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Abstract: We evaluated the effect of timber harvesting on summer water temperature in first-order headwater
streams in western Maine. Fifteen streams were assigned to one of five treatments: (1) clearcutting with no
stream buffer; (2) clearcutting with 11-m, partially harvested buffers, both sides; (3) clearcutting with 23-m,
partially harvested buffers; (4) partial cuts with no designated buffer; and (5) unharvested controls. Over a 3-year
period we measured summer water temperature hourly before and after harvesting, above and below the harvest
zone. Streams without a buffer showed the greatest increase in mean weekly maximum temperatures following
harvesting (1.4–4.4°C). Streams with an 11-m buffer showed minor, but not significant, increases (1.0–1.4°C).
Streams with a 23-m buffer, partial-harvest treatment, and control streams showed no changes following harvest.
The mean weekly maximum temperatures never exceeded the thermal stress limit for brook trout (25°C) in any
treatment group. The mean daily temperature fluctuations for streams without buffers increased from 1.5°C/day
to 3.8°C/day, while with 11-m buffers fluctuations increased nonsignificantly by 0.5–0.7°C/day. Water tem-
peratures 100 m below the harvest zone in the no-buffer treatment were elevated above preharvest levels. We
concluded that water temperature in small headwater streams is protected from the effects of clearcutting by an
11-m buffer (with �60% canopy retention). FOR. SCI. 52(3):221–231.
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S INCE PASSAGE of the United States Clean Water Act
of 1972, much attention has been devoted to main-
taining the ecological integrity of surface water, in-

cluding a greater scrutiny of timber operations adjacent to
watercourses. One forest management approach to mini-
mize water quality impacts (e.g., temperature increases and
sedimentation) has been to establish buffer zones with re-
strictions on timber harvest activities next to lakes, rivers,
and large streams. This approach has addressed many water
quality concerns associated with timber harvesting, but
buffering waterways can represent a significant cost to
landowners in terms of lost timber revenue.

Small headwater streams (intermittent and small first-or-
der) often escape the regulatory mandates for riparian buff-
ers (Sidle et al. 2000). For example, in the state of Maine,
streams draining watersheds of less than 121 ha have no
buffer or shade requirements under state law (Maine De-
partment of Conservation 1999). Increasing awareness of

the ecological importance of headwater streams (Richard-
son 2000) has raised questions about the amount and type of
regulatory protection small streams should receive. Forest
landowners and managers are concerned about potential
regulations requiring buffers on small headwater streams
because these features can be extremely common across the
landscape. Headwater streams can account for 65–75% of
the cumulative length of all stream and river channels in a
watershed (Leopold et al. 1964), and establishing buffers on
these streams would remove large portions of land from
harvesting (Bren 1995), resulting in significant cost to
landowners.

Studies of stream temperature after timber harvest have
shown increases in summertime stream temperatures and
diurnal fluctuations (Brown and Krygier 1967, Burton and
Likens 1973, Lynch et al. 1984, Beschta et al. 1987,
Kochenderfer and Edwards 1991, Johnson and Jones 2000,
Murray et al. 2000, Jackson et al. 2001, Macdonald et al.
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2003). Elevation of water temperature is a concern for a
number of reasons. Temperature is key in determining rates
of metabolism, growth, decomposition, and solubility of
gasses (Beitinger and Fitzpatrick 1979). Increases in tem-
perature can result in increased decomposition rates and
larger parasite populations (Brett 1956), decreased dis-
solved oxygen concentrations (Brown and Krygier 1967,
Corbett et al. 1978), and increased metabolic rate, which
causes increased oxygen consumption in biota (Cairns
1970).

Solar radiation is the dominant factor increasing stream
temperatures after canopy removal (e.g., Brown and Kry-
gier 1970, Sullivan et al. 1990). However, different studies
examining canopy removal have yielded varying results and
it is difficult to draw generalities. For example, in the
absence of riparian buffers, temperature has been shown to
increase from 3 to 4°C (Pacific Northwest, Brown and
Krygier 1967, New Hampshire, Burton and Likens 1973,
West Virginia, Kochenderfer and Edwards 1991) to 8°C
(Washington, Caldwell et al. 1991). When buffers are re-
tained, temperature changes are smaller. Riparian buffers
between 15 and 20 m wide resulted in temperature increases
of 2.0–2.6°C (Washington, Jackson et al. 2001), and buffers
20–30 m wide resulted in temperature increases between
1.0°C (Kochenderfer and Edwards 1991) and 2.5° C (Penn-
sylvania, Rishel et al. 1982, Pennsylvania, Lynch et al.
1984) of control watersheds.

The variability among studies can be attributed to a
complex mix of factors, including the amount of shade
retained within the buffers (Brown and Krygier 1970, Feller
1981, Lynch et al. 1985, Macdonald et al. 2003), site-spe-
cific attributes such as variability in stream size, depth, and
water volume (Brown and Krygier 1967, Feller 1981, Lynch
et al. 1985, Caldwell et al. 1991), geographic aspect
(Kochenderfer and Edwards 1991, Macdonald et al. 2003),
inputs of groundwater (Sullivan et al. 1990, Caldwell et al.
1991), and geographic location (latitude and elevation)
(Hewlett and Fortson 1982, Caldwell et al. 1991). The
purpose of our study was to examine the effectiveness of
different buffer widths for protecting water temperature in
small headwater streams in managed forest landscapes of
western Maine. Most stream studies have no replicates
within a treatment prescription, and often lack pre and
posttreatment comparisons of dependent variables. Our
study had multiple streams per treatment group as well as
pre and posttreatment data. The objectives of our study were
twofold: (1) to evaluate water temperature changes after
timber harvest on streams with partially harvested buffer
strips of various widths, and (2) to examine spatial temper-
ature recovery (downstream of harvest zones).

Methods
Study Layout and Design

Western Maine is characterized by moderately rugged,
forested topography with numerous streams, rivers, and
lakes. Elevations of major peaks range from 900 to 1,300 m.
The primary land use in the region is forestry, with large

parcels of land managed primarily for timber products. The
forest is typical of the Acadian Forest Region (Seymour and
Hunter 1992), consisting of northern hardwood, spruce-fir,
and mixed hardwood-softwood stands. Northern hardwood
stands are dominated by sugar maple (Acer saccharum
Marsh), beech (Fagus grandifolia Ehrh.), and white and
yellow birch (Betula papyrifera Marsh and Betula allegani-
ensis Britton), while spruce-fir stands consist primarily of
red spruce (Picea rubens Sarg.) and balsam fir (Abies bal-
samea [L.] Mill.). Softwood species tend to dominate along
water courses.

We selected for study 15 headwater streams draining
small watersheds with mature closed-canopy cover (�85%)
at least 15 m tall and undisturbed by logging activity within
the past �20 years. All streams were located within a
100-km radius of 45°00�00� N, 70°20�00� W (Figure 1).
Watersheds ranged in area from 30 to 195 ha, with a mean
of 82 ha. Along each stream we established 500-m study
segments with the downstream end of the segment at least
20 m upstream from any human-made disturbance such as a
logging road or timber harvest. Typically, the upper end of
each study reach was within 500–1,000 m of the watershed
divide. We marked the study reach with rebar on both sides
of the stream at 100-m intervals (Figure 2) to monument the
locations of temperature probe placement. Galvanized metal
spikes (30 cm long) were placed every 20 m along the
stream segment to monument locations for aspect, gradient,
bankfull width (i.e., distance between stream banks), and
canopy closure measurements.

Sampling Regime and Treatments

Data were collected simultaneously at both treatment and
control sites, both before and after the treatments were
applied. Pretreatment sampling in 2001 established the re-
lationship between the treatment sites and the control sites.
After sampling in the pretreatment year, 200-m by 300-m (6
ha) harvest zones were created on both sides of each stream
beginning at the 100-m station and extending upstream to

Figure 1. Map of study streams.
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the 400-m station (except for controls, Figure 2). There had
been no recent harvesting (within the last 20 years) above
the study reach within the watershed, and no harvesting was
allowed upstream during the study. Forest canopy remained
intact for at least 110 m below the harvest zone.

Each of the 15 study streams was randomly assigned to
one of five treatment groups: (1) clearcut harvest (less than
6.8 m2/ha residual basal area) leaving no buffer (0-m treat-
ment); (2) clearcut harvest with 11-m buffers on both sides
of the stream (11-m treatment); (3) clearcut harvest with
23-m buffers on both sides of the stream (23-m treatment);
(4) selection cut harvest retaining at least 13.7 m2/ha resid-
ual basal area in the harvest zone, without a specified buffer
width (partial-harvest treatment); and (5) unharvested (con-
trol treatment). We chose a 23-m buffer for one treatment

because it corresponded with existing state buffer width
requirements for higher-order streams (Maine Department
of Conservation 1999). To examine the capacity of a nar-
rower buffer to protect stream temperature, we also selected
an 11-m treatment (approximately one-half of 23 m). Partial
harvesting was allowed in all buffers because timber re-
moval within buffer zones is permitted and is a common
practice in Maine. In this study we required at least 13.7
m2/ha basal area to be retained (about 60% of a fully
stocked stand) within the buffer zone. In all treatment
groups, compaction and/or scarification of soil was not
permitted within 8 m of the stream channel. Trees could be
removed within 8 m of the stream channel if equipment
could remove the trees without compacting or disturbing
near stream soils. Harvesting occurred in the winter of
2001–2002 and posttreatment sampling occurred in 2002
and 2003.

Measurement Methods

Aspect, gradient, and bankfull width measurements were
taken every 20 m along each 500-m study segment. Canopy
closure above the stream channel was measured using a
concave spherical densiometer before and after harvest op-
erations (Lemmon 1957). Canopy measurements were taken
in the middle of the stream channel every 20 m within the
harvest zone facing upstream, downstream, left, and right
with the densiometer at elbow height (�1.4 m). We as-
sessed tree (�8 cm dbh) basal area within the buffer and
within the adjacent harvest zones using a 15-factor prism
both before the harvest (2001) and after the harvest (in 2002
only). Measurements of within-buffer basal area were taken
from the middle of the stream channel. Basal area measure-
ments for the harvest zone were taken along transects orig-
inating at the stream bank edge and extending perpendicu-
larly into the harvest zone for 200 m. Prism readings were
taken every 50 m and in the same locations in 2001 (pre-
treatment) and 2002 (posttreatment). Study site characteris-
tics are presented in Table 1.

Figure 2. Layout of study segments and harvest zones.

Table 1. Descriptive statistics for the 15 study streams

Stream Treatment
0-m Station

elevation (m)
500-m Station
elevation (m)

Watershed
area (ha)

Average
aspect

Average gradient (%)
Mean (min, max)

Bankfull width (m)
Mean (min, max)

Kibby 0 m 637 724 30 SSE 15 (4, 31) 1.9 (0.9, 4.0)
Pierce 1 0 m 469 518 52 NW 11 (3, 19) 2.5 (1.0, 6.5)
Skinner 1 0 m 616 678 41 N 12 (9, 17) 3.1 (1.3, 5.5)
Bald Mt. 11 m 345 398 96 NNW 10 (5, 17) 3.9 (2.3, 5.8)
Caratunk 11 m 408 442 80 SE 7 (0, 19) 2.8 (1.3, 6.1)
Skinner 2 11 m 619 676 37 NW 12 (12, 20) 2.0 (0.7, 4.8)
Mass 2 23 m 628 700 53 NNE 13 (3, 25) 2.6 (1.3, 5.1)
Roxbury 23 m 371 407 67 WNW 6 (2, 11) 2.4 (1.1, 3.4)
Sanderson 23 m 462 512 185 E 9 (2, 14) 3.8 (2.2, 6.5)
Mass 1 Partial 598 648 58 SSE 12 (5, 31) 2.0 (0.8, 4.9)
Pierce 2 Partial 436 529 44 W 18 (10, 31) 2.3 (1.1, 5.2)
UpCup Partial 647 672 140 S 5 (2, 7) 4.5 (2.1, 13.2)
Appleton Control 687 755 82 NNW 13 (6, 19) 2.8 (1.4, 4.7)
Bryant Control 455 527 71 SW 11 (3, 16) 3.6 (2.6, 5.5)
Dud Control 577 639 195 SW 11 (3, 17) 4.2 (2.4, 7.6)

Mean of 21 readings at 20-m intervals along each 500-m study reach.
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At each of the 15 study streams, water temperature was
measured hourly between June 15 and Aug. 15 of each year
using automatic data loggers (OnSet Optic StowAway tem-
perature loggers, Onset, Inc., Bourne, MA, error �0.2°C).
Clocks in all loggers were synchronized to the same launch-
ing computer on deployment. Data loggers were deployed at
100-m intervals along the 500-m study segment (see Figure
2). Loggers were placed inside 5-cm-diameter opaque PVC
tubes to prevent possible influence of direct solar radiation
on the logger casing. Loggers were secured by plastic cable
ties to 30-cm galvanized metal spikes hammered into the
streambed. For this study we only used data from loggers at
the upper end of the harvest zone (400-m station), lower end
of the harvest zone (100-m station), and 100 m below the
harvest zone (0-m station).

During the summer in all 3 years of the study
(2001–2003), portions of the 500-m study segment at many
of the 15 streams began to dry, decreasing the wetted width
and depth of the stream channel, sometimes completely. As
a result, some water temperature data loggers became ex-
posed to the air. Field personnel visited each stream every 1
to 3 weeks throughout the sample period. When dry data
loggers were observed, if possible they were re-submerged
in water as close as possible to the data logger’s assigned
location along the study segment. In addition, during each
stream visit, the condition (wet or dry) of each probe was
recorded. We eliminated from analysis any temperature data
that we knew to represent, or we suspected to represent, dry
conditions. If there was any question as to whether the probe
was submerged, we eliminated the data from analysis. This
was accomplished by using a combination of site visit data
sheets and visual inspection of seasonal temperature traces
to remove days with questionable data. Different streams
had varying percentages of “wet days” in each year of study
(Table 2), from a low of 23% wet days to a high of 100%.

Temperature Analysis

Mean weekly maximum temperature at the 100-m station
was calculated for each stream to show the pre and post-

harvest temperature range for streams in the study. Mean
weekly maximum temperature is a 7-day average of daily
maximum stream temperature and is often used in stream
temperature studies because it is a more biologically mean-
ingful metric than average daily temperature (Oliver and
Fidler 2001) or daily maximum temperature (Washington
Water Quality Program 2002).

For each treatment, we were interested in two primary
questions: (1) how does temperature change within the
harvest zone, and (2) if temperature changes, does it recover
100 m downstream of the harvest zone? To answer these
questions we analyzed the following dependent variables:
(1) mean maximum daily temperature difference between
the 400-m and 100-m stations (i.e., the upstream and down-
stream boundaries of the harvest zone), (2) mean maximum
daily temperature difference between the 400-m and 0-m
stations (i.e., the upstream boundary of the harvest zone and
100 m below the downstream boundary of the harvest zone),
and (3) mean daily temperature fluctuation (i.e., daily range)
at the 100-m and 0-m station. The data set was restricted to
days when the station (or multiple stations) was identified as
being wet.

Statistical Analyses

Differences in the percentage of wet days (Table 2)
resulted in a variability in the number of observations
among streams and years for each temperature metric. To
minimize this variability we calculated a seasonal mean for
each temperature metric and used this mean in the statistical
analysis. The statistical analysis for each dependent variable
was performed on one value for each stream per year of the
study. This minimized the problem of missing data on days
when a station was dry. A probe deployed at the 100-m
station in one stream in the 11-m treatment group (Skinner
2) malfunctioned in the first postharvest year. The number
of probes used in the analysis of each temperature metric is
included in the data tables.

Because measurements were taken on the same experi-
mental units (streams) before and after the application of a

Table 2. Percentage of days during the 62-day sample window (June 15–Aug. 15) in the preharvest year (2001) and the postharvest years (2002
and 2003) for which the indicated temperature probe remained submerged

Stream Treatment

400-m Probe 100-m Probe 0-m Probe

2001 2002 2003 2001 2002 2003 2001 2002 2003

Kibby 0 m 100 100 100 100 100 100 100 100 100
Pierce 1 0 m 66 39 47 73 60 100 79 89 100
Skinner 1 0 m 100 100 100 100 100 98 100 100 100
Bald Mt. 11 m 79 52 37 74 100 97 100 100 97
Caratunk 11 m 79 73 100 79 97 100 77 90 100
Skinner 2 11 m 19 87 87 100 nd 100 100 100 100
Mass 2 23 m 13 44 27 100 100 100 100 100 100
Roxbury 23 m 100 100 100 94 100 100 79 87 100
Sanderson 23 m 79 100 100 100 100 100 100 100 100
Mass 1 Partial 100 79 48 77 98 53 84 100 100
Pierce 2 Partial 79 39 34 73 55 63 82 89 100
UpCup Partial 100 100 100 100 100 100 100 100 100
Appleton Control 69 95 84 32 92 79 69 44 95
Bryant Control 53 44 24 35 39 23 34 40 24
Dud Control 100 100 100 100 100 100 100 100 100
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treatment (stream buffer prescription), we used repeated-
measures analysis to examine differences among treatments
for the various dependent variables (PROC MIXED, SAS
1999). Treatment and Year (1 preharvest year, 2 postharvest
years) were both independent variables, and Year was the
repeated variable in the analysis. The interaction term be-
tween Treatment and Year indicated whether there was a
differential effect of year (pre versus postharvest) on the
various buffer prescriptions. Because one treatment was a
control (no harvest), and because the buffer prescriptions
were quite different from one another, we expected the
interaction term to be significant if harvesting had an effect
on any dependent temperature variable.

If the interaction term was significant, we analyzed the
main effects separately (by year among treatments, and by
treatment among years) to examine which treatments and
years were causing changes in the response of the dependent
variable. Analysis of main effects was done using Dunnett’s
test (treatment effect among years) and the Dunn test (year
effects among treatments). The Dunnett test (Dunnett 1955)
determines whether the mean of the control group differs
significantly from the mean of each treatment group (Zar
1996). The Dunn test (Dunn 1961) was used to analyze for
year effects among treatments. The Dunn test analyzes
differences between the pretreatment and posttreatment
means within each treatment group using Bonferroni ad-
justed multiple t-tests (Howell 1982).

Results
Pre and Postharvest Forest Conditions

Basal area and buffer width measurements verified that
our harvest specifications for the experimental treatments
were achieved by foresters and loggers (Table 3). Basal areas
of harvest zones involving clearcutting (the 0-m, 11-m, and
23-m buffer treatments) were reduced an average of 95% to
well below the minimum basal area (6.9 m2/ha) of the regu-

latory definition of a clearcut (Table 3). The harvest zones for
the partial-harvest treatment maintained average residual basal
areas ranging from 14.9 to 18.9 m2/ha, meeting our prescribed
criterion of at least 13.8 m2/ha of residual basal area. The
partial-harvest treatment reduced the residual basal area of the
harvest zone by an average of 38%.

The 0-m treatment harvest prescription specified no
streamside canopy tree retention. The streamside basal area
of this treatment group was reduced by an average of 90%
(Table 3). Removal of 100% of the streamside basal area
was not achieved because loggers left occasional residual
trees where soil and slope conditions would have resulted in
compromising the stream bank or scarifying near-stream
soils. The harvest prescription for the 11-m and 23-m treat-
ment groups specified that a minimum of 13.8 m2/ha of
residual basal area should remain in the buffer. These spec-
ifications were met in five of the six streams in the 11-m and
23-m treatment groups. One stream in the 11-m treatment
group had average riparian basal area reduced to 13.5
m2/ha, slightly below the specified level (Table 3). Within-
buffer basal area was reduced by an average of 31% in the
11-m treatment group, and 21% in the 23-m treatment
group.

Following the harvest, stream canopy cover was reduced
an average of 77% in the 0-m treatment group (Table 3).
Canopy removal was not complete on this treatment, due to
occasional residual trees left by loggers (see above). Canopy
closure over the stream channel was reduced an average of
11% in the 11-m treatment group, and 4% in both the 23-m
and partial-harvest treatment group. Mean canopy closure in
the control treatment remained unchanged (Table 3).

Mean Weekly Maximum Temperature at the
100-m Station

In the pretreatment year stream temperatures ranged
from 11.9 to 15.6°C in the majority of the study streams

Table 3. Average (minimum, maximum) basal area and canopy closure for preharvest year (2001) and the first postharvest year (2002) for each
of the 15 study streams

Stream Treatment

Cut block basal area
Mean (min, max) m2/ha

Riparian buffer basal area
Mean (min, max) m2/ha

% Canopy closure
Mean (min, max)

Preharvest
2001

Postharvest
2002

Preharvest
2001

Postharvest
2002

Preharvest
2001

Postharvest
2002

Kibby 0 m 23.9 (7.8, 46.8) 1.5 (0.0, 6.2) 30.1 (26.5, 32.7) 0.0 (0.0, 0.0) 95 (81, 99) 1 (0, 4)
Pierce 1 0 m 28.6 (6.2, 49.9) 1.3 (0.0, 12.5) 22.9 (9.4, 37.4) 3.6 (1.6, 6.2) 97 (90, 99) 37 (4, 80)
Skinner 1 0 m 25.9 (10.9, 40.0) 2.1 (0.0, 9.4) 22.3 (17.2, 28.1) 3.1 (0.0, 6.2) 95 (88, 98) 27 (2,88)
Bald Mt. 11 m 22.0 (6.2, 35.9) 0.0 (0.0, 0.0) 24.9 (15.6, 39.0) 15.1 (10.9, 18.7) 98 (86, 99) 84 (60, 93)
Caratunk 11 m 33.9 (20.3, 51.5) 1.7 (0.0, 9.4) 19.2 (10.9, 34.3) 13.5 (9.4, 18.7) 91 (53, 99) 92 (68, 98)
Skinner 2 11 m 26.0 (10.9, 39.0) 1.9 (0.0, 9.4) 21.8 (17.2, 28.1) 16.6 (0.0, 31.2) 93 (2, 99) 75 (3, 97)
Mass 2 23 m 32.7 (12.5, 54.6) 0.7 (0.0, 3.1) 29.6 (18.7, 42.1) 24.9 (15.6, 34.3) 95 (89, 98) 91 (83, 95)
Roxbury 23 m 21.8 (0.0, 34.3) 1.1 (0.0, 6.2) 21.3 (15.6, 28.1) 19.2 (15.6, 21.8) 96 (92, 99) 94 (89, 98)
Sanderson 23 m 20.4 (3.1, 42.1) 1.0 (0.0, 9.4) 24.9 (18.7, 29.6) 15.6 (9.4, 18.7) 91 (79, 98) 86 (58, 98)
Mass 1 Partial 24.3 (3.1, 48.3) 18.9 (3.1, 37.4) 17.2 (9.4, 24.9) 14.0 (6.2, 21.8) 96 (86, 99) 96 (88, 99)
Pierce 2 Partial 25.1 (12.5, 40.5) 14.9 (3.1, 37.4) 24.9 (17.2, 29.6) 16.1 (14.0, 18.7) 96 (93, 99) 91 (71, 98)
UpCup Partial 33.8 (14.0, 59.3) 16.1 (3.1, 51.5) 22.3 (17.2, 29.6) 17.2 (12.5, 21.8) 87 (59, 98) 82 (49, 98)
Appleton Control 22.3 (6.2, 37.4) 21.3 (6.2, 34.3) 14.6 (3.1, 21.8) 15.1 (3.1, 21.8) 93 (66, 99) 90 (68, 99)
Bryant Control 23.1 (10.9, 32.7) 24.1 (14.0, 37.4) 19.2 (18.7, 20.3) 19.2 (15.6, 21.8) 97 (90, 99) 96 (94, 97)
Dud Control 24.5 (12.5, 37.4) 23.8 (6.2, 34.3) 18.7 (14.0, 24.9) 19.8 (15.6, 28.1) 94 (76, 100) 92 (50, 100)
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(Figure 3). One stream (Mass 2, 23-m treatment group), was
much cooler, with mean weekly maximum temperatures at
the 100-m station of 6.4°C. Following the harvest, temper-
atures increased 1.4–4.4°C in the 0-m treatment group and

1.0–1.4°C in the 11-m treatment group (Figure 3). Temper-
ature in the 23-m, partial-harvest, and control treatment
groups did not change following the harvest (Figure 3).

Temperature Changes within the Harvest
Zone: Differences between 100-m and
400-m Stations

In the preharvest year, temperature changes between the
400-m and 100-m stations were small for all treatment
groups (range � �1.0°C [cooling] to �0.8°C [warming])
(Table 4). Streams exhibited both slight warming and slight
cooling within the planned 300-m harvest zone. Following
the harvest, temperature change within the harvest zone
increased 2.5–2.8°C in the 0-m treatment group and
1.4–2.5°C in the 11-m treatment group (Table 4). No tem-
perature changes were observed in the 23-m, partial-harvest,
or control treatment group (Table 4).

Water temperature changes within the harvest zone had a
significant interaction between treatment and year (P �
0.0034), indicating one or more of the harvest prescriptions
affected stream temperature (the control was not expected to
change). Further analysis of the main effects showed that for
the 0-m treatment group water temperature changes within
the harvest zone were significantly different from the con-
trol group in the first (P � 0.0032) postharvest year (Table
4, Dunnett’s test). In the second postharvest year changes
within the harvest zone in the 0-m treatment group were
significantly greater than preharvest values (P � 0.0009)
(Table 4, Dunn test). All other treatment groups (11-m,
23-m, and partial-harvest) did not significantly differ from
the control group in either postharvest year nor did they
show significant postharvest temperature increases within
the harvest zone relative to preharvest values (Table 4).

Figure 3. Mean weekly maximum stream temperature at the 100-m
station from June 15 through Aug. 15 in the preharvest (2001) and
postharvest (2002–2003) years. The graphical bars represent the sea-
sonal average of weekly mean weekly maximum temperatures and the
vertical lines represent the seasonal maximum and minimum weekly
maximum temperatures.

Table 4. Mean daily maximum temperature change by treatment
between the 100- and 400-m stations (lower versus upper end of the
harvest zone) from June 15 to Aug. 15 in the preharvest year and two
postharvest years

Treatment n

100 m vs. 400 m Station

Preharvest Postharvest

Year 1 Year 2 Year 3

Mean S.E. Mean S.E. Mean S.E.

0-m 3 0.8 0.2 3.6* 0.5 3.3 0.4
11-m 31 �1.0 1.5 1.5 0.3 0.4 1.1
23-m 3 �0.3 0.3 0.3 0.3 �0.3 0.6
Partial-cut 3 0.6 0.4 0.9 0.3 1.0 0.5
Control 3 0.6 0.3 0.7 0.3 0.6 0.2

Treatment means with an asterisk (*) are significantly different from the
control treatment group based on Dunnett’s test (Dunnett 1955). Treat-
ment means in boldface type indicate significant differences from pre-
harvest values within a treatment group based on Bonferroni adjusted
multiple t-tests (Dunn 1961).
1n � 3 in year 1 and year 3, n � 2 in year 2 due to missing data.
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Temperature Changes within the Harvest
Zone: Diurnal Fluctuation

In the preharvest year, the seasonal mean diurnal fluctu-
ations at the 100-m stations were between 1.3 and 1.9°C for
all treatment groups (Table 5). Following the harvest, diur-
nal temperature fluctuations at the 100-m stations increased
by 2.3°C in the 0-m treatment group and by 0.5–0.7°C in
the 11-m treatment group (Table 5). Diurnal fluctuation did
not change in the 23-m, partial-harvest, and control treat-
ment groups (Table 5).

Statistical analysis showed a significant interaction be-
tween treatment and year (P 	 0.0001), indicating one or
more harvest prescription had an effect on diurnal fluctua-
tion at the 100-m station. Diurnal fluctuation in the 0-m
treatment group was significantly greater than the control in
both the first (P � 0.0004) and second (P � 0.0007)
postharvest years (Table 5, Dunnett’s test). No other treat-
ment group was significantly different from the control
(Table 5). In the 0-m treatment group diurnal fluctuation at
the 100-m station was significantly greater than preharvest
levels in both the first (P 	 0.0001) and second (P 	
0.0001) postharvest years (Table 5, Dunn test). No other
treatment groups showed significant changes in diurnal
fluctuations relative to preharvest levels. A continuous tem-
perature trace for a 0-m buffer stream in the pre and post-
harvest years graphically depicts the change in amplitude of
daily temperature fluctuations at the 100-m station
(Figure 4).

Downstream Recovery: Differences between
0-m and 400-m Stations

In the preharvest year temperature changes between the
400-m and 0-m (100 m below the harvest zone) stations
ranged from �1.4°C (cooling) to 0.9°C (warming). Follow-
ing the harvest, temperature changes between the two sta-
tions increased 1.3–1.8°C in the 0-m treatment group and
1.1–1.3°C in the 11-m treatment group. Temperature
changes between the 0-m and 400-m station had a signifi-
cant interaction term (P � 0.0045), indicating that temper-

ature recovery 100 m below the harvest zone was not
complete for all treatment groups. Analysis of the main
effects showed that no treatment group had temperature
changes between the 400-m station and the 0-m station that
were significantly different than the control (Table 6, Dun-
nett’s test). However, in the 0-m treatment group tempera-
ture changes between the two stations increased over the
preharvest year in the first (P � 0.0056) postharvest year
(Table 6, Dunn test). No other treatment group had temper-
ature changes significantly different from the preharvest
levels (Table 6).

Table 5. Average maximum diurnal temperature change at the 100-m
station from June 15 to Aug. 15 in the preharvest and two postharvest
years

Treatment n

Preharvest Postharvest

Year 1 Year 2 Year 3

Mean S.E. Mean S.E. Mean S.E.

0-m 3 1.5 0.02 3.8* 0.8 3.8* 0.6
11-m 31 1.9 0.1 2.6 0.1 2.4 0.1
23-m 3 1.3 0.4 1.4 0.4 1.3 0.3
Partial-cut 3 1.9 0.3 2.1 0.05 1.6 0.1
Control 3 1.4 0.05 1.3 0.05 1.1 0.1

Treatment means with an asterisk (*) are significantly different from the
control treatment group based on Dunnett’s test (Dunnett 1955). Treat-
ment means in boldface type indicate significant differences from pre-
harvest values within a treatment group based on Bonferroni adjusted
multiple t-tests (Dunn 1961).
1n � 3 in year 1 and year 3, n � 2 in year 2 due to missing data.

Figure 4. Hourly temperature readings at the 100-m station of a
stream in the 0-m treatment group (Kibby stream) from June 15 to
Aug. 15 in the preharvest (2001) and both postharvest (2002–2003)
years.

Table 6. Mean daily maximum temperature change by treatment
between the 0- and 400-m stations (100 m downstream of the lower end
of the harvest zone vs. upper end of the harvest zone) from June 15 to
Aug. 15 in the preharvest year and two postharvest years

Treatment n

0 vs. 400 m Station

Preharvest Postharvest

Year 1 Year 2 Year 3

Mean S.E. Mean S.E. Mean S.E.

0-m 3 0.7 0.5 2.5 0.6 2.0 0.7
11-m 3 �1.4 1.1 �0.1 0.9 �0.3 0.8
23-m 3 0.5 0.4 0.9 0.4 0.5 0.5
Partial-cut 3 0.7 0.3 1.0 0.06 0.9 0.4
Control 3 0.9 0.2 0.8 0.2 0.7 0.2

Treatment means with an asterisk (*) are significantly different from the
control treatment group based on Dunnett’s test (Dunnett 1955). Treat-
ment means in boldface type indicate significant differences from pre-
harvest values within a treatment group based on Bonferroni adjusted
multiple t-tests (Dunn 1961).
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Downstream Temperature Recovery:
Diurnal Fluctuation

Following harvest, diurnal temperature fluctuations at
the 0-m stations ranged from 2.0 to 2.5°C in the 0-m
treatment group and 1.8–1.9°C in the 11-m treatment group
(Table 7). These diurnal fluctuations are smaller than those
observed at the 100-m stations, suggesting recovery of daily
temperature fluctuations 100 m below the harvest zone.
However, the interaction term between treatment and year
was significant (P � 0.0257), indicating that recovery of
diurnal fluctuations was not complete for all treatments.
Analysis of the main effects showed no treatment groups
had diurnal fluctuations that were significantly different
from the control (Table 7, Dunnett’s test). However, the
diurnal fluctuations in the 0-m treatment group were signif-
icantly greater than preharvest levels in the first postharvest
year (P � 0.0316, Table 7, Dunn test). No treatment group
showed significant change in diurnal fluctuations from pre-
harvest values in the second postharvest year (Table 7).

Discussion
Stream Temperature Changes within the
Harvest Zone

This study demonstrated that leaving no buffers on small
headwater streams for a 300-m harvest zone in a northern
temperate forest region (�45° N latitude) resulted in post-
harvest increases in stream temperature. Streams in the
11-m treatment group had moderate, but statistically insig-
nificant, increases in stream temperature while 23-m, par-
tial-harvested, or control streams had no observable in-
creases in temperature. Postharvest changes in stream tem-
peratures and diurnal temperature fluctuations have been
attributed primarily to increased levels of solar radiation
reaching the stream channel (Brown and Krygier 1970). The
extent of the increase in stream temperature following a
harvest is significantly correlated with the amount of timber
retained in the riparian buffer (Brown and Krygier 1970,
Feller 1981, Lynch et al. 1985, Caldwell et al. 1991, Mac-
donald et al. 2003).

The 0-m treatment group had the greatest reduction in
mean canopy closure (77%), and the greatest increases in
mean weekly maximum temperatures, temperature change
within the harvest zone, and diurnal fluctuation following
the timber harvest. In the 11-m treatment group, mean
canopy closure decreased by 11% as a result of the harvest.
Increases in temperature were smaller than in the 0-m
treatment group. The 23-m and partial-harvest treatment
groups both had 4% reductions in canopy closure. These
treatment groups did not exhibit postharvest changes in
temperature, indicating that such a small reduction in can-
opy closure did not significantly alter the amount of solar
radiation reaching the stream channel.

Temperature increases observed in the 0-m treatment
group were smaller or in the lower end of the range of
temperature increases observed by other studies on unbuf-
fered streams. Previous studies on unbuffered streams
showed average temperature increases of 3.2–5.0°C (Brown
and Krygier 1967, Burton and Likens 1973, Kochenderfer
and Edwards 1991) as well as increases in diurnal fluctua-
tion between 1.7–4.2°C (Pacific Northwest, Brown and
Krygier 1970) and 6.1–7.5°C (Brown and Krygier 1967)
above controls or preharvest conditions. In our study,
streams in the 0-m buffer group showed 1.4–4.4°C in-
creases in mean weekly maximum temperatures and 2.3°C
increases in diurnal fluctuation.

Temperature increases in our 11-m treatment group were
similar to other studies with wider buffers. The increases in
diurnal fluctuation were smaller than observed in other
studies with larger buffers. In the 11-m treatment group,
postharvest increases in mean weekly maximum tempera-
ture ranged from 1.2 to 1.3°C, temperature changes within
the harvest zone increased by 1.4–2.5°C, and diurnal fluc-
tuation in temperature increased by 0.5–0.7°C. The 23-m
and partial-harvest treatment groups did not exhibit post-
harvest changes in the temperature. Previous studies
showed postharvest temperature increases of 1.0–2.6°C for
buffers 15–30 m wide (Rishel et al. 1982, Lynch et al. 1984,
Kochenderfer and Edwards 1991, Jackson et al. 2001).
These studies also showed streams with 20–30-m wide
buffers had 0.7–2.0°C increases in diurnal fluctuation
(Rishel et al. 1982, Lynch et al. 1984, British Columbia,
Macdonald et al. 2003) over preharvest or control
conditions.

The smaller degree of temperature change relative to
previous studies we observed in unbuffered streams might
be partly attributed to groundwater inflow. Groundwater
inputs can strongly influence stream temperature (Sullivan
et al. 1990, Caldwell et al. 1991), and inflow can mitigate
effects of canopy removal by slowing temperature increases
(Poole and Berman 2001) and by aiding in stream temper-
ature recovery (Ice 2001). The glacial till subsurface char-
acteristic of our study region facilitates underground water
flow. Also, the close proximity of our study reaches to the
watershed divide suggests that a large proportion of ground-
water feeds these stream systems. The importance of
groundwater to stream temperatures in our study areas was

Table 7. Average maximum diurnal temperature change at the 0-m
station from June 15 to Aug. 15 in the preharvest and two postharvest
years

Treatment n

Preharvest Postharvest

Year 2 Year 2 Year 3

Mean S.E. Mean S.E. Mean S.E.

0-m 3 1.5 0.1 2.5 0.6 2.0 0.4
11-m 3 1.8 0.1 1.9 0.2 1.8 0.2
23-m 3 1.8 0.3 1.6 0.4 1.5 0.4
Partial-cut 3 2.1 0.2 2.0 0.4 1.7 0.1
Control 3 1.8 0.1 1.5 0.1 1.2 0.1

Treatment means with an asterisk (*) are significantly different from the
control treatment group based on Dunnett’s test (Dunnett 1955). Treat-
ment means in boldface type indicate significant differences from pre-
harvest values within a treatment group based on Bonferroni adjusted
multiple t-tests (Dunn 1961).

228 Forest Science 52(3) 2006



illustrated by temperature measurements taken at 20-m in-
tervals on a hot, sunny day (air temp � 31°C). We observed
decreases in stream temperature between 1.2 and 3.2°C
within 20 m of stream channel due to several cold ground-
water inputs entering the stream channel. We suspect
groundwater inflow played a significant role in mitigating
the effect of canopy removal in our study. Variations in
inflow among stream buffer studies could be a key factor for
explaining observed differences in the effectiveness of dif-
ferent buffer widths.

Elevation of water temperature and diurnal fluctuation is
a concern because aquatic organisms have adapted to living
in systems within a particular temperature range in which
body size, fecundity, and survival are optimized (Vannote
and Sweeney 1980). Increased water temperature can result
in physiological stress and potential death in brook trout
(Grande and Anderson 1991). Documented lethal water
temperature limits for brook trout range from 24.4°C (Brett
1956) to 26.2–27.2°C (Grande and Anderson 1991). The
United States Environmental Protection Agency recom-
mends that mean weekly maximum water temperatures do
not exceed 24°C for even one week in streams with popu-
lations of brook trout (EPA 1986). In our study, mean
weekly maximum temperatures never exceeded 22°C; even
in the 0-m treatment group.

Downstream Temperature Recovery

Temperature recovery downstream of a harvest zone is
important to understand because a rapid decrease in tem-
perature over a short distance can effectively limit the
spatial impact of the harvest. In the 0-m treatment group,
temperature changes between the 400-m (upstream of the
harvest zone) and 0-m (100 m below the harvest zone) were
significantly elevated over preharvest levels in one of the
postharvest years. This indicates that without buffers, tem-
perature increases persist for at least 100 m below the
harvest zone in the first postharvest year. How far down-
stream the temperature increases persisted is not known.

Within the 100-m recovery zone we observed relatively
large decreases in stream temperature. In the second post-
harvest year, temperature increases did not persist 100 m
below the harvest zone despite being significantly elevated
before entering the 100-m recovery zone. Previous studies
of temperature recovery downstream of timber harvest
showed large decreases in a relatively short downstream
distance. Temperature decreases of approximately 1.5°C
were observed within 130 m (Caldwell et al. 1991), 2.5°C
within 200 m (British Columbia, Story et al. 2003), and
2.0°C within 300 m (Oregon, Zwieniecki and Newton 1999)
after streams re-entered intact forest canopy. This common
observation of relatively rapid reduction in temperature
occurs because the intact forest canopy below the harvest
zone shields the stream bed from direct solar radiation
(Brown and Krygier 1970), while groundwater inflow and
hyporheic exchange further mitigates temperature increases
produced in the harvest zone (Sullivan et al. 1990, Caldwell
et al. 1991, Johnson and Jones 2000).

Temporal Temperature Recovery

Temperature recovery over time can also be important
for forest management decision-making. We only had 2
years of postharvest data, and no temperature recovery was
apparent in the 0-m treatment group at the 100-m stations
within that time frame. However, shade from a regenerating
shrub layer may function as effectively as mature canopy at
shading the stream from solar radiation (Johnson and Jones
2000). Low vegetation (shrubs and saplings) and in-stream
woody debris and slash can partially shade the stream from
solar radiation and mitigate temperature changes associated
with harvesting (Feller 1981, Rishel et al. 1982, Caldwell et
al. 1991, Jackson et al. 2001). As a result, substantial
moderation of stream temperature can occur only 7 years
after harvesting, even along streams with no buffers (Ice
2001). We are measuring shrub height each year postharvest
for a future study that discusses temperature recovery fol-
lowing timber harvesting.

Conclusions

Forested buffers 11 m wide with �60% canopy closure
on each side of the stream should protect against significant
temperature increases in our study area. The small, statisti-
cally nonsignificant increases in temperature associated
with 11-m buffers recovered after re-entering intact forest
canopy for a distance of approximately one-third the length
of the harvest zone. In watersheds with aquatic species that
are of special ecological concern, an environmentally con-
servative management approach may be desirable. Buffers
23 m wide with �60% canopy closure on each side of the
stream resulted in no detectable temperature changes.
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