcoxon
Signed Ranks, Z = -2.716, N = 9, p-value = 0.007) in 2007 during shade. Before shade,
the seven day rolling maximum temperature was 25.2 °C at site D and 23.3 °C during
shade or 1.9 °C cooler.

Air temperatures were not significantly different (Wilcoxon Signed Ranks, Z = -

0.016, N = 52, p-value = 0.987) above and below the shade cloth (0.16 “C). Mean daily
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solar radiation was compared to determine the shade cloth effectively block 79% of the
daily solar radiation from reaching the stream surface.
Discussion

Brook trout one-day maximum temperature tolerance has been documented from
23 °C to 29 °C (Lee and Rinne 1980; Saila et al. 2004). Stream temperature at the lower
shade site (D) was 26.2 “C before shade and was much closer to the lower range at 24.2
°C after shade. Werhly et al. (2007) calculated rolling maximum temperatures from field
observation with trout present or not present from 285 locations in Wisconsin and
Michigan streams. The rolling maximums before shade in 2006 at site D were similar to
the rolling maximum thermal limits for brook trout discussed by Wehrly et al. (2007).
However, the rolling maximums (1 to 49 Days) from site D during the shading
experiment were all lower than the rolling maximum temperatures reported by Werhly et
al. (2007) for brook trout survival (Figure 1.5). This indicates a suitable long-term
stream temperature in Smith Creek for brook trout survival following riparian restoration.

The present work indicated the usefulness of riparian shade in reducing daily
mean and daily maximum temperatures. Swift and Messer (1971) found stream
temperatures warmed from 66 °F and 73 °F following removal of riparian vegetation on
southern Appalachian streams. Another study found daily maximum stream temperatures
decreased up to 4.0 °C over a 200 meter segment during the daytime in shaded reaches
(Story et al. 2003) However, Story et al. (2003) also indicated groundwater input as
responsible for 3.0 °C of that change. The stream flow from Site C (mean 5.5 cfs) to Site
D (mean 6.0 cfs) was similar (< 10% difference) during all discharge measurements

indicating minimal cooling effects from groundwater in this segment. Streams with
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bedrock streambeds have been shown to warm quicker than streams with cobble or gravel
during daytime hours (Johnson 2004). Smith Creek is mainly a cobble and gravel stream
which helps to buffer stream temperature increases with hyporheic flow (Rothwell et al.
2005).

The effects of artificial shade 1 km downstream of site D were minimal. This is
probably due to an increase in groundwater input approximately 450 meters downstream
of site D. However, additional temperature loggers were placed downstream that
indicated a trout refuge area of approximately 700 meters before stream temperatures
warmed above 23 °C (Figure 1.3). Additionally, a recently restored (2006) 180 meter
coldwater spring is located just below site D (30 meters) with restored habitat which now
contains both adult and young-of-year brook trout. Baird and Krueger (2003) found
when stream temperatures exceeded 20 “C brook trout were able to locate refuges and
maintain body temperatures 4.0 °C cooler than river temperatures. The 700 meter refuge
and spring habitat (180 meter) should maintain brook trout through the summer months.
This important refuge could potentially allow connectivity with the upstream Fridley Gap

brook trout population.

Chapter Two: Watershed Modeling for Restoration Sites

Introduction
Previous studies have created stream temperature prediction models to manage
habitat and determine refuge areas within watersheds for coldwater species (Saila et al.
2004; Gaffield et al. 2005). Influences on stream temperature such as air temperature,

daily solar radiation, riparian shading, air velocity, relative humidity, and shade are often
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used to create these models (Adams and Sullivan 1989). Understanding the location of
coldwater refuges and temporal patterns within a watershed is essential in coldwater
species management, conservation, and restoration of stream ecosystems.

Stream models are generally created using either physical or stochastic models.
Physical models are designed to calculate the heat gained or loss as water flows through a
segment of stream. These models are often complex and are useful for larger river
systems (Saila et al. 2004). Stochastic models are based on calculations using linear
regressions. These models use parameters such as stream temperature, air temperature,
and discharge over a period of time. The advantages of a stochastic model are the
minimal data requirements and simplicity (Saila et al. 2004). However, stochastic
models often have to account for lag time, which can be up to seven days in larger river
systems (Stephan and Preud’homme 1993). Therefore, the stochastic model is more
useful on first and second order headwater streams. Additionally stochastic models are
quick to compute, less intensive and simpler to validate leading to simpler
implementation of the model. The goal of a linear regression model is to fit a set of data

Equation 2.1 Ts=a,+aix; +axxy + ... +aXy
to Equation 2.1. Where T equals the predicted stream temperature; a, equals constant;
a; equals the first predictor coefficient; and x; equals the observed or desired
measurement of the first predictor.

One of the contributing predictors affecting stream temperature during the
summer months is stream discharge. Studies have found that low flowing streams warm
quicker in the summer than high flowing streams (Neumann et al. 2003). This can often

result in fish kills of coldwater species. Gu et al. (1999) found that flow was an effective
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parameter in creating stream temperature models when meteorological data such as wind
and humidity were not useful predictors. Utilizing the output of stream temperature
models, biologists are able to determine management actions that will benefit stream
ecosystems and determine potential fisheries objectives.

The objectives of this chapter are to 1) define the areas and amount of shading
needed within the watershed to reduce the summer maximum daily temperature to 24°C
in the Smith Creek restoration area and 2) explain a modeling process that can be utilized
by fisheries managers and biologist in other areas to evaluate the feasibility of restoration
projects and affects of potential riparian restoration.

Methods

Stream Temperature Model

Five segments totaling 4.2 km were chosen for modeling stream temperature to
gain a better understanding of thermal patterns throughout the study area and determine
high priority sites for restoration (Figure 1.3). Stream temperature was collected hourly
using Hobo Water Temp Pro v temperature loggers for each segment during the summer
0f 2006 and 2007 (Onset 2008). Two stream temperature loggers were lost (sites B and F)
in 2007 so this data was not used to determine model variables. Air temperature was
collected just below site D for all reaches in both 2006 and 2007. Temperature loggers
were placed in fully shaded areas adjacent to the stream bank to collect air temperatures.
Hourly discharge was collected just below site D at the same location as air temperature.
Discharge was collected at sites A, B, C, D, E, and F (Figure 1.3) multiple times using a
Marsh-McBirney flow meter. A simple linear regression was calculated using the gauge

station measurements and the site discharge. Discharge was then predicted at each site
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using mean daily discharge for 2006 and 2007 from the gauge station (Gormley et al.
2005). Stream discharge measurements where taken at moderately high flows,
approximate base flow and during drought conditions at all sites in the summers of 2006
and 2007. Spherical densiometers were used following Lemmon (1956) methods in
shade surveys conducted on October 2, 2007 before leaf off to determine shade
percentage for each segment.

Other meteorological data collected included hourly solar radiation, relative
humidity, and wind speed. Sensors were placed in direct sunlight to record mean hourly
solar input in watts per meter squared (W/m?) (Onset 2008). The daily mean W/m® was
calculated to use as an independent variable for the model. Hourly recordings of relative
humidity and wind speed where obtained from the Shenandoah Valley Regional Airport
weather station located 26 km south of the study site. Hourly samples were converted to
daily means for modeling.

To model the daily mean and daily maximum stream temperature in the
watershed, a step-wise linear regression was used to illustrate variables responsible for
stream temperature throughout the five segments. Step-wise linear regression interprets
all possible model predictor combinations and selects the most relevant predictors
(Neumann et al. 2003). Variables excluded from the model included mean daily
humidity, mean daily wind speed, mean daily solar radiation, and mean daily upstream
temperature input. Mean daily solar radiation and daily mean upstream temperature input
were excluded due to the close correlation with mean air temperature. Although
correlated (Pearson Correlation, p < 0.05), discharge had little impact on stream

temperature (coefficient value = -.007) or the R? value of the regression model and



18

therefore was excluded to simplify the model. The dependent variable stream
temperature and two significantly correlated independent variables air temperature
(Pearson Correlation, p < 0.01) and percent shade (Pearson Correlation, p < 0.05) were
used for both the daily mean model and daily maximum model.
Data Analysis

The percentage of shade was altered in the regression equation for all segments of
the stream to determine potential restoration responses. Each segment with the study area
was modeled at 80% shade to indicate how the riparian canopy would affect stream
temperature once vegetation in the restoration area matures. We modeled the affect a
mature canopy would have on stream temperature in all five segments of the study area.
Twenty percent shade was used in the model to determine how further riparian
degradation would affect stream temperature. Current stream temperatures were
compared to both the 80% shade and 20% shade models to determine how restoration or

further degradation would affect suitable brook trout habitat in each segment.

Results

Model Validation

Predicted temperatures were plotted against observed temperature at each site to
determine the accuracy of the model. The R” values at each site using the predicted
versus observed regression for the mean daily mean model were: Segment one (R* =
0.88), Segment two (R* =0.88), Segment three (R* = 0.86), Segment four (R*=0.83) and

Segment five (R* = 0.85). The same method was used to determine the accuracy of the
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model generated for daily maximum temperatures. The R* values were as follows:
Segment one (R*=0.78), Segment two (R* = 0.82), Segment three (R2 =0.79), Segment
four (R* = 0.74), and Segment five (R* = 0.72). All regression were significant to p-value
< 0.05 (Pearson Correlation).

The shade survey conducted in 2007 resulted in segment one having the lowest
amount of shade (19%) followed by segment two (27%), segment three (35%), segment
four (56%), and segment five (66%). The stream temperature, air temperature, and
percent shade model indicated shade had a relationship with mean and maximum stream
temperatures. If percent shade increases from 0% to 100% the mean daily stream
temperature would be 1.45 °C cooler at site X and daily maximum stream temperature
would be 1.97 °C cooler at site X. Although the affect of shade may vary among
segments it was significantly (Pearson Correlation, p < 0.05) correlated to daily
maximum and daily mean stream temperature throughout all five segments. Daily
maximum temperature model had an R* = 0.71 and the daily mean temperature model

produced an R? value of 0.83.

Table 2.2. Predicted mean maximum temperatures at 10 to 90 % shade from July 26 to
September 15 (Temperature ‘C).

Segment 10% 20% 30% 40% 50% 60% 70% 80% 90% Current

One 213 211 209 208 206 204 202 200 1938 21.2
Two 220 218 216 214 212 21.0 208 206 204 21.7
Three 226 224 222 220 218 216 214 212 210 221
Four 225 223 221 219 218 216 214 212 210 21.6
Five 229 227 225 223 221 219 217 215 213 21.8

Table 2.3. Current mean maximum temperatures versus mean maximum temperatures with 80%
shade from July 26 to September 15 (Temperature “C).
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Current Predicted Mean Max
Segment Shade % 2006 Mean Max (80% Shade) A From Current Shade
One 19 21.2 20.0 -1.2
Two 27 21.7 20.6 -1.0
Three 35 22.1 212 -0.9
Four 56 21.6 21.2 -0.5
Five 66 21.8 21.5 -0.3

Segment one (between sites A and B) had a mean daily maximum stream
temperature during the Critical Period of 21.2 °C (Table. 2.2) under the current
conditions of 19% riparian canopy. Similarly, the model predicted a mean daily
maximum of 21.1 °C with 20% shade. Simulating a mature forest canopy with 80%
shade resulted in a mean daily maximum stream temperature of 20.0 °C or 1.2 °C cooler
than current riparian conditions (Table 2.3). Additionally, this segment had a mean daily
mean stream temperature of 19.5 °C (Table 2.4) under current conditions. The model
predicted 19. 5 °C with 20% shade. The 80% riparian shade model resulted in a mean
daily mean temperature of 18.6 °C (Table 2.5) or 0.9 °C cooler than current riparian
conditions.

Segment two (between sites B and C) had a mean daily maximum stream
temperature of 21.7 °C under the current 27% shade conditions. The 20% shade model
resulted in a mean daily maximum stream temperature of 21.8 °C. Under a forest canopy

Table 2.4. Predicted mean daily mean temperatures at 10 to 90% shade from July 26 to
September 15 (Temperature "C).

Current
Segment 10% 20% 30% 40% 50% 60% 70% 80% 90% Temps
One 196 195 193 19.2 191 189 188 18.6 18.5 19.5
Two 20,2 200 198 19.7 196 195 193 19.2 19.0 19.9
Three 204 203 201 20.0 199 197 196 194 193 20.1
Four 201 199 198 196 195 194 19.2 191 189 19.4
Five 209 20.7 206 205 203 20.2 200 199 197 20.1

Table 2.5. Current mean daily mean stream temperatures versus mean daily mean stream
temperatures with 80% shade from July 26 to September 15 (Temperature °C).
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Current 2006 Mean Predicted Mean Max A From Current
Segment Shade % Max (80% Shade) Shade
One 19 195 18.6 -0.9
Two 27 19.9 19.2 -0.7
Three 35 20.1 19.4 -0.7
Four 56 19.4 19.1 -0.3
Five 66 20.1 19.9 -0.2

scenario representing 80% shade, the model predicted a mean daily maximum stream
temperature of 20.6°C or 1.1 °C cooler than present conditions. During the Critical
Period the mean daily mean stream temperature was 19.9 °C under current conditions.
The 20% shade model indicated a slight increase to 20.0 °C, where the 80% simulated
shade canopy resulted in a 0.7 °C decrease from existing conditions to 19.2 °C.

The riparian canopy in segment three (between sites C and D) was 35% shade in
2006 and 86% in 2007 under artificial shading. The mean daily maximum stream
temperature for segment three during the Critical Period in 2006 was 22.1 °C. With
riparian shade reduced to 20% the model predicted a mean daily maximum stream
temperature of 22.4 °C. The 80% shade model, representing conditions in 20 to 30 years,
resulted in a mean daily maximum stream temperature of 21.2 °C or 0.9 °C cooler than
current conditions. In 2006, the mean daily mean stream temperature during the Critical
Period was 20.1 °C. A shade reduction to 20% indicated a mean daily mean stream
temperature of 20.3 °C. Simulating an 80% shade canopy indicated a mean daily
maximum stream temperature of 19.4 °C or 0.6 °C cooler than the present 35% shade
conditions.

Segment four is located on the downstream reach of the Smith Creek Restoration
area between sites D and E and currently has a stream canopy shading 56% of the stream.

The mean daily maximum stream temperature was 21.6 °C under current conditions. A
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modeled reduction of riparian shade to 20% resulted in a mean daily maximum stream
temperature of 22.3 °C or 0.7 °C warmer than present conditions. The future restored
conditions (80% canopy) resulted in a mean daily maximum stream temperature of 21.2
°C or 0.4 °C cooler than current conditions. The mean daily mean stream temperature
during the Critical Period was 19.4 °C under current conditions. A modeled 20% riparian
shade warmed the mean daily mean stream temperature to 19.9 °C. The simulated
mature forest canopy of 80% shade resulted in a mean daily mean stream temperature of
19.1 °C.

Segment five at the lower reach of the study area currently has a 66% shade
canopy cover. The importance of this segment is to illustrate how riparian degradation
can increase stream temperatures. The mean daily maximum stream temperature was
21.8 °C under current conditions (66% shade). A modeled mature forest canopy (80%
shade) predicted similar temperatures (21.5 °C). However, if the riparian vegetation was
reduced to 20% shade, the mean daily maximum stream temperature would increase from
21.8 °C (66% shade) to 22.7 °C. The mean daily mean stream temperature under current
conditions was 20.1 °C. A modeled increase of shade (80% shade) predicted a mean
daily mean stream temperature of 19.9 °C. Modeling a shade reduction to 20% increased
the mean daily mean temperature from 20.1 °C to 20.7 °C.

Discussion

Restoration of both segments one and two has the most potential for decreasing
stream temperature. These segments are upstream of the restoration area in cattle grazed
pastures with little shade. All segments in the model had upstream temperatures

correlated with both downstream temperatures and air temperatures. However, since two
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independent variables that are strongly correlated should not both be used in the same
model, upstream temperature was eliminated. Although not used in model, upstream
temperature is still important due to its influence of downstream temperature (Bartholow
2000). Restoration of segments one and two can only have beneficial effects on
downstream temperatures potentially increasing thermal summer refuge areas for brook
trout.

Segment five had the least potential for cooling stream temperatures due to the
existing 66% forest canopy. However, if riparian vegetation were removed the effects
would be very detrimental to brook trout restoration possibilities. It is important to
maintain or increase this canopy to prevent future degradation of aquatic community
(Durance and Ormerod 2007).

The model predicted that an increased riparian canopy had a larger effect on daily
maximum temperatures than on daily mean temperatures. Other studies conducted in the
field investigating the effects of shade have illustrated similar results (Sugimoto et al.,
1997; and Johnson 2004). Since one-day maximum stream temperature is often a
deciding factor in survival of aquatic species the cooling affect of shade on maximum
daily temperatures is crucial to ensure restoration of coldwater species.

Fisheries biologist and managers can have a difficult time determining the
potential benefits of stream restoration projects. Modeling offers an important tool to
determining the feasibility of restoration projects. Although some stream temperatures
have been found to recover from clear-cutting as quickly as 10 years (Moore et al. 2005),
a restoration site with little or no hardwood seed bank is less likely to recover as quickly.

By only modeling 4.2 km of stream it was possible to determine the average affect of
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shade in five segments. Many studies focus on long reaches and how restoration may
improve these reaches. However, the results of this model indicate the ability to create
suitable coldwater refuge areas within short segments (I km) that have minimal
groundwater inputs. These coldwater refuge areas are important for survival of brook

trout populations throughout their native range.

Chapter Three: Climate Change vs. Riparian Restoration

Introduction

Predicted climate change may offset the reduction in stream temperatures from
riparian restoration and reduce our ability to reintroduce coldwater species. Climate
changes in response to a buildup in greenhouse gases have recently become an important
topic in ecological studies. While increased global temperatures are predicted to raise
stream temperatures as much as 3 °C (Morrill et al. 2005) degraded riparian vegetation in
timbered areas have been shown to increase stream temperature up to 4 °C (Bartholow
2000). Restored riparian vegetation in degraded landuse areas may play a crucial role in
buffering stream temperatures and conserving many coldwater aquatic species under

changing climate.
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Carbon dioxide concentrations have increased as much as 11% over the past three
decades and may potentially double in the next 100 years (Hengeveld 1990). The
Intergovernmental Panel on Climate Change (IPCC 1999) has stated the global annual air
temperature is expected to increase 1 to 3 °C in the next 50 to 100 years. Other studies
indicate models predicting annual average air temperature to increase up to 5 °C over the
United States (National Assessment Synthesis Team (NAST) 2000). The Goddard
Institute for Space Studies predicted an increase in annual air temperature of 4.8 °C in the
southern Appalachian region (Meisner 1990b). A one degree increase in air temperature
may increase stream temperature 0.3 to 1.0 °C dependent upon groundwater inputs and
riparian vegetation. These increased stream temperatures will most likely decrease the
range of many salmonid species (Flebbe et al. 2006). Ries (1995) indicated a loss of
brook trout habitat at both 2 and 4 °C increases in mean air temperature. Brook trout in
the southern native range are extremely vulnerable to an increase in stream temperature
as they are already bordering their thermal limits (Meisner 1990a).

Latitude and altitude are also factors determining stream temperature and stream
habitat (Meisner 1990a; Rahel and Hubert 1991). Systems above 305 m are considered
representative brook and rainbow trout streams in the southern Appalachians (Kelly et al.
1980; Flebbe 1994). Increased summer air temperatures will increase this elevation
further isolating populations and reducing possible trout habitat.

Past landuse has reduced and degraded riparian vegetation throughout much of
the brook trout’s native range. Without restored riparian areas, climate change will result
in even greater increases in stream temperatures dramatically reducing potential

restoration areas. Restored riparian areas are thought to buffer affects climate change
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will have on these streams. Determining future stream temperature will enable resource
managers to protect already threatened and endangered coolwater and coldwater species.

The objectives of this chapter are to 1) determine how stream temperatures in
Smith Creek will be affected by mean daily air temperature increases of 1, 3, and 5 °C
(Morrill et al. 2005) in restored stream segments (80% shade) and 2) illustrate how
restoring riparian canopies may buffer the effect of increased stream temperature from
climate change.

Methods

Due to evaporative cooling, increases in air temperature do not result in a linear
pattern for water temperature. For example, if air temperature increases from 20 °C to 21
°C stream temperature may increase by 0.6 °C, while an increase of air temperature from
29 °C to 30 °C may result in a stream temperature increase by 0.4 °C. The relationship
between air and stream temperature needs to be understood when evaluating the effects
of climate change. Mohseni et al. (1998) suggested using the sigmoid function (S-curve
shape) when using air temperature as the single independent variable to predict stream
temperature. To conserve the s-curve relationship for climate change predictions the
difference between predicted mean daily temperatures at 80% shade and 2006 observed
temperatures were subtracted from the observed temperatures. Then mean daily air
temperature (independent variable) and mean daily stream temperature (dependent
variable) were plotted to create a sigmoid curve. The function produced an equation
(3.1) usedto determine stream temperature with increasing air temperatures where

Equation 3.1 T=a/(+EXP(-(x-x0/b))
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T = stream temperature, a = predicted maximum stream temperature, X = measured air
temperature, X0 = air temperature at the inflection point of the curve, and b = measure of
the steepest slope of the curve.

A sigmoid curve was created for sites B, C, D, E and F for both daily mean and
daily maximum temperatures. One, three, and five degrees were added to daily mean air
temperatures observed during the Critical Period. This resulted in predicted daily mean
and daily maximum temperatures for each site during the Critical Period under varying
climate change scenarios.

Results

Segment one under a restored forest canopy (80% shade) scenario predicted a
mean daily maximum stream temperature of 20.0 °C during the Critical Period. A one
degree increase in mean air temperature during the Critical Period resulted in a mean
daily maximum stream temperature of 20.6 °C. Three and five degree daily mean air
temperature increases indicated a mean daily maximum stream temperature increase to
21.7 °C and 22.6 °C (Table 3.1), respectively. The mean daily maximum stream
temperature under existing conditions in segment one is 21.2 °C. Under a restored
canopy cover (80% shade), segment one could withstand a 2.2 °C increase in mean air
temperature and maintain the existing maximum stream temperatures.

The predicted mean daily mean stream temperature during the Critical Period was
18.6 °C under an 80% canopy scenario. By increasing the mean daily air temperature by
one degree the mean daily mean stream temperature increased to 19.1 °C. Raising the
mean daily air temperature by three and five degrees resulted in a mean daily mean

stream temperature of 20.1 °C and 20.9 °C respectively (Table 3.2). A restored canopy
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cover would buffer a 2.0 °C increase in mean air temperature and maintain the current
mean stream temperatures.

Similar to segment one, segment two also has a lower percentage of riparian
shade with only 27% shade. The predicted mean daily maximum stream temperature in
segment two under a mature forest canopy (80% shade) was 20.6 °C. By increasing the
mean air temperature by one degree, the mean daily maximum stream temperature
increased to 21.3 °C. By increasing the mean air temperature by three and five degrees,
the mean daily maximum stream temperature increased to 22.3 °C and 23.2 °C,
respectively. The current mean daily maximum stream temperature at segment two is
21.7 °C. A restored canopy cover of 80 percent shade would allow the segment to
withstand a 1.8 °C increase in mean air temperature and maintain the existing daily

maximum stream temperatures

Table 3.1. Predicted mean daily maximum stream temperature for each segment from July 26 to
September 15 with a mature forest canopy of 80% shade and 1, 3, and 5 °C increases in mean daily air
temperature.

Seg 1 Seqg 2 Seg 3 Seg 4 Seg 5
80 % Shade 20 20.6 21.2 21.2 215
1C 20.6 21.3 21.9 21.8 22.1
3C 21.7 22.3 23.1 22.8 23.3
5C 22.6 23.2 24 23.6 24.3

Table 3.2. Predicted mean daily mean stream temperatures for each segment from July 26 to September 15
with a mature forest canopy of 80% shade and 1, 3, and 5 °C increases in mean daily air temperature.

Segl Seg 2 Seg 3 Seg4 Seg 5
80% Shade 18.6 19.2 194 19.1 19.9
1C 19.1 19.7 20.0 19.6 20.4
3C 20.1 20.6 21.0 20.4 21.5
5C 20.9 21.4 21.8 21.2 22.4

For segment two the predicted mean daily mean stream temperature during the

Critical Period was 19.2 °C under an 80% canopy scenario. By increasing the mean daily
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air temperature by one degree, the mean daily mean stream temperature increased to 19.7
°C. Increasing the mean daily air temperature by three and five degrees resulted in a
mean daily mean stream temperature to 20.6 °C and 21.4 °C respectively. A restored
canopy cover would buffer a 1.4 °C increase in mean air temperature and maintain the
current mean stream temperatures.

Segment three had a predicted mean daily maximum stream temperature of 21.2
°C under 80 percent shade. An increase of one degree in air temperature predicted a
mean daily maximum stream temperature of 21.9 °C. Three and five degree increases in
mean daily air temperature increased mean daily maximum stream temperature to 23.1
°C and 24.0 °C, respectively (Figure 3.1). If restored, this upper reach of the Smith
Creek Restoration area could maintain existing stream temperatures during the Critical

Period if climate change increased air temperature by 1.3 °C.
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Figure 3.1. Stream Temperature (°C) at Site D with modeled 80% shade (blue), and predicted
increases in stream temperature with mean daily air increases of one, three, and five degrees.
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The predicted mean daily mean stream temperature in segment three was 19.4 °C
under an 80% shade scenario. A one and three degree increase in mean daily air
temperature during the Critical Period increased the mean daily mean stream temperature
to 20.0 °C and 21.0 °C, respectively. Increasing the mean daily air temperature by five
degrees raised the mean daily mean stream temperature to 21.8 °C. A mature forest
canopy, expected in 20 to 30 years in this segment will be able to maintain current mean
daily mean stream temperatures with a 1.2 °C increase in the mean daily air temperature.

Segment four is located on the lower reach of the Smith Creek Restoration Area
and currently has a mean daily maximum stream temperature of 21.6 °C. The expected
mean daily maximum stream temperature under 80% conditions is 21.2 °C. With an
increase of one degree in the mean daily air temperature, the mean daily maximum
stream temperature will increase to 21.8 °C. Three and five degree increases resulted in
22.8 °C and 23.6 °C, respectively. The effects of climate change are less in the upstream
reaches due to high percentage of shade throughout the reach. A mature forest canopy in
this reach will only buffer an increased mean air temperature of 0.7 °C and still maintain
daily maximum stream temperatures.

Segment four has a mean daily mean stream temperature of 19.4 °C with a
predicted dcrease in stream temperature to 19.1 °C under an 80% shade scenario. A
raised mean air temperature of one degree with 80% shade resulted in a mean daily mean
temperature of 19.6 °C. Three and five degree increases in mean air temperature increase
the mean daily mean stream temperature to 20.4 °C and 21.2 °C. The future restored
canopy cover will be able to buffer a 0.6 °C increase in mean air temperature to maintain

current daily mean stream temperatures.
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Segment five currently has a mean daily maximum stream temperature of 21.8
°C. Under an 80% shade scenario the modeled mean daily maximum stream temperature
is 21.5 °C. A mean air temperature increase of one and three degrees is expected to
increase of mean daily maximum stream temperatures to 22.1 °C and 23.3 °C. A five
degree increase in air temperature will raise the mean daily maximum stream temperature
to 24.3 °C. This segment can buffer a 0.5 °C increase in mean daily air temperature and
maintain existing stream temperatures. Mean daily mean stream temperatures had a
similar warming trend and were only able to buffer a mean air temperature increase of 0.4
°C. Expected stream temperatures with an 80% shade canopy under current condition
were 19.9 °C. Increasing mean daily air temperature by one degree resulted in a mean
daily mean stream temperature of 20.4 °C. Three and five degree increases indicated the
mean daily mean temperature would increase to 21.5 °C and 22.4 °C respectively.

Discussion

Morrill et al. (2005) predicted stream temperatures to increase 2 to 3 °C with a
mean air temperature increase of 3 to 5 °C. Similarly, this study indicated an increase in
stream temperature of 1.7 to 2.6 °C with mean air temperature increases of 3 to 5 °C. As
expected restored riparian canopies at segments one and two showed the most potential to
counter the effects of climate change. However, if forest canopies are not restored on
streams with brook trout populations, an increase in mean daily air temperature during
the summer will extirpate many brook trout populations that are balancing on the edge of
their thermal limit. If riparian vegetation is restored it can counter the affects of climate

change on stream temperature for many brook trout populations.
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Predicting stream temperature change with possible climate change indicated the
importance of restoring riparian vegetation in trout streams with little or no canopy cover.
Trout populations in streams with little shade may be vulnerable to climate change if they
are near the species thermal maximums. Increased stream temperature could also be an
issue for survival of macroinvertebrate species or affect chemical process which may
reduce dissolved oxygen (Ducharne 2007). Modeling how restored riparian areas can
buffer climate change effects on stream temperatures gives biologist and managers a tool
to plan ahead for warming global temperatures and to prioritize where to conserve
coldwater species. Taking action now to prevent stream temperature warming may
benefit stream processes and salmonid populations in future years if predicted air

temperature increases for climate change are accurate.
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