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A B S T R A C T

This study examines the impact-recovery trajectory of stream temperatures following different riparian harvest 
treatments. We assessed the seasonal and annual changes in thermal sensitivity and temperatures across four 
different riparian management treatments in interior British Columbia using a Before-After-Control-Impact 
design across 6 headwater streams and 28 years. Riparian treatments included combinations of two buffer 
widths and two levels of retention of merchantable trees. Harvest periods included a pre-harvest period 
(1995–1996), short-term (1997–2009) and long-term post-harvest (2019–2024) periods. We found thermal 
sensitivity and stream temperatures responded rapidly to forest harvest similar to previous studies. Although 
stream temperatures peaked during months with the warmest air temperatures (July and August), the effect of 
riparian harvest on thermal sensitivity and mean daily temperatures had a strong seasonal component, whereby 
the largest harvest effects occurred during May and June. The largest short-term effects of forest harvest were 
observed in the stream with the least protective riparian management treatment and little to no effect was 
observed in the most protected stream. Forest harvest impacts on stream temperatures persisted through the 
short-term post-harvest period but recovery appeared to be underway in the long-term post-harvest period. 
Collectively, this work characterizes a multi-decadal impact-recovery trajectory for headwater stream temper-
atures across seasons and different riparian management treatments.

1. Introduction

Understanding how watersheds respond to and recover from 
anthropogenic stressors is critical for land use planning and manage-
ment. Land use patterns in watersheds often form a complex mosaic 
where different patches of land are in various states of impact and re-
covery, making it difficult to characterize the total impact of a given 
land use activity on a watershed (Coble et al., 2020; Múrias et al., 2023). 
Further, most land use studies focus on early stages of impact, while less 
is known about long-term ecosystem responses (impacts) to stressors 
and if or when ecosystems return to pre-impact conditions (recovery) 
over long time scales (e.g., decades) (Bennett et al., 2006; Múrias et al., 

2023). Complete impact-recovery trajectories are therefore often poorly 
described and uncertain (Coble et al., 2020; Downs et al., 2013; Reid, 
1993). Research aimed at understanding impact-recovery relationships 
could help quantify, predict, and ultimately manage impacts of land use 
through time (Kelly and Harwell, 1990; Downs and Piégay, 2019). This 
requires coordination of studies that are long-term, intensive, and 
processes-based, which are rare for most types of land use.

A long history of research on the impacts of forest harvest activities 
on stream ecosystems provides a valuable platform for examining 
impact-recovery trajectories. Numerous intensive, processes-based 
studies have been conducted on the impacts of forestry on watershed 
processes over the past six decades (reviews: temperature response to 
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forest harvest – Moore et al., 2005; Moore and MacDonlad, 2024; peak 
flow response to forest harvest – Grant et al., 2008; meta-analysis of 
stream temperature and peak flow responses to forest harvest – Naman 
et al., 2024). Long-term studies of forestry impacts and stream ecosys-
tems have provided new and unexpected insights about how these wa-
tersheds move through the impact-recovery phases of watershed change 
(e.g., Carnation Creek 40 + years (Tschaplinski and Pike, 2017), HJ 
Andrews Experimental Forest 70 + years (Andrews Experimental Forest, 
2024), Upper Penticton Creek 35 + years (Winkler et al., 2021), Hub-
bard Brook 60 + years (Campbell et al., 2020), Alsea Watershed 
60 + years (Segura et al., 2020), Caspar Creek 60 + years (Richardson 
et al., 2023). For example, the regeneration of forests decades after 
harvest can lead to decreasing summer flows and increasing stream 
temperatures during low flow periods (Gronsdahl et al., 2019; Segura 
et al., 2020). As well, forest harvest effects on recruitment of instream 
wood may have 50–200-year recovery times that are independent of 
harvest intensity (Reid and Hassan, 2020). These studies of long-term 
datasets provide valuable insights into the mechanism of long-term 
impacts and potential recovery from forest harvest. However, in most 
of these case studies, additional logging has continued in the study 
watersheds. Consequently, there are multiple overlapping impact and 
recovery trajectories that obscure inference into individual harvest 
events (i.e., a single cutblock). This combined with regional variation in 
climate, hydrology, forest type, and changes in forest harvest practices 
contribute to ongoing uncertainty about the long-term impacts from 
forestry and the recovery of watersheds in North America.

Water temperature is one of the most commonly measured stream 
responses to forest harvest (reviewed by Moore et al., 2005; Moore and 
MacDonlad, 2024). Increases in solar radiation from riparian vegetation 
removal and altered hydrology (early spring peak flows, lower summer 
flows) due to clear-cuts and early forest regeneration are 
well-documented short-term responses to forest harvest that often 
contribute to warmer downstream temperatures. These downstream 
impacts on stream temperature can have subsequent impacts on inver-
tebrate and fish communities (Richardson and Béraud, 2014; Wilson 
et al., 2022). While the magnitude of forest harvest impacts on tem-
perature varies considerably, forest harvest generally warms daytime 
spring and summer stream temperatures across a broad range of 
catchment characteristics and harvest practices (Moore et al., 2005; 
Naman et al., 2024). In contrast, far less is understood about long-term 
thermal recovery trajectories, and what modulates them, as forests 
regenerate and hydrological processes recover decades after harvest. A 
limited number of studies have documented variable recovery times 
from a few to 20 + years and suggest that stream size and climate zone 
play a strong role in the time to recovery (Summers, 1982; Moore et al., 
2005; Leach et al., 2022) specifically, recovery is expected to be faster in 
narrower streams in warmer climates. Understanding longer term im-
pacts and recovery of stream thermal regimes will become increasingly 
important given ongoing landscape change from forest harvest as well as 
concurrent climate change impacts on hydrology.

Here we examine the impact and recovery of water temperatures to 
forestry over 28 years. We revisited four experimentally logged and two 
control headwater streams in the Baptiste watershed in interior British 
Columbia. The Baptiste headwater experiment was a part of the Stuart- 
Takla Fisheries-Forestry Interactions Project (1995–2009) (Macdonald 
et al., 1992) and consisted of a series of studies that ran from 1995 to 
2003. Our study builds on earlier work in this system that describes 
short-term impacts of forest harvest with different riparian management 
on stream temperature warming (Macdonald et al., 2003b) and changes 
in hydrology (Macdonald et al., 2003a). These studies found that there 
were immediate stream temperature responses but increases were 
gradual over 1–3 years post-harvest, due to windthrow events shading 
treatment streams (Macdonald et al., 2003b).

Additional unpublished stream temperature data were collected 
between 2004 and 2009 with data loggers that remained in the streams 
from the original study. We re-established a network of stream 

temperature monitoring sites in 2019 that replicated the original study 
design. Using unanalyzed stream temperature data from 2004 to 2009 
and data from our re-established network of stream temperature moni-
toring sites, we examined the short- and long-term impacts of forest 
harvest and the timeline of stream temperature recovery. Specifically, 
we studied the impact and recovery of water temperatures to four ri-
parian management treatments using a Before-After-Control-Impact 
(BACI) design. We examined the short- and long-term response and re-
covery of stream temperatures to forest harvest while accounting for air 
temperature. This approach provides insights into forest harvest impacts 
with respect to both absolute water temperatures and the correlation 
between air temperature and water temperature, also termed thermal 
sensitivity. Air temperature and solar radiation are correlated, therefore 
the correlation between air temperature and water temperature serves 
as a proxy for the effects of solar radiation on stream temperature 
(Johnson, 2003).

Our study provides new insights to both the short- and long-term 
responses of stream temperature to forest harvest and riparian man-
agement by examining thermal sensitivity via air temperature and water 
temperature relationships. We predicted: (1) stream temperatures 
would show the greatest response to forest harvest immediately after 
harvest but would decrease with time as riparian vegetation regrows and 
shades the stream from solar radiation; (2) stream temperature re-
sponses to and recovery from forest harvest would vary by season due to 
seasonal variation in solar radiation and surface water to groundwater 
ratios; and (3) both absolute stream temperature and thermal sensitivity 
would respond more strongly to forest harvest at sites with less riparian 
protection.

2. Methods

2.1. Study system

The Baptiste watershed is located in the Hogem Range of the Omi-
neca Mountains in British Columbia (Fig. 1). The study portion of the 
watershed consisted of six headwater streams (Table 1) with watershed 
areas that range from 18 ha to 313 ha. The watersheds are in the Sub- 
Boreal Spruce biogeoclimatic zone in the Fraser River Basin. The ri-
parian tree species present in the watershed are hybrid white x Engel-
mann spruce (Picea gluaca x engelmanni) and subalpine fir (Abies 
lasiocarpa), with some black cottonwood (Populus balsamifera spp. tri-
chocarpa), alders (Alnus spp.), willows (Salix spp.), red-osier dogwood 
(Cornus stolonifera), black twinberry (Lonicera involucrata), devil’s club 
(Oplopanax horridus), and Rubus spp. Fish are absent in all study sections 
but rainbow trout (Onchorynchus mykiss) have been observed in the 
lower reaches. The Baptiste hydrograph is dominated by snowmelt in 
the spring and ground water in the summer months (Story et al., 2003).

The Baptiste headwater experiment was established in July of 1995 
when pre-harvest data collection began. The project consisted of 
intensive studies involving a wide range of ecosystem components 
(water and groundwater temperature, flow, nutrients, water chemistry 
and sediment, and macroinvertebrates) were conducted between 1995 
and 2003 (Cunningham et al., 2023). Temperature data were collected 
between 1995 and 2009 from the original study and then from 2019 to 
2023. Details about the Stuart-Takla Fish-Forestry Interaction Project 
can be found in Macdonald et al. (1992), Macdonald (1994), MacIsaac 
(2003) and Cunningham et al. (2023).

2.2. Experimental design

The original project used a multi-year BACI design to evaluate the 
effects of forest harvest practices on the headwater stream temperatures 
in the Baptiste watershed (Table 1). This included comparing sites that 
had been exposed to forest harvest to unharvested sites, before and after 
forest harvest. More specifically, the spatial design (Control-Impact) 
included four sites (B1, B2, B3, B5) located downstream of clear cut 
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logging with different riparian management treatments, each applied to 
a single stream (Fig. 1), upstream control sites (B3HI and B5UP) on each 
of the treatment steams as well as two unharvested control streams (B4 
and B6). We diverged from the original study design that would have 
paired upstream controls sites with downstream treatment sites as some 
upstream control sites were often dewatered. Using the original study 
design would have limited the number of paired water temperatures 
observations in the time series. Instead, we selected control-treatment 
pairs based on the relationship between treatment sites and the two 
control streams and one upstream control site (B4, B5UP and B6) using 

pre-harvest data. We examined the linear relationship between control 
and treatment data and used three criteria to assess the most suitable 
control for a given treatment site: (1) intercept closest to zero; (2) slopes 
closest to 1; and (3) the highest R2 value. (Figure S1, Table S1). There 
was generally convergence across these performance metrics. We 
selected the following treatment-control pairs (B1 30 m low retention – 
B6 control stream; B2 patch retention – B4 control stream; B3 20 m high 
retention – B4 control stream; B5 20 m low retention – B5UP upstream 
control site) (Table 1).

The temporal component of this study (Before-After) spanned 28 

Fig. 1. Map of (A) study streams, sites, harvest cutblocks (hatched area) and roads (dashed lines). Temperature logger locations are coloured circles, and canopy 
density measurement locations are coloured open triangles. Insets (B) is the Baptiste watershed in grey and study streams in colour, and (C) shows the location of the 
Baptiste watershed in British Columbia (grey star).
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years and included a 16 month pre-harvest period (July 1995-October 
1996), followed by a 13-year short-term post-harvest period (April 
1997-September 2009), and a 4 year long-term post-harvest period 
(August 2019-August 2023). Short and long-term post-harvest periods 
were defined by the break in data collection (October 2009-July 2019) 
between the initial project and re-initiation and provided a convenient 
way to refer to the different periods of data collection.

The four riparian management treatments consisted of (1) low 
retention (high riparian harvest) where all merchantable trees > 15 cm 
(pine) and > 20 cm (spruce) diameter at breast height (DBH) were 
harvested; (2) high retention (low riparian harvest) where all merchant-
able trees > 30 cm DBH were harvested; and (3) patch retention where 
the upper 40 % of the riparian vegetation was completely removed and 
the high retention buffer was applied to the lower 60 % of the riparian. 
Two buffer widths (30 m and 20 m) were evaluated with the low 
retention buffer. Clear cut harvesting was applied to the portions of the 
cut blocks outside the designated riparian buffer. Therefore, riparian 
treatments ranged from the most protective 30 m buffer with high 
retention harvest, to 30 m buffer with low retention harvest, to 20 m 
buffer with low retention harvest, and to patch retention, the least 
protective riparian management treatment. The extent of each water-
shed harvested ranged from 6 % to 89 %. All cut blocks were replanted 
1–2 years post-harvest but there was no planting in the riparian zones. 
There has been no additional harvest in either of the control streams or 
upstream of the upstream control sites. Riparian management treat-
ments applied in this experiment were more protective than contem-
porary riparian management practice in British Columbia as described 
in Kuglerová et al. (2020), and therefore our estimates of the effects of 
forest harvest are conservative.

2.3. Data collection

2.3.1. Riparian canopy closure
To examine annual changes in riparian canopy we used a convex 

densiometer to estimate canopy closure at four sites from 1997 to 2009 
and in 2023. Measurements were taken at breast height at North, East, 
South, West bearings during times of the year when foliage was present. 
In most years riparian canopy closure was measured multiple times a 
year during the “leaf on” period (June to Early October), however the 
2023 measurements were taken only once during August. Repeated 
measurements during a year were summarized into annual “leaf on” 
means and the associated standard deviation.

2.3.2. Water temperature
Continuous water temperature data used in this study were collected 

from temperature loggers installed at the seven study sites. During the 
original water temperature study, loggers were installed in streams and 
removed at different times throughout the study period (Cunningham 
et al., 2023). Long-term post-harvest data were not collected for B1 and 
B2 due to dry channels during the summer months. In the original study, 
loggers were secured to the bank with cable and taped to rocks that were 
placed logger side down without radiation shields. In the current study, 
loggers with radiation shields were attached to rebar installed in the 
streambed in deeper sections (e.g., thalweg) of the streams where water 

was well mixed. Loggers were installed as close as possible to the orig-
inal study sites using coordinates and visual cues (e.g., presence of old 
infrastructure) (Cunningham et al., 2023). We estimated distances be-
tween the original and current site locations to be less than 10 m.

Water temperature (Tw) data were recorded hourly using Vemco 
Minilogs 1995–2009 (accuracy ± 0.2◦C) and from 2019 to 2020 using 
HOBO pendants (accuracy ± 0.5◦C) and UTB-001 2020–2023 (accuracy 
± 0.2◦C). Daily mean water temperatures were calculated and used in 
our analyses. Although using daily means removed information about 
the effects of forest harvest on diurnal temperature changes, it matched 
the available air temperature data required for thermal sensitivity an-
alyses. Water temperature from control (control streams or upstream 
control sites) and treatment sites were used to calculate water temper-
ature differences (ΔTw = treatment - control). A positive ΔTw indicated 
warmer water temperatures in the sites downstream of harvest 
compared to the controls (upstream control sites or control streams).

Erroneous data (e.g., when loggers were dewatered and recording air 
temperature, or logger errors) were identified by visualizing data and 
comparing stream temperature profiles to air temperature profiles. We 
removed data for periods when Tw resembled air temperature. In addi-
tion, we removed data where the daily variance (using hourly data) 
exceeded 2◦C, Tw was above 15◦C, and/or where the daily stream tem-
perature range exceeded 5◦C, as these values all indicate dewatered 
loggers in these cool, headwater streams. We also treated Tw readings 
below 0◦C as 0◦C. Removed data were not interpolated, as they indi-
cated a lack of water and days with missing data were not used in further 
analyses. Loggers were checked for accuracy by comparing hourly water 
temperature values from the data loggers to water temperatures 
measured using a YSI multimeter during field visits; the mean difference 
was 0.1◦C and did not exceed 0.2◦C.

2.3.3. Air temperature
Air temperature (Ta) data for Fort St. James was downloaded from 

ECCC (https://climate.weather.gc.ca/historical_data/search_hist 
oric_data_e.html). We joined data from two climate stations (historic - 
and recent Climate ID: 1092975) to form a continuous daily air tem-
perature dataset from 1995 to 2023. The historic climate station re-
ported daily mean air temperatures from 1895 to 2019 (Climate ID: 
1092970; 691 m elevation, N 54.455280, W-124.285556) and the 
recent climate station reported hourly data from 2013 to present 
(Climate ID:1092975, 688 m elevation, N54.455292, W-124.285557). 
The relationship between the recent and historic sites was strong for the 
period of overlapping data (overlap years: 2013–2019; R2=0.94, inter-
cept = 0.048; slope = 0.995) and supported joining the two time series. 
These two sites were selected over multiple other meteorological sta-
tions due to their nearly continuous time series and proximity to the 
Baptiste watershed (~80 km Euclidean distance). Further, Mohseni 
et al. (1999) show that distances between air temperature and water 
temperature stations of 2–244 km did not significantly affect the 
air-water temperature relationship using weekly data. We used the daily 
means for air temperature data between 1995 and 2023. We also used 
precipitation data from the DFO Middle River camp meteorological 
station (1991–2009) to provide a description of the precipitation pat-
terns near the watershed.

Table 1 
Summary of Baptiste site characteristics, forest harvest, and riparian buffer treatments for spatial comparators.

Stream Average bankfull 
width (m)

Watershed size 
(ha)

% Watershed 
harvested

Stream 
gradient 
(degrees)

Elevation 
(m)

Aspect Riparian buffer 
treatment

Control 
site

Canopy density 
site

B1 2.8 313 6 11 980 W 30 m high-retention B6 
B2 1.0 18 89 12 980 NW Patch retention B4 
B3 0.6 43 38 26 980 NW 20 m high-retention B4 B3
B4 0.9 48 0 30 980 NW Control NA B4
B5 1.4 150 40 7 980 N 20 m low-retention B5UP B5LO, B5UP
B6 3.2 210 0 5 900 NW Control NA 
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2.4. Data analysis

Linear regression models were used to estimate how water temper-
atures in headwater streams responded to forest harvest and riparian 
management treatments before, after, and 23 + -years post-harvest. We 
related regional air temperature to the difference in water temperatures 
between control and treatment sites. This empirical approach of relating 
air temperature and water has been widely used to understand and 
predict stream temperature (e.g., Mohseni and Stefan, 1999; Moore 
et al., 2013; Luce et al., 2014; Isaak et al., 2017). Relating air temper-
ature to water temperature capitalizes on their correlated response to 
solar radiation, however there are other processes that can confound this 
relationship (reviewed in Mohseni and Stefan, 1999). For example, in-
crease cloud cover or smoke from wildfires could alter fluxes of short 
and longwave radiation contributing to stream energy budgets 
(McKendry et al., 2019; Leach et al., 2023), at a given air temperature, 
thus altering the correlation between air temperature and water tem-
perature. Given the small size and close proximity of study watersheds, 
we assume the impact of potential confounding effects are small relative 
to the strong contrast in the amount of riparian vegetation and canopy 
closure among treatments. In headwater streams where riparian vege-
tation is removed, solar radiation can increase water temperatures 
compared to streams with unharvested riparian zones. Our application 
of this approach focuses on how regional air temperature (a proxy for 
regional solar radiation inputs) is filtered differently through the 
different riparian cover conditions resulting from forest harvest.

Water temperature response, ΔTw, was calculated by subtracting the 
daily mean water temperature for the control site from the treatment 
site. Calculating treatment minus control values has been shown to be a 
more statistically powerful approach in BACI studies than using the raw 
treatment site data as a response (Smokorowski and Randall, 2017). 
Daily mean regional Ta, from Fort St James was used as the explanatory 
variable. Air temperature-water temperature correlations decouple 
during cooler months (November to April in our study system) due to 
sub-zero air temperatures, therefore the cooler months were not 
considered in our analyses. Daily ΔTw data were not independent, 
therefore we included a moving average parameter to address auto-
correlation (Som et al., 2012). Models relating daily mean air temper-
ature to the daily difference between control and treatment 
temperatures ΔTw for each site i, month j, year k combination was as 
follows: 

ΔTwt = αijk + bijkTat + εt +ϴijkεt− 1 (1) 

Where, ΔTw is the daily mean water temperature difference between the 
control and treatment site (treatment minus control), Ta is the daily 
mean regional air temperature, α is the intercept, b is the slope for the 
relationship between Ta and ΔTw, θ is a moving average parameter that 
describes the effect of the residual error from the previous time step on 
ΔTw and ε is the residual error which is assumed to follow a normal 
distribution. We constructed models for each control-treatment site pair, 
month and year combination resulting in 353 models each based on 
between 10 and 31 days of data.

Daily mean air temperature data were centered by subtracting the 
monthly mean air temperatures across all years (Schielzeth, 2010). 

XCenteredijk = Xijk − μj (2) 

Where; XCentered is the daily air temperature data for day i, month j and 
year k, and the mean air temperature for month j. Therefore, the inter-
cept from Eq. (1) was interpreted as the mean ΔTw given the mean 
monthly Ta across all years This allowed for the comparisons of monthly 
intercepts among sites and years. In other words, for each month, a 
positive intercept was interpreted as a warming effect of forest harvest 
on ΔTw when the regional Ta was at the mean across years. More positive 
slopes were interpreted as an increase in the effects of forest harvest on 
thermal sensitivity. This means that Tw at the treatment site would 

increase more following a 1◦C increase in Ta relative to the control site. 
Rather than test for differences among riparian treatments and different 
periods (pre-harvest, short-term post-harvest, long-term post-harvest) 
we plotted the intercepts and slopes to show the effects of riparian 
treatment and the dynamics in these response metrics through time. This 
provided a more comprehensive illustration of how the impact-recovery 
relationships vary among seasons and over the 29-year time span.

To assess the sensitivity of our results to our analytical approach we 
also conducted a conventional paired watershed analysis that used the 
pre-treatment data to predict post-treatment temperatures in both the 
control and treatment sites (e.g., Gomi et al., 2006; Neary, 2016). These 
predictions are then compared to the observed data and significant de-
viations between predicted and observed data suggest a treatment effect. 
This statistical approach assumes climate effects are consistent for the 
duration of the study, which may be a reasonable assumption for 
short-term studies, but problematic for longer-term studies. In contrast, 
our approach relaxed this assumption by incorporating air temperature 
throughout the study period. We found the conventional paired water-
shed analysis produced qualitatively similar results to the approach used 
in this study.

2.5. Seasonal response to forest harvest

We examined seasonal shifts in the effect of forest harvest on stream 
temperatures by calculating the mean ΔTw and Ta for each month j and 
year k within each of the study periods (pre-harvest, short-term post- 
harvest, long-term post-harvest). We plotted the ΔTw against the 
monthly mean Ta for the same time periods. For this analysis we 
examined all months of the year. We interpreted plots showing different 
ΔTw at similar Ta as demonstrating hysteresis such that forest harvest 
effects vary due to season. The direction and size of the differences were 
used to infer seasonal patterns (Northrop and Ballif, 2021; Miralha et al., 
2023). For example, clockwise loops indicated a larger effect of forestry 
for a given air earlier in the year compared to later in the year.

3. Results

Annual Tw for the study sites ranged from 2.3◦C to 4.1◦C (Table S2). 
Maximum daily mean Tw ranged from 11.2◦C to 12.5◦C (1996–2002) 
(Table S2) and typically occurred during the end of July or early August 
(Figure S2E-F); this coincided with the timing of maximum summer Ta 
(Figure S2 C-D). Most precipitation falls as snow during the winter and 
rainfall is low throughout the year peaking in April and October (Mean 
April=23 mm; mean October=23 mm for 1991–2009) with very few 
large rain events during the summer (Figure S2 A-B). The annual April to 
November precipitation averaged 93 mm over the years 1991–2009. 
Groundwater temperatures tended to peak later in the year than surface 
water temperatures (Figure S2 G-H). Water temperatures were zero for 
most days between November and April and typically began to increase 
in early April with the onset of snow melt and spring freshet.

The maximum differences in ΔTw were lowest during the pre-harvest 
period (B1 =0.67◦C, B2 =0.55◦C, B3 =0.43◦C, B5 =0.77◦C), highest 
during the short-term post-harvest period (B1 =1.8◦C, B2 =4.55◦C, 
B3 =2.45◦C, B5 =2.6◦C), and intermediate during the long-term post- 
harvest period for B3 and B5 (B3 =1.41◦C, B5 =1.36◦C) (Fig. 2 A-D). 
The mean of daily Ta for July and August increased over the study period 
by 0.07◦C per year (R2=0.26, year coef.=0.07, S.E.=0.168, p-val-
ue<0.001) (mean of daily Ta for July and August: Pre-harvest=14.15◦C; 
short-term post-harvest=14.9◦C; long-term post-harvest=16.05◦C) 
(Fig. 2E).

3.1. Riparian canopy closure

Riparian canopy closure was affected by forest harvest treatments. In 
the year following harvest (1997), forest canopy closure reflected forest 
harvest treatments such that it was highest in the control stream (B4) 
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and upstream control site (B5UP), lower in the high retention site (B3) 
and lowest in the low retention site (B5) (Fig. 3). Windthrow events in 
1997, 1998, 1999 in two treatment sites further reduced canopy closure 
to from 0.36 to 0.07 (1999) and 0.14–0.03 (2001) in B3 and B5LO, 
respectively. Site B4 also experienced a significant windthrow event in 
2003. This reduction in canopy closure from windthrow reduced the 
differences in canopy closure between the low and high retention 
treatments in B3 and B5, but may have increased cover directly over 
sections the streams as some trees fell across the channel. By 2023, the 
riparian canopy closure of two treatment sites (B3 and B5LO) returned 
to levels similar to the unharvested site B5UP and pre-windthrow levels 
in B4. In all cases windthrown trees were not disturbed and left in place.

3.2. Responses to forest harvest

There were marked increases in ΔTw and thermal sensitivity (i.e., the 
slope between Ta and ΔTw) in the first year following harvest in all 
treatment sites except in the site with the most protective riparian 
management treatment (B1). For June, July and August, water tem-
peratures in sites exposed to forest harvest were elevated for the dura-
tion of the short-term post-harvest period (Fig. 4; Sites B2, B3, B5). A 
similar trend was observed for May, but intercept values were more 
variable. The mean Tw for May, June, and July were between 2 and 3 
degrees higher in the treatment site than in the control. These short-term 
post-harvest ΔTw were substantially higher when compared to the pre- 
harvest period where differences in water temperature were near zero 
or sometimes negative.

There was a strong seasonal component to the effects of forest har-
vest on water temperature. Prior to harvest, ΔTw were minimal across 
the seasons. However, in the more severe harvest treatments, harvest 
induced large seasonal increases in Tw in the treatment sites when 
compared to the control sites. Specifically, forest harvest had the 
greatest warming effect on daily mean ΔTw in treatment sites during 
May, June and July (Figs. 4 and 5). During the short-term post-harvest 
period, estimated intercepts from the linear models were highest for 

Fig. 2. Time series of the difference in water temperature between treatment 
and control sites (treatment minus control) for 4 treatment streams and pairs of 
control sites (A-D). The vertical dashed line indicates when harvest occurred. 
Plot E shows the daily mean air temperature at Fort St. James.

Fig. 3. Plots of the proportion of canopy closure during the “leaf on” period by site and year for 1997–2009 and 2023. Bars are the mean values for all stations within 
the treatment or control site and vertical lines represent ± 2 standard deviations. Missing data are indicated by no bars and bars with no vertical lines indicate canopy 
closure was only one measure during one sample date or there was no variation in multiple measures (i.e., standard deviation=0). Significant windthrow events 
(indicated by the red triangles) occurred in 1997, 1998, 1999 in B3 (20 m buffer high retention treatment) and in 2003 in B4 (unharvested control stream) that 
dramatically reduced the canopy cover to similar levels that were observed in B5 (20 m buffer low retention).
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these months for 3 of the 4 riparian treatments (Fig. 4; Table S3), with 
the greatest warming effect estimated for June for all three sites (max 
intercept: B1 =0.2,◦C, B2 =3.1◦C, B3 =1.8◦C, B5 =2.6◦C). Positive in-
tercepts indicate an increase in Tw at the treatment site relative to the 
control when the daily Ta is at the mean for that month over the 
timeseries (i.e., centered Ta is equal to zero). During the pre-harvest 
period the mean of May, June, July intercepts for all sites were 
− 0.1◦C and ranged from − 0.8◦C to 0.2◦C.

Thermal sensitivities showed a similar increase immediately post- 
harvest and were consistently higher for the short-term post-harvest 
period (Fig. 6). However, thermal sensitivities were more variable 
among years than the intercepts. For example, there were 2 years where 
thermal sensitivities were consistently low among all treatment sites 
(2000 and 2002); each year was followed by some of the highest slopes 
in the timeseries (Fig. 6).

Thermal sensitivity varied by season in all treatment sites except B1; 
sites exposed to forest harvest warmed more for a given air temperature 
in the spring compared to autumn (i.e., clockwise loop shifting up the y- 
axis) (Fig. 5). For example, short-term post-harvest air temperatures 
were similar for June (13.4◦C) and August (14.9◦C) yet we observed ΔTw 
in June to be 1.6◦C higher than in August in the patch retention site B2. 

This seasonal hysteresis pattern (i.e., loop shifting up the y-axis) indi-
cated that the effect of forest harvest was 3 times greater in June 
compared to August. The largest seasonal variation in thermal sensi-
tivity was observed in the stream where the least protective patch 
retention treatment was applied (B2).

The warming effect due to forest harvest declined from mid-summer 
into the autumn months (Fig. 4) whereby the intercepts across all sites 
during the short-term harvest period for October ranged from − 0.6◦C to 
0.5◦C (Table S3). There was little to no seasonal effect of forest harvest 
on daily mean Tw for the most protective riparian treatment (B1 – 30 m 
buffer high retention) (May-July intercepts: mean=-0.16◦C, range=- 
0.6◦C – 0.7◦C; August-October: mean= 0.1◦C, range= − 0.2◦C – 0.5◦C) 
(Table S3).

Forest harvest increased the thermal sensitivity of headwater 
streams, particularly during May and June (Fig. 6). For example, the 
mean slope between Ta and ΔTw for the patch retention site during the 
short-term post-harvest period in May was 0.2◦C◦C− 1 (range=0.1◦C◦C− 1 

- 0.3◦C◦C− 1) (Table S3). This indicated that a 1◦C increase in Ta corre-
sponded to, on average, a 0.2◦C larger Tw increase in the treatment site 
relative to the control during the short-term post-harvest period. The 
effect of forest harvest on thermal sensitivity in May was intermediate 

Fig. 4. Plot of intercepts from regression models by year, month, and riparian treatment between May and October and 1995 and 2023 (A-F). Intercepts represent the 
effect of forestry on the influence of air temperature – at its average for the month – on the mean difference in water temperature between the control and treatment. 
Vertical dashed line indicates when harvest occurred.
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for the low retention sites (B3: mean=0.1◦C◦C− 1, range=0.0◦C◦C− 1 - 
0.2◦C◦C− 1; B5: mean=0.1◦C◦C− 1, range=0.0◦C◦C− 1 - 0.2◦C◦C− 1) 
(Table S3), and no detectable change in the high retention site (B1: mean 
and range =0.0◦C◦C− 1).

The effect of forest harvest on thermal sensitivities declined from 
May to mid-summer for all 3 sites with some negative slopes during July, 
August and September. Negative slopes could occur when increasing Ta 
(i.e., increasing solar radiation) leads to a decline in Tw and would 
indicate downstream cooling when comparing temperature differences 
between treatment and control sites. In contrast, the mean slope for the 
30 m buffer high retention site during the short-term post-harvest period 
continued to be unaffected by forest harvest (B1: mean=0.0◦C◦C− 1 for 
all months May to October) (Fig. 5; Table S3).

3.3. Recovery trajectories

Water temperature differences between control and treatment and 
thermal sensitivity appeared to be recovering two decades post-harvest. 
During the long-term post-harvest period, temperature differences be-
tween treatment and control sites approached pre-harvest levels for both 
treatment sites, B3 and B5, for most months (May to October Fig. 4; June 
Fig. 7; Table S3). Thermal sensitivities appear to be similar to pre- 
harvest levels (Fig. 6).

The trajectory of forest harvest impacts on water temperature fol-
lowed a consistent pattern of impact and partial recovery over the 28 
years of the study. Specifically, for sites B3 (20 m high retention) and B5 
(20 m low retention), the initial impact of harvest on June temperatures 
was rapid. The initial impact increased the first few years to the 
maximum ΔTw observed 3- and 6-years post-harvest for B3 and B5, 
respectively. This is followed by a general decline in the impact but at a 
much slower rate per year than the ascending portion of the impact 
curve, although a significant portion of the decline in impact is 

interpolated. Finally, the latter portion of the dataset suggests ΔTw is 
near the pre-harvest ΔTw.

4. Discussion

Collectively, results from this study provide rare insight into long- 
term impact and recovery trajectories of stream temperatures 
following forest harvest in different riparian management treatments. 
The long-term BACI experiment with varying harvest treatments 
revealed that stream temperatures responded rapidly to forest harvest in 
streams with less protective riparian management treatments and that 
impacts in these streams may have persisted for over 20 years. Following 
harvest, headwater stream temperatures warmed, thermal sensitivity 
increased, and the seasonality of stream temperatures shifted. This 
suggests that in the first decade post-harvest, streams were more sensi-
tive to solar radiation in the spring and early summer and are warming 
earlier and for longer during the year. These initial impacts are broadly 
consistent with prior studies (e.g., Moore et al., 2005; Naman et al., 
2024) and expand observations from a previous study in this watershed 
(Macdonald et al., 2003b). Following the initial impact period to 
23-years post-harvest, impacted temperature metrics recovered toward 
pre-harvest levels.

Both immediate and long-term temperature impacts varied season-
ally. Thermal sensitivity or the influence of solar radiation on water 
temperatures was highest in May – June during spring freshet and prior 
to “leaf on” period (June to early October), then declined into the 
autumn months. Increases in maximum summer temperatures can have 
large negative effects on fish and other organisms, thus are often the 
focus of stream temperature studies (Becker and Genoway, 1979; 
Richter and Kolmes, 2005; Bonacina et al., 2023). However, increases in 
stream temperatures during other times of the year may lead to sub-
stantial shifts in the timing of key life history events and ecological 

Fig. 5. Plot of monthly mean Fort St. James air temperature and monthly mean ΔTw by harvest periods for the 4 treatment streams (A-D). Positive ΔTw values 
indicate warming of treatment sites. Numbers next to points indicate month. The presence of loops indicates a seasonal hysteresis pattern in the relationship between 
air temperature and effect of harvest on water temperatures. Arrows show the clockwise direction of the loops which show a larger effect of harvest earlier in the year 
compared to later in the year.

D.C. Braun et al.                                                                                                                                                                                                                                Forest Ecology and Management 585 (2025) 122613 

8 



windows (Armstrong et al., 2021). Seasonal variation in the effects of 
forest harvest on stream temperature (Holtby, 1988) could lead to 
mismatch between different ecological and phenological processes such 
as changes in incubation rates, migration and emergence timing, and 
growth rates of fish.

Several mechanisms could explain the seasonal effect of forestry on 
stream temperatures. First, forest harvest increased solar radiation 
reaching the stream (Beschta, 1997; Groom et al., 2011). Harvest effects 
on solar radiation would be most pronounced prior to the leaf on period 
(May-June) and after leaves had fallen in October. Yet, while we 
observed similar thermal sensitivities between May and October during 
the pre-harvest period, thermal sensitivity values increased during 
May-June post-harvest while remaining low in October. Although 
increased solar radiation is likely the main mechanism responsible for 
the higher correlations between air temperature and water temperature 
it is insufficient to fully explain the seasonal patterns and hysteresis we 
observed (Janisch et al., 2012).

An additional mechanism that could help explain the lack of corre-
lation between Ta and ΔTw in July and August is change in the ratio of 
surface water to groundwater. Air temperature slopes were often near 
zero and sometimes negative in July and August, indicating that the 

effect of higher solar radiation in treatment sites compared to control 
sites during these months may be countered by higher ratios of 
groundwater (Caissie, 2006). The stabilizing effect of groundwater on 
stream temperatures could decouple the correlation between Ta and ΔTw 
observed in other months when the contribution of surface water to 
stream flow is likely higher. This lack of stream temperature response to 
forest harvest has been observed in other systems where streams 
partially or full dried during the summer months (Janisch et al., 2012; 
Leach et al., 2022).

Previous studies have found Tw to be related to flow patterns (Janisch 
et al., 2012; Ulaski et al., 2023), whereby higher flows dominated by 
warm surface water overwhelmed the cooling effect of groundwater 
(Story et al., 2003). In the Baptiste watershed, Story et al. (2003) showed 
that stream temperatures declined when surface water was reduced and 
groundwater was the dominant source of stream water. A shift in the 
relative contribution of surface water to groundwater during the dry 
summer period could explain the low and sometimes negative thermal 
sensitivity values observed in July and August in this study (Webb et al., 
2008; Moore et al., 2023). Furthermore, the variability in thermal 
sensitivity values were highest for these two months suggesting a strong 
annual effect of climate conditions that influence the ratio of surface 

Fig. 6. Plot of slopes from regression models by year, month, and riparian treatment between May and October and 1995 and 2023 (A-F). Standardized slopes 
represent the effect of forestry on thermal sensitivity (i.e., the response of water temperature to a 1◦C increase in air temperature). Vertical dashed line indicates 
when harvest occurred.
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water to groundwater hydrology (e.g., snowpack and summer rainfall). 
We observed low flows and dry sections in streams during our site visits, 
suggesting a reduction in baseflow that may be related to higher water 
demands from forest regeneration (Gronsdahl et al., 2019). However, 
this interpretation is speculative given data on flow and groundwater 
were not available. More process-based studies are needed to better 
understand the role of surface-groundwater interactions in modulating 
forest harvest impacts and recovery trajectories.

The effects of forest harvest on stream temperatures observed in this 
study and in others should be considered in the larger context of climate 
change impacts on watershed hydrology. Climate impacts that act on 
stream hydrology by reducing surface water could show similarly low 
thermal sensitivity values, such that water temperatures appear to be 
insensitive to solar radiation and to a lesser degree high air tempera-
tures. Low thermal sensitivity values during the summer months may 
indicate groundwater is buffering streams from the effects of solar ra-
diation. However, if the relative contribution of surface water to stream 
flow continues to decrease (increasing the relative contribution of 
groundwater) (e.g., Moore et al., 2023), the risk of extreme low flows or 
dewatering would increase. In fact, we suggest that low thermal sensi-
tivity values could be used as potential flags for low surface water inputs 
potentially increasing the risk of streams dewatering. The buffering 
potential of groundwater requires a more fulsome analysis of the 
interacting effects of hydrology, solar radiation, and air temperature on 
stream temperatures. We suggest research in this area focuses on 
developing a framework for assessing the risk of streams to climate 
change that considers thermal sensitivity across seasons in addition to 

absolute changes in peak water temperature metrics.
Another key result from this study was the effect of riparian man-

agement, which appeared to strongly modulate the magnitude of tem-
perature responses. The least protective riparian management treatment 
(patch-retention) had the greatest increase in temperature, thermal 
sensitivity, and change in seasonality. In contrast, the most protective 
treatment (30 m buffer high-retention) showed minimal changes in all 
regression parameters (i.e., intercepts and slopes). This adds to a large 
body of evidence that adequate riparian management areas can be 
effective at reducing impacts of forest harvest on stream ecosystems 
(Richardson and Béraud, 2014; Jyväsjärvi et al., 2020) and more spe-
cifically stream thermal regimes (Moore et al., 2005; Gomi et al., 2006; 
Groom et al., 2011; Bladon et al., 2016). For example, Groom et al. 
(2011) and Bladon et al. (2016) both found that contemporary riparian 
management areas used in Oregon state forests led to no detectable 
changes in stream temperatures after forest harvest. However, it is 
important to note that while the direct impacts of forest harvest (i.e., 
increased solar radiation) may be mitigated by sufficient riparian 
management areas, smaller and lower retention riparian buffers are 
likely insufficient to minimize the impacts of forest harvest on stream 
temperatures. Rex et al. (2012) showed that the use of a 5 m variable 
retention buffer led to significant effects of forest harvest on stream 
temperatures. Furthermore, other forest harvest related impacts could 
indirectly affect stream temperatures and ecosystems through changes 
in hydrology (Janisch et al., 2012; Gronsdahl et al., 2019; Leach et al., 
2022; Moore et al., 2023). Indeed, dry periods in the summer were 
observed in all streams exposed to forest harvest and in some cases 
prevented adequate temperature monitoring during the recovery period. 
The lack of long-term hydrology data prevents further evaluation of the 
impacts of forest harvest on flow levels in this headwater system.

Recovery of stream temperature from forest harvest is highly vari-
able in western North America, ranging from a few years (Gomi et al., 
2006) to decades (Johnson and Jones, 2000; Miller et al., 2017), 
reviewed in Moore et al. (2005). Variation in forest harvest practices, 
riparian buffers, forest type, and climate contribute to variability in the 
magnitude of the short-term temperature response to forest harvest and 
the number of years to recover to pre-harvest temperatures. For 
example, the use of different riparian buffers widths can result in 
different recovery times (Gomi et al., 2006). In a New Zealand study, 
stream size mediated thermal regime recovery times, whereby larger 
streams took longer to recover than smaller streams (Quinn and 
Wright-stow, 2008). Furthermore, it has been hypothesized that stream 
temperatures in harvested watersheds in northern and interior forests of 
British Columbia will take longer to recover to pre-harvest temperatures 
due to slower tree growth than in watersheds in more southern and 
coastal forest (Macdonald et al., 2003b; Rex et al., 2012). The recovery 
trajectory indicated by our analysis is consistent with this hypothesis. 
Recovery of water temperature in the Baptiste system appears to be 
substantially longer than the 10 years reported for many of the studies 
included in Moore et al. (2005), despite the return to near baseline ri-
parian canopy cover levels observed earlier in the study.

There have been substantial efforts to mitigate the impacts of forest 
harvest, such as the development and study of riparian buffers around 
streams (Richardson et al., 2012); however, their efficacy and applica-
tion often falls short of meeting their objective (Harding et al., 1998; 
Kuglerova et al., 2023). For example, in British Columbia there are no 
riparian reserves (i.e., no harvest zones) for small headwater streams 
(Kuglerova et al., 2020; Tschaplinski and Pike, 2017; BC Ministry of 
Forests, 1995) leaving larger downstream reaches vulnerable to 
increased warming as water travels through reaches with cleared ri-
parian zones (Roon et al., 2021). Furthermore, riparian buffers can 
experience windthrow, reducing their effectiveness (Grizzel and Wolff, 
1998). Windthrow events occurred at two of our study streams, one of 
which was a control site. Recognizing the limitations of our study, our 
results suggest that riparian buffers that are wider, longer, and retain a 
greater proportion of trees provide greater protection of stream 

Fig. 7. Plot of intercepts from June regression models by year for (A) B3 and 
(B) B5 between 1996 and 2023. A LOWESS line is fit to the data to visualize the 
impact-recovery trajectory. The shaded area represents 1 standard deviation 
around the mean. Air temperature data are centered on the monthly mean for 
the time series so intercepts are comparable among years. The horizontal 
dashed line indicates the pre-harvest average ΔTw (treatment minus control) for 
the average air temperature for June.
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temperatures from forest harvest relative to buffers that are narrower, 
shorter, and selectively harvested. Thermal sensitivity was also greater 
in harvested reaches with weaker riparian protections, meaning that 
stream reaches exposed to insufficient riparian protections may be 
disproportionately impacted by solar radiation and in part warming air 
temperatures associated with climate change. Thus, adequately sized 
and properly functioning riparian zones may act to buffer from the cu-
mulative impacts of forestry and climate change.

Most studies of impacts of forest harvest on stream temperature tend 
to focus on summer temperatures that typically peak during July and 
August in western North America (Moore et al., 2005; Moore and 
MacDonlad, 2024; Naman et al., 2024). For example, in British 
Columbia, provincial water quality guidelines focus on maintaining 
mean weekly maximum temperatures below 18◦C to protect fish (British 
Columbia Ministry of Environment and Climate Change Strategy, 2006). 
This however, ignores other potentially thermally sensitive times of year 
that may be important to fish and other organisms. To address this peak 
temperature bias, we assessed the effects of forest harvest on stream 
temperature across the growing season (i.e., when stream temperatures 
>1◦C). We observed seasonal changes in the effects of forest harvest 
suggesting that the largest impacts on thermal sensitivity and the mean 
temperature were during May and June, which tend to be on the 
shoulder of the summer high temperatures. Miralha et al. (2024) also 
found strong seasonal variation in temperature responses to forest har-
vest in 18 headwater catchments in northern California. Although the 
largest responses were observed at different times of the year compared 
to our study, seasonal variation appears to be an important component 
to consider when assessing forestry impacts on stream temperature 
(Moore and MacDonlad, 2024). Our results suggest that focusing on 
peak summer temperatures would ignore the larger temperature effects 
from forest harvest in the Baptiste system, potentially underrepresenting 
the full scale of impacts from forest harvest on headwater stream ther-
mal regimes. We suggest managers should consider how changes in land 
use can affect stream thermal regimes during the most thermally sen-
sitive times of year, in addition to the timing and magnitude of peak 
temperatures

5. Conclusions

To understand the total impact of a given land use activity, the 
current state of each altered patch as it moves through the impact- 
recovery trajectory needs to be estimated. This study directly quan-
tifies the impact-recovery of water temperatures through seasons and 
across a 23-year period post-harvest and is a first step in better quanti-
fying the cumulative effects. Our results suggested a rapid response of 
stream temperature to forest harvest that was greatest with the least 
protective riparian management. We also found strong seasonal effects 
of harvest on stream temperature where the correlation between stream 
temperature and air temperature were strongest during the late spring. 
Stream temperatures from a single harvest event appear to be recovering 
23-years post-harvest. By characterizing this impact-recovery trajectory 
one could estimate the cumulative effects of a mosaic of land use activity 
on a watershed (Coble et al., 2020; Reid, 1993). For example, the results 
from this study (Fig. 7) could be applied to a mosaic of riparian zone age 
or time since harvest to better quantify the cumulative impacts of forest 
harvest on stream temperatures within a catchment (see Coble et al., 
2020 for example). However, similar to equivalent clear cut area (ECA) 
methods that incorporate recovery and are primarily applied at the 
stand-level (Reid, 1993), there is uncertainty in how these inferences 
scale up to whole watersheds (Zhang and Wei, 2012; Winkler and Boon, 
2017) and apply across regions. An alternative approach could be to 
combine conceptual and empirical characterizations of downstream 
changes in stream temperatures from natural (e.g., Fullerton et al., 
2015) and anthropogenic processes (e.g., Moore et al., 2005) to better 
estimate how temperatures in impacted reaches propagate downstream. 
Future studies should aim to combine the impact-recovery trajectory 

and variation in longitudinal stream temperatures to better characterize 
the cumulative effects of forestry at a watershed scale. This approach 
would link the results from small-scale process-based experimental 
studies to large-scale observational studies of stream temperature and 
forest harvest patterns that can inform regional scale management.
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