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Abstract: Prescriptions for fuel management are universally applied across the forest types in British
Columbia, Canada, to reduce the fire behaviour potential in the wildland—urban interface. Fuel
thinning treatments have been advocated as a means of minimizing the likelihood of crown fire
development in conifer forests. We hypothesized that these types of prescriptions are inappropriate
for the coastal rainforests of the Whistler region of the province. Our study examined the impact
of fuel thinning treatments in four stands located in the Whistler community forest. We measured
several in-stand microclimatic variables beginning with snow melt in the spring up to the height of fire
danger in late summer, at paired thinned and unthinned stand locations. We found that the thinning
led to warmer, drier, and windier fire environments. The difference in mean soil moisture, ambient
air temperature, and relative humidity between thinned and unthinned stands was significant in the
spring with approximate p-values of 0.000217, 9.40 x 1075, and 4.33 x 1078, respectively, though there
were no discernible differences in the late summer. The difference in mean solar radiation, average
wind speed, and average cross wind between thinned and unthinned locations are significant in the
spring and late summer (with approximate p-values for spring of 9.54 x 10-7,0.02101, 1.92 x 102,
and for late summer of 2.45 x 10~7,4.08 x 107%, and 2.45 x 1075, respectively).

Keywords: conifer forest fuel complex; fire behaviour; fire environment; fire weather; fuel management;

fuel moisture

1. Introduction

Building on the extensive culture of investigation and innovation in wildland fire
science in Canada [1], we humbly add our research contribution to determining the effects of
fuel thinning on the forest microclimate, and consequently, forest ecosystem sustainability.
With the increased ingress of humans into the forest environment, through residential
growth and recreational activities, there is less and less tolerance for the incidence of
wildfires. Governments have allocated significant tax dollars (CAD 5000 to CAD 7400 per
hectare [2]) in fuel management practices to reduce the risk of wildfire. In municipalities
like Whistler, British Columbia, Canada, with huge infrastructure investment, the cost of
fuel thinning averages CAD 35,000 per ha depending on the ability to offset costs through
timber sales [3]. The consequences of wildfire are in turn driving government response
which is misdirected at least partly because fire management terms have morphed from
their original definition, leading to confusion and misuse (Appendix A).

By limiting our focus to forest fuels, we have lost sight of natural forest resilience
as an important factor in mitigating fire behaviour potential. We are ignoring the link
between reduced fire intensity and stand conditions on fuel moisture such as slower spring
snow melt, the water-holding capacity of coarse woody debris (CWD), and the lower
flammability afforded by perennial herbaceous ground vegetation. Partial cutting can
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increase the severity of the fire climate enough to materially increase the number of days
when disastrous crown fires can occur [4].

Fuel thinning was conceived to control the start and spread of crown fires [5,6], which
are expected to increase in the future [1,7]. But crown fires are not common in the coastal
rainforests of the Pacific Northwest region of North America [8,9]. Crowning forest fires are
associated with dense canopy conditions [10], yet fuel thinning also dries out the surface
and ground fuels in these forests through the effects of solar radiation [11-13] and increases
in-stand wind penetration, which can in turn increase crown fire potential [14].

Fuel is one of three principal ingredients (ignition risk and weather being the other
two) along with topographic characteristics that strongly influence wildfire activity in an
area [1,7,15]. Fuel thinning alone cannot mitigate against wildfire severity under instances
of extreme fire behaviour, yet it is the cases associated with critical fire weather condi-
tions that have triggered recent conflagrations in the Pacific Northwest region of North
America [9,16,17].

Given the general lack of knowledge on the subject, our research set out to examine
the impact of fuel thinning in the coastal rainforest stands of the Whistler region of British
Columbia, Canada (Figure 1). We specifically wanted to know whether fuel thinning
increases wildfire potential relative to the unthinned forest based on conditions associated
with wildfires, namely (a) during spring (i.e., faster snow melt), (b) during the late summer
(i.e., drier fuels), and (c) during both seasons (i.e., increased wind speed, ambient air
temperature, and solar radiation, and decreased soil moisture and relative humidity).

40

20°N 130°W 120°W 10w
Figure 1. Geographical location and elevation of the community of Whistler in southwest British
Columbia, Canada. Source: http://dx.doi.org/10.5194/acp-16-383-2016 (accessed on 15 June 2024).

2. Materials and Methods

Given the expanse of the study area and to control for confounding effects on mi-
croclimate, sampling points were selected using a geographic information system (GIS),
ArcGIS Pro Version 2.9, to a priori exclude non-forested fuel types (e.g., wetlands, roads,
lakes and infrastructure), and to pair thinned (T) and unthinned (UT) locations by aspect,
slope steepness, and forest type, while ensuring the sampling locations were at least 100 m
apart (Figure 2). In this region, variation in the local ultraviolet light (UV) input to the
forest stand is almost the only source of heat that creates the variability in local weather
and fuel conditions we were interested in measuring, so we sampled south-facing slopes
which have a longer timeframe of higher UV heating [18]. This would provide the potential
contrast in the effect of treatment that we were interested in understanding.

The characteristics of the sampled forest stands are detailed in Table 1. The four forest
sites lie in the Coastal Western Biogeoclimatic zone of British Columbia (https://www.for.
gov.bc.ca/hre/becweb/ (accessed on 15 June 2024)). The overstory commonly comprises
predominantly mature subalpine fir, western redcedar, Douglas fir, and western hemlock.
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Figure 2. Example of GIS-derived sampling points (thinned and unthinned) in Cheakamus, one of
the four areas sampled in Whistler’s coastal rainforest area.

Table 1. Overstory tree and stand characteristics of the study sites.

. Tree Species Avg. DBH 2 Avg. Height Stand Densit Tree Age
Site Treatment Compogition 1 g(cm) (m) g\/[in—l\g/[ax) (stems ha—l)y (Min—Mgax)
Alpine Unthinned Bl, Cw, Fd, Hw 334 20.1 (12-26) 440 87.4 (54-195)
Thinned Bl, Cw, Fd 44.6 21.5 (16-26) 220 71.6 (34-102)
Lost Lake Unthinned Bl, Cw, Fd, Hw, Pw, P1 29.8 18.0 (8-30) 548 97.7 (25-163)
Thinned Bl, Cw, Fd, Hw, Pw, P1, Py 26.9 18.9 (11-26) 733 78.0 (47-118)
Callaghan Unthinned Bl, Cw, Fd, Hw 224 18.9 (12-35) 900 33.7 (22-41)
Thinned Bl, Cw, Fd, Hw 355 19.9 (12-26) 567 36.3 (28-41)
Cheakamus  Unthinned Bl, Cw, Fd, Hw 29.0 20.1(11-27) 717 40.7 (36-47)
Thinned Bl, Cw, Fd, Hw, Pw 33.6 21.7 (13-28) 317 40.5 (30-48)

1 where Bl = subalpine fir (Abies lasiocarpa (Hook.) Nutt.); Cw = western redcedar (Thuja plicata Donn ex D. Don);
Fd = Douglas fir (Pseudotsuga menziesii (Mirb.) Franco var. menziesii); Hw = western hemlock (Tsuga heterophylla
(Raf.) Sarg.); Pw = western white pine (Pinus monticola Dougl. ex D. Don); Py = ponderosa pine (Pinus ponderosa
Dougl. ex P. & C. Laws.); and Pl = lodgepole pine (Pinus contorta var. latifolia Engelm. Dougl. ex Loud.). 2 Diameter
at breast height.
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We replicated sampling at four sites in Whistler’s coastal forest (i.e., Alpine, Lost Lake,
Cheakamus, and Callaghan) for two seasons of the year: (1) spring—during snow melt as
an indicator of wildfire risk (April); and (2) late summer—during the period of highest fire
danger (i.e., the latter part of July to early August). We sampled at 99 point- locations in the
spring (n =44 in T and n = 55 in UT stand locations) (Table 2). More points (1 = 111) were
accessible in late summer (n = 52 in T and # = 59 in UT locations) than in the spring. We
avoided sampling within 24 h of a recent rainfall event and sampled across sites as close in
time as possible given the availability of volunteer field assistants.

Table 2. Sampling design and sample size by treatment and season.

Season Treatment Site
Alpine Lost Lake Cheakamus Callaghan
Spring Thinned 4 13 19 8
Unthinned 6 13 22 14
Late summer Thinned 4 15 25 8
Unthinned 6 12 28 13

Though we did not sample on consecutive days over the full growing season for all
forest areas, our sampling did span spring and late summer, morning to late afternoon, and
a full range of ambient air temperatures, relative humidities, and precipitation amounts
(Table 3 and Appendix B). It took an average of 2.5 days in the spring and 2 days in late
summer to sample all the points at a site.

Table 3. Range of weather parameters measured in this study’s T and UT stand locations. Source:
https:/ /climate.weather.gc.ca/climate_data/ (accessed date 15 June 2024) whistler A (50.128889° N,
122.954722° W) for Alpine and Lost Lake; Cal (50.143905° N, 123.110558° W) for Cheakamus
and Callaghan.

Treatment Index ! Spring Late Summer

Min Max Avg. Min Max Avg.
Thinned Local Time 7:57 16:40 13:48 9:04 17:07 12:28
Temp. (°C) 55 13.9 9.0 18.1 35.2 274

RH (%) 44 85 61 8 82 36

Precip. (mm) 0.0 0.1 0.0 0.0 2.5 1.2

Wind (km h—1) 0.0 10.0 47 0.0 9.0 53
Unthinned Local Time 8:58 17:02 12:46 8:25 16:55 12:39
Temp. (°C) 49 134 8.6 18.8 30.3 24.6

RH (%) 44 89 64 19 88 46

Precip. (mm) 0.0 1.4 0.1 0.0 0.0 0.1

Wind (km h—1) 0.0 0.2 44 0.0 0.0 3.6

! Precip. = precipitation.

At each point, lab-calibrated equipment (Table 4, Figure 3) was used to measure
ambient air temperature, relative humidity (RH), wind speed and direction, solar radiation,
and soil moisture. In the spring, we included snow depth and snow cover. In late summer,
we included fuel moisture, classification of fuel by volume, and digital photos of tree
canopy closure and ground fuel (i.e., organic matter, CWD, and living plant cover).

To analyze fuel moisture, samples of surface materials were collected using a trowel
to a 3 cm soil depth (Table 5). Each sample was put into a Ziplock plastic bag, labelled
with the site location, date, and time of collection on the outside, and stored in a dark
cupboard at a temperature of 20 °C and 50% RH for up to nine days. A measured volume
(cm?) of each sample was transferred to a half-cup metal container and weighed (toa 0.01 g
accuracy) before and after drying.


https://climate.weather.gc.ca/climate_data/
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Table 4. Data collected and the expected direction of effect due to fuel thinning. Each variable is
listed with its units and instrument accuracy where relevant. Solar radiation measurements were
taken at waist height (110 cm above ground) and Kestrel variables (ambient air temperature, RH and
wind speed) at tripod height (134 cm above ground level).

Direction of Effect

with Higher Risk Variable Instrument
Increase Solar radiation Extech Solar power meter; hand-held (https://www.flir.ca/products/SP505/
(Wm~2) (accessed on 15 June 2024))
. . Kestrel 5500 with vane, tripod-mounted
Ambient air
temperature (°C) (https:/ /kestrelmeters.com/products/kestrel-5500-weather-meter (accessed
P on 15 June 2024))
In-stand wind speed ~ Kestrel 5500; wind speed averaged over a 5 min interval, taken in the field as
(ms1) m s~ ! and then converted to km h—!
Decrease Relative humidity (%) Kestrel 5500
Snow ruler (mm) (https://backcountryaccess.com/en-ca/p/2-meter-ruler
Snow depth (cm) (accessed on 15 June 2024))
Snow cover (cm?) Snow ruler (mm)

Extech MO750 Soil Moisture Meter (20 cm probe)

Soil moisture (%) (https:/ /www.itm.com/product/extech-mo750-soil-moisture-meter

(accessed on 15 June 2024))
OHaus Scot II model balance (0.01 g), Excalibur 4-tray Dehydrator

Fuel moisture (%) (https:/ /excaliburdehydrator.com/products/2400-excalibur-4-tray-no-

timer-black-solid-door (accessed on 15 June 2024))
Olympus Tough TG4 (https://en.wikipedia.org/wiki/Olympus_Tough_TG-4

Canopy cover (%) (accessed on 15 June 2024))

Figure 3. Field measurement of microclimate variables (left), soil moisture and fuel data (right).

The proportion of each fuel component was estimated visually at the initial weighing
and again by photo analysis in the field. Fuels were categorized as living plants, moss,
CWD, needles/cones, chipped wood, and bare ground/rock) to correspond with expected
drying times reported in the literature.

No laboratory drying oven was available locally so we purchased the highest-rated
food dehydrator that could handle an initial moisture content of 60%, had sufficient and
adjustable shelves to dry treated and untreated samples simultaneously, reusable non-stick
paraflexx sheets to prevent sample loss, and a constant moderate temperature of 74 °C. We
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tested for the standard exponential decline in %moisture using this equipment (Figure 4).
Fuel moisture content was calculated as the quantity of moisture in the fuel (the difference
in weight from initial to dried) and expressed as a percentage of the final weight when
thoroughly dried. A food dehydrator has been used to determine the moisture content of
soil and vegetative materials on an oven dry weight basis [19-21].

Table 5. Number of ground fuel samples collected for fuel moisture content (n = 15 per treatment;
n = 30 total).

Treatment Site
Alpine Lost Lake Cheakamus Callaghan

Thinned 2 4 5 4
Unthinned 2 3 7 3

Weight remaining (g)
16.5 16.0 16.5
| | |

15.0
|

145
|

14.0
|

0 50 100 150
Time (min)

Figure 4. Exponential decline in moisture over time for treated sites at Lost Lake. Materials included
needles, wood, cones, humus, and moss.

Samples were dried at 74 °C until the weight did not change (2.0 to 4.5 h) using a
4-tray food dehydrator with a drying volume of 0.07 m® (Figure 5). For 10 of the initial
30 samples, we noted an average 0.01 g increase in weight after 120 min (median 240 min)
of drying. We attribute this to the spread of one sample to another during the transfer from
the drying sheets back to the weighing cup. For this reason, we let subsequent samples dry
for a longer initial interval (>120 min). When weights plateaued or increased, we took the
weight before that measured as the dry weight.
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Figure 5. Drying method for fuel moisture data, where (A) represents the volume (cm™3), (B) repre-
sents the weight (g), (C) is the dehydration tray, and (D) is the dehydrator (Excalibur set at 74 °C for
1.0-24 h).

Ground and canopy photos were taken at 78 sites (Table 6) and uploaded to a photo
analysis software tool called Image] Version 1.54, where a grid (220 cells per image) was
overlaid on every image and within each grid, the percent canopy cover (versus clear sky)
and percent ground cover by fuel component were calculated (Figure 6). For each image
(n = 156), invalid cells (i.e., not clear sky or no ground cover) were ignored and the portion
of each valid cell tallied by grid—-row for a total percentage per image =+ variability across
the rows. The average percent ground cover and percent canopy cover were compared by
treatment and site. At Lost Lake, photos were only taken at thinned sites because we did
not realize the utility of the photos until after UT sites were completed.

Table 6. Canopy cover and ground cover photo analysis (n = 78 sampling locations; n = 34 in
thinned; n = 44 in unthinned). A canopy and a ground photo were taken at each site for a total of
n =156 photos.

Treatment Site
Alpine Lost Lake Cheakamus Callaghan

Thinned 4 4 18 17
Unthinned 6 0 25 22
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Figure 6. Example grid overlay for image analysis with the accompanying excel data for the
(left) unthinned canopy and (right) ground views at the Alpine site. The red line marks the grid
being analysed.

3. Results
3.1. Fuel Thinning Effect on Microclimate

All microclimate variables changed in the direction of an increase in wildfire potential
for both portions of the fire season (Tables 7 and 8). The average increase (absolute value)
across all parameters was 58% (unthinned to thinned) in the spring and 37% in late summer.
Unthinned points received 12% of the solar radiation measured at thinned stand locations.

Table 7. Data used in assessment of the effect of thinning or lack thereof on microclimate vari-
ables in the spring (UT = unthinned; T = thinned; Avg. = average; SD = standard deviation; and
n = sample size).

Direction . T o T UT T
Change Variable UT Avg. Avg. % Change UT SD SD n .
Increase Solar radiation (Wm™2) 26.4 213.5 78.0 141.3 154 55 44

Ambient air temperature (°C) 9.1 10.8 8.6 1.1 0.5 55 44
In-stand wind speed (km h™1) 0.7 3.7 68.1 0.6 0.2 55 44
Decrease Relative humidity (%) 73.6 61.4 -9.0 5.5 79 55 44
Soil moisture (%) 4.6 24 —32.1 1.0 1.7 55 44
Snow depth (cm) 7.8 0.0 —100.0 0.0 8.3 55 44
Snow cover (cm?) 49 0.0 —100.0 0.0 3.8 55 44
Table 8. Data used in assessment of the effect of thinning or lack thereof on microclimate in late
summer (UT = unthinned; T = thinned; Avg. = average; SD = standard deviation; n = sample size).
Fuel moisture materials included living plant, moss, fallen wood, needles, cones, chipped wood, and
bare ground or rock.

Direction . T o T uT T
Change Variable UT Avg. Avg. % Change UT SD SD " "
Increase Solar radiation (Wm™2) 23.3 485.4 90.8 3.5 330.0 67 46

Ambient air temperature (°C) 25.2 26.7 3.0 3.4 1.8 67 46

In-stand wind speed (km h™1) 0.6 25 63.4 0.1 0.5 67 46

Decrease Relative humidity (%) 449 40.0 —5.8 14.2 13.7 67 46
Soil moisture (%) 1.6 1.3 —10.8 1.3 1.3 67 46

Fuel moisture (%) 33.3 23.7 —16.8 10.4 13.4 67 46
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Fuel moisture declined an average of 18% from UT to T stands, consistently across
all four sites. No snow remained in thinned forest at the time of spring sampling, and in
thinned stands in late summer, we found field-detectable soil moisture only at the points
with decaying wood chips. At the UT sites, 71% of those with field-detectable moisture
contained CWD.

Photo analysis of canopy and ground cover images showed that the T stand locations
had 27.05% less canopy, and ground cover did not change appreciably (16.25 versus 16.34%;
Tables 9 and 10). UT ground photos show a more dappled light penetration and retention
of large-diameter CWD (Figure 7). The percent cover of living plants was not significantly
different in T versus UT stands based on the photo analysis.

Table 9. Effect of thinning on canopy cover, expressed as a percent of each image taken above the
sampling point, then averaged for each site and totaled across sites for each treatment. Photo samples
were not taken at Lost Lake.

Treatment Site Total % Canopy
Alpine Cheakamus Callaghan
Thinned 66.6 60.4 63.6 63.5
Unthinned 96.5 88.8 94.1 93.2
—18 -19 -19 —19

Table 10. Effect of thinning on ground cover by fuel components, expressed as a percent of each image
taken above the sampling point, then averaged for each site and totaled across sites for each treatment.

Treatment Fuel Component Site
Alpine Cheakamus Callaghan

Thinned Living plants 14.43 38.96 18.96
Moss 0.78 5.32 1.64

Coarse wood debris 25.17 27.86 26.64

Needles/cones 24.71 5.90 421

Chipped wood 0.00 0.05 4.03

Bare ground /rock 34.35 18.91 44.98

Unthinned Living plants 1.51 37.88 17.36
Moss 1.57 16.72 8.72

Coarse woody debris 50.59 29.50 22.18
Needles/cones 18.54 4.20 10.04

Chipped wood 0.00 0.02 0.01

Bare ground /rock 23.84 7.67 43.68

There was no apparent change in prescription or interpretation of the prescription by
the contractor who carried out the thinning operation (Table 11). However, canopy cover is
significantly more variable (16.9%) across thinned sites, than it is at unthinned sites (4.9%).
Irrespective of year of treatment or contractor, Whistler canopy removal is beyond that of
“Moderately-Thinned” prescriptions (Table 11).

Table 11. Reduction in canopy cover (“T — UT” = “Thinned minus Unthinned”) by year of fuel
thinning and contractor employed.

Reduction in %

Site Canopy Cover Year Contractor
(T —-UT)
Alpine -29.9 2021 3
Callaghan -30.5 2017-1019 1
Cheakamus —28.4 2019-2021 2
“Lightly-Thinned” -12.0

“Moderately-Thinned” —20.0
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See the photo to the right, of naturally
occurring coarse woody debris in the
unthinned forest

Figure 7. Example photos of the ground cover by site and treatment, taken while collecting ground
fuels. Note: though samples were taken close in time (date and time of day), the light (UV penetration)
is dappled at unthinned (UT) sites versus full sun exposure at thinned (T) sites. Also note the loss of
water-holding ground plants and large woody debris after thinning compared to sampling locations
in the same forest stand that were not thinned.

There were other unintended effects beyond microclimate changes associated with
the increased wildfire risk. At the Cheakamus and Callaghan thinned areas, we observed
an increase in unauthorized trails used by both motorized and non-motorized vehicles,
thereby leading to increases in human-caused ignition potential [22]. Evidence of reduced
resilience in the forest environment was also observed in the form of bark damage on tree
boles as well as soil erosion (Figure 8).

3.2. Site Most Susceptible to the Threat of Wildfire

The site most susceptible to the threat of wildfire is defined as the warmest, driest,
and windiest site, combined across treatment (thinned, unthinned). Warmest represents
the combination of ambient air temperature and solar radiation. Driest is a combination of
low RH, low soil moisture, and either less snow remaining in the spring or less moisture
in late summer. Windiest is measured directly as the highest average wind speed. Given
that each factor is recorded in different units, the factors are first converted to rank order
across sites and then the combined rank for each site is compared (Table 12). For each
variable (e.g., RH), the four sites are ranked from the highest value for that index (i.e., 4) to
the lowest value (i.e., 1). The site most susceptible was Callaghan in the spring and Lost
Lake in late summer. To analyze the microclimate effects of fuel thinning, the site most
susceptible was compared before and after thinning for heat, dryness, and wind velocity
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(Table 12); the overall change was an increased risk (+4 Alpine, —3 Lost Lake, +2 Callaghan,
—1 Cheakamus).

Figure 8. Reduced forest ecosystem resilience in thinned areas: tree bole damage (left), and soil
erosion (right).

Table 12. Summary of site susceptibility to wildfire threat factors. The four sites (A = Alpine;
LL = Lost Lake; Cal = Callaghan; and CCF = Cheakamus community forest) were ranked from the
highest (4; highlighted in yellow) to lowest (1) for each microclimate variable in the spring and late
summer (i.e., the height of fire danger) at thinned versus unthinned sites.

Treatment Ranking Variable Spring Late Summer
A LL Cal CCF A LL Cal CCF
RH 4 1 3 2 2 4 1 3
Driest overall Soil moisture 4 3 2 1 1 4 2 3
Snow /Fuel 3 4 1 2 3 4 2 1
Untreated Temperature 3 2 4 1 1 4 2 3
Warmest overall Solar radiation 1 2 4 3 2 4 1 3
Windiest overall Wind speed 1 1 3 4 4 4 1 4
RH 1 3 4 2 4 3 1 2
Driest overall Soil moisture 2 3 4 1 4 3 2 1
Snow /Fuel 4 4 4 4 4 3 2 1
Treated Temperature 2 3 4 1 3 4 1 2
Warmest overall Solar radiation 4 1 3 2 2 1 1 3
Windiest overall Wind speed 1 4 2 3 4 2 1 3
Total ranking across treatments 30 31 38 26 34 43 17 29

3.3. Grouping the Significance of Microclimate Variables

By applying the Imer function in the Ime4 package in R [23], we found that the
difference in mean soil moisture, ambient air temperature, and RH between thinned and
unthinned stands was significant in the spring with approximate p-values of 0.000217,
9.40 x 1075, and 4.33 x 10~8, respectively. There were no discernible differences in mean
soil moisture, ambient air temperature, and RH in the late summer. The difference in mean
solar radiation, average wind speed, and average cross wind between T and UT locations
are significant in the spring and late summer (with approximate p-values for spring of
9.54 x 1077,0.02101, 1.92 x 10~?, and for late summer of 2.45 x 1077, 4.08 x 107, and
2.45 x 1075, respectively).
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Using local microclimate data, the models are suggestive of an increased wildfire risk
at the T sites compared to the UT sites, due to changes in mean soil moisture, ambient air
temperature, and RH in the spring and in mean solar radiation, and average wind speed
in both the spring and late summer. The regional meteorological data did not mimic the
stand-level microclimate conditions (Appendix C). This was especially true for unthinned
portions of the stand which were more unlike the regional situation.

4. Discussion and Conclusions

Our objective was to measure the effect of thinning on the microclimate conditions
that are associated with wildfires. The four sites measured for this study are naturally wet
and as expected, have not experienced wildfires in recent times despite the wildfire activity
across BC. The results of this work suggest the natural resilience has been compromised
by thinning.

Our findings are consistent with those of others, e.g., [15,24-26], where thinning re-
sulted in increased solar radiation, wind speed, and ambient air temperature, and decreased
RH and dead fuel moisture. As Whitehead and others [15,16] have found, the effects on
RH and soil moisture were less pronounced in late summer at the height of fire danger.
The importance of forest canopy in maintaining high fuel moisture levels was pointed out
by Stickel [27] as early as 1931. The level of increased wind speeds we found in thinned
stands was like that observed by Bigelow and North [28], which increases the rate of fire
spread in fire simulation modelling software. Opening the forest stand results in a warmer,
drier, and windier fire environment that creates a net increase in fire hazard [29].

Based on the photo analysis, none of the fuel thinning reduced the canopy cover to
the threshold reduction of 27.05% that Gibos [12] noted for solar radiation levels needed to
cause increased wildfire risk. Nonetheless, where the forest stands were thinned to below
50% (leaving 34-49% canopy coverage), the solar radiation levels reaching the ground
surface were 39 to 65% higher than the unthinned places. Estes et al. [30] found higher
moisture in unthinned ponderosa pine only for large CWD in the early season. However,
their unthinned plots had less canopy cover than our thinned sites (56% cover in their
unthinned versus our 93% cover at unthinned and 63% cover at thinned sites). They noted
higher windthrow on unthinned sites.

The ground fuels in thinned forest areas were predominantly covered by bare ground /rock
which were associated with higher wildfire risk. Pickering and others [25] found understorey
vegetation to be important in mitigating fuel flammability. In our ground photo analysis,
living plants were not found to be affected by fuel thinning.

During peak burning conditions in daylight hours (i.e., 1300 to 1700 h local time),
the south-facing site was on average 1.4 °C warmer and had an RH 5.5% lower than the
north-facing site. Given that fuel moisture and response time of fuel are predicted from RH,
and surface temperature is a function of ambient air temperature, wind speed, and solar
radiation, fuel thinning in Whistler’s coastal forests has unquestionably increased forest
fuel flammability.

Schroeder et al. [31] found unthinned lodgepole pine stands that had similar fuel loads
compared to thinned with no slash removal, but the bulk of weight came from larger-sized
fuels (>7.0 cm diameter) which did not ignite during outdoor test fires. They found RH
to be the best predictor of ignition probability over modelled twig moisture content. Our
management concern was not to thin and then remove the fuel load, but to retain the CWD
and the microclimate of a closed forest in the first place.

Fuel management is the only approach the Resort Municipality of Whistler is taking
for wildland and urban areas. They believe “fuel is the only aspect of the fire behaviour
triangle that can be directly managed to reduce wildlife threat” [32]. We need to consider
more than fuel in fire management strategies and go beyond a ‘one size fits all” approach. As
Brackebusch [33] pointed out in 1973, “fuel management could lead to a trap of managing
land simply for fire control”, where instead “how we manipulate vegetation ought to
be tempered by the expected hazard associated”. Again, in Drysdale’s words 27 years
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later [34], “Further major advances in combating wildfire are unlikely to be achieved simply
by continued application of traditional methods. What is required is a more fundamental
approach which can be applied at the design stage . .. such an approach requires a detailed
understanding of fire behaviour”.

In general, fire susceptibility increases as RH decreases and ambient air temperature
rises. We can increase humidity with sprinklers and perennial herbaceous plants and
decrease ambient air temperature by shading (i.e., canopy tree retention, which has the
added benefit of reduced air flow on fire spread). The significant funds currently being
spent on fuel thinning could be diverted to increased vigilance in the wildland—-urban
interface (WUI).

The coastal, naturally regenerated forests of the Whistler region require a different fuel
management strategy from the dry, wildfire-prone forests around Kelowna in southcentral
British Columbia and the plantation forests surrounding Fort Nelson in the northeastern
region of the province (Appendix D). The humid climatic conditions in British Columbia’s
southwestern coastal forests yield less frequent threatening wildfires [35-40]. Fuel thinning
prescriptions of today (i.e., selection thinning and crown thinning that maintain multiple
canopy layers, along with individual tree selection systems) will not reduce the risk of crown
fire occurrence except in the driest of ponderosa pine stands [41]. Silvicultural practices that
involve the creation of high-density, even-aged stands of commercial conifer tree species
have contributed to an increase in wildfire potential [42,43]. Similarly, unmanaged forests
comprising mature ponderosa pine, western white pine, and western larch tend to exhibit
tall stems (with the crowns separated from the surface fuels) that are deep-rooted (which
are more resilient to drought) and are self-pruned (and therefore lack bridge or ladder
fuels), even in moderately dense stands [44].

The topographic differences illustrated in Appendix D (Figure A2 and Table A2), and
the slope effect graphs presented in Appendix E (Figure A3), confirm the unique features
of mountainous terrain found in British Columbia from a wildfire mitigation standpoint.
The Whistler area has a different topographic environment from the high-fire-risk towns in
other parts of the province like Fort Nelson, which features a far flatter terrain compared to
the Whistler landscape (Table A2). Thinning increased the variability in slope steepness
effects, in turn causing extremes in distribution, which are more of a wildfire concern due
to their influence on the predictability of fire behaviour during a major wildfire event
(Figure A3). This provides further caution as to why fuel thinning, as a strategy for wildfire
mitigation, is not appropriate due to the extremes in topography found in southwestern
British Columbia.

There is an opportunity to integrate FireSmart [45] efforts with fuel management in the
WUI and reduce the harvesting of trees that are essential in mitigating climate change. Solar
radiation and wind ingress in FireSmart-thinned stands can be greater than fuel-thinned
stands. Research is needed on the potential for planting native perennial herbaceous plants
to retain the climate resiliency in the WUI. Mitigating fire hazards with deciduous species
provides protection [46]. However, perennial herbaceous plants would provide year-round,
RH-enhancing cover.

Gibos [12] found that a FireSmart-thinned stand received 30% of the solar radiation
and 30% of the wind measured in the open and was significantly warmer than all other
stands during the peak solar radiation period of the day. In this study, unthinned locations
in the stands received 12% of the solar radiation measured in the thinned portions of the
stand in the spring and 5% in late summer. Gibos [12] found FireSmart-thinned stands had
wind speeds 18% higher than unthinned stands, compared to the 3-5 fold higher wind
speed levels we observed at thinned versus unthinned locations within the stand associated
with this study.

Further work is required to quantify the increased risk of wildfire ignitions due to
improved access by motorized vehicles (i.e., dirt bikes, quads, and side-by-sides) [22].

What is the confounding effect of a change in prescription and contractor when it
comes to fuel thinning? The digital photo analysis revealed considerable variation in
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implementation. Our stands were moderate to heavily thinned compared to those of
Bigelow and North [28], who recorded a difference in canopy cover of 69 & 7% to 57 & 6%
for lightly thinned stands and 49 + 8% in moderately thinned stands.

Our results also suggest that the recent provincial strategy to remove debris using
broadcast burning of woody surface debris [47] following mechanized thinning will en-
hance the drying of ground and surface fuels. The retention of higher soil moisture in the
late summer was associated with CWD in unthinned stands and wood chips in thinned
stands. The removal of woody debris by burning releases carbon into the atmosphere, and
both burning and/or the physical clearing of the debris remove organic matter (impor-
tant for soil fertility and moisture retention) and enhance moisture loss by exposing tree
roots [48-51]. The removal of post-thinning wood chips should be curtailed until their
importance in retaining soil moisture is better understood.

Significant funds have been spent on fuel thinning in the coastal rainforests of British
Columbia. The CAD 10.1 million allocated in 2022 for Whistler alone [52] could have
been directed towards research in collaboration with the FireSmart programme, to test the
efficacy of planting green fuelbreaks on the urban side of the WUI, to protect infrastructure,
instead of removing trees which are essential for climate change mitigation and, based on
this research, maintain a fire-resilient microclimate. The current FireSmart prescription of
harvesting conifer trees is opening up urban spaces, leading to increased warming and
drying, which is in turn exacerbating the heat and drought stress already occurring in
concert with climate change.

Where fuel thinning is proven to be efficacious (i.e., reduces wildfire risk), monitoring
for other adverse effects should be included, specifically, the effect of fuel thinning on native
wildlife populations (i.e., on the displacement of habitat-specialist species by disturbance-
related species), and on soils with respect to fertility, erosion, and water retention. In
communities like Whistler where the economy is dependent on recreation and tourism, the
focus should be on the retention of the natural features of the forest ecosystem. Further
research is required to understand the importance of CWD and old-growth trees in retaining
the fire-resilient microclimate while also maintaining ecosystem function.

Our results show that fuel thinning on south-facing slopes in the coastal rainforests
of southwestern British Columbia has a greater impact on the wildfire risk in unthinned
stands in the same forest type. Under the conditions examined in this study, for the relevant
days of monitoring (Table 3 and Appendix B), we are in turn increasing the wildfire risk
with fuel thinning practices. The additional ignition risk of opening up the forest to
unauthorized trails is a further reason to halt this practice. These results are consistent
with those of Taylor and others [53] and Countryman [4], who found that the probability
of wildfire severity increased in older stands. The topographic features of the Whistler
region and other communities in the mountainous areas across southern British Columbia
are of concern when it comes to fuel thinning as a strategy for wildfire mitigation. Further
research is required to determine how general the increased wildfire risk is across other
topographic forest conditions.
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Abbreviations

CWD Coarse woody debris
ECCC Environment and Climate Change Canada

GIS Geographic information system
QQ Quantile—quantile

RH Relative humidity

RMOW  Resort Municipality of Whistler
T Thinned

UT Unthinned

WUI Wildland—urban interface

Appendix A. Terminology Clarified

Fire management terms have morphed from the original definition (given in italics),
leading to confusion and misuse (underlined text). For example, fuel management is
defined as the planned manipulation of forest vegetation to decrease the intensity and rate of spread
of a wildfire [54,55]. Today, fuel reduction is conducted to create a defensible space in the
forest that surrounds the infrastructure at a cost of CAD 2000-8000 per ha [48].

Classically, thinning is defined as “cuttings made in immature stands in order to
stimulate the growth of trees that remain and to increase the total yield of useful material
from a stand” [56]. Fuel thinning (also called fire thinning, mechanical thinning, and
overstory thinning) is based on the management of crown-fire-dominated forests where
fuel reduction is expected to reduce the crowning potential without increasing the surface
fire intensity. The Resort Municipality of Whistler (RMOW)’s goal is “to reduce fuel loads
in the WUI to reduce fire spread from the wildlands into the community and vice versa,
and make wildfires easier to suppress”, by removing shrub cover and other vegetative
debris, pruning lower tree branches, and removing dense second-growth trees to reduce the
number of trees in the stand, in order to retain species considered fire-resistant, reduce fine
woody debris while leaving larger CWD, and remove “danger” trees while maintaining
high-value wildlife trees where possible, (Resort Municipality of Whistler 28 August 2021).

The goal of a fuelbreak (often mistakenly called a firebreak [57], defensible fuel zone, or
community protection zone), is to alter the fire behaviour potential in order to limit or slow
a fire’s spread and reduce its flame length, thereby reducing the probability of tree torching
and of a fully developed crown fire, thereby providing safe access for firefighting crews. A
distinct area outside a community (or other value at risk) of any size and shape where anthropogenic
modifications of forest fuels have been conducted to aid in the protection of that community from
future wildfires (bold font added to emphasize the original intent). The RMOW'’s focus
is to reduce tree densities in tight second growth (but by sometimes removing old-growth
trees), thin stands 100-200 m from each side of service roads, reduce the available fuels,
and create defensible areas for firefighting crews to safely work in.

Appendix B. Distribution of Thinned and Unthinned Sampling Points across the Range
in Ambient Air Temperatures and Relative Humidities for Both Spring and Late
Summer Seasons

Quantile-quantile (QQ) plots (Figure A1) are used to compare distributions of values
in two samples [58]. If the samples are of equal size, the QQ plot is a scatterplot of the sorted
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values of one sample against the sorted values of the other. For unequal-sized samples, a
similar technique is employed but based on certain approximations. For samples coming
from the same population, one would expect the minimum and maximum values of each
sample to match, as well as all intermediate values. Thus, the plotted points should line up
along a 45° line. Large deviations from such a reference line indicate that the distributions
are different. In Figure A1, we see some deviations from the straight line, indicating that
there is a moderate to large difference between the thinned and unthinned distributions,
especially for RH values of 20% for thinned sites. The unthinned sites have RH values
ranging from 20 to 40 percent. The points on the RH plot are all above the reference
line, which shows that unthinned sites tend to have higher RH in general than thinned
sites. The temperature distributions match at the low values, but there is a tendency for
temperatures to be somewhat higher for thinned sites than unthinned sites when ambient
air temperatures exceed 20 °C.

15 20 25 30

10
RH guantile - unthinned

5

temperature quantile - unthinned

temperature quantile - thinned RH guantile - thinned

Figure Al. Quantile-quantile plots of ambient air temperatures (left) and relative humidity (RH)
conditions (right) at thinned and unthinned sites. Deviation from the reference line indicates that the
distributions are different at the thinned and unthinned sites.

Appendix C. Regional- versus Stand-Level Weather Metric Comparison

The digital elevation model (DEM) used in this analysis reported in Table A2 had a
pixel resolution of 25 x 25 m and was derived from the Canadian Digital Elevation Model
(CDEM). Each town centroid (Whistler and Fort Nelson) was buffered by 26 km and the
DEM was clipped to this circle with a diameter of 52 km. Percent slope was calculated
using the Environmental Systems Research Institute (ESRI) spatial analyst “Slope” tool. For
each cell, the Slope tool calculates the maximum rate of change in value from that cell to its
neighbours. Basically, the maximum change in elevation over the distance between the cell
and its eight neighbours identifies the steepest downbhill descent from the cell. The rates of
change (delta) of the surface in the horizontal (dz/dx) and vertical (dz/dy) directions from
the centre cell determine the slope steepness. The basic algorithm used to calculate the
slope is as follows: slope radians = ATAN (y/ ([dz/dx]2 + [dz/dy]2)). This percent slope
steepness output was then clipped to a smaller 50 km diameter circle and classified into
each of the four percent slope steepness classes. To compute the area within each class, the
25 x 25 m pixel was converted to ha ((25 x 25)/10,000) and multiplied by the total number
of pixels in each class. The total area was calculated using the pixels in the same manner,
and proportions were generated by dividing the percent slope steepness class area by the
total area.
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Table A1. Whistler weather station metrics compared to the within stand metrics on selected days in the spring (23-April to 09-May) and late summer (29-July to
04-August) of 2021.

Total AbsDiff Avg. Diff. by Avg. Diff. by % Diff [(UnT
Site Date Local Time 1 Treatment 2 Region 3 Stand ‘/;f:::)g;‘;“ Site, Thinned Site, Unthinned  T)/(Unt + T)1%
RH (%) Wind (km h—1) Temp (°C) Precip. (mm) RH (%) Wind (km h—1) Temp (°C) Precip. (mm) 3
Alpine 01-May 1528 T 725 45 75 032 68.4 07 105 0.1 5.20 5.20 3.01 533
13:44 uT 69.7 7.7 7.8 0.32 711 0.0 9.4 0.0 3.01
Od-Aug 11:36 T 16.0 9.0 31.1 0.00 283 43 276 0.0 12.82 12.82 10.37 211
10:37 uT 36.8 23 25.1 0.00 465 0.6 215 0.0 10.57
Lost Lak 25-Apr 14:31 T 53.8 5.5 119 0.00 517 9.8 11.8 0.1 2.39 6.68 10.45 4.1
ost Lake > AP 15:30 ur 76.0 4.0 96 0.00 60.9 0.5 10.6 0.0 1521
2-Apr 14:51 T 76.0 1.0 8.2 0.00 69.9 0.8 102 0.0 6.38
14:51 uT 84.7 3.7 8.2 0.00 90.3 0.0 8.1 0.1 5.69
13:32 T 68.0 4.0 9.2 0.00 57.0 07 114 0.0 11.26
25-Apr uT i B - N a N - B -
29-Jul 12:19 T 25.0 4.0 30.0 0.00 343 13 284 0.0 10.13 6.95 - -
14:44 uT - - - - 263 0.8 29.7 0.0 -
30-Jul 11:06 T 254 34 29.9 0.00 29.6 3.1 287 0.0 5.10
uT - - - - - - - - -
26-Apr 13:19 T 663 6.7 8.2 0.03 65.7 6.0 103 0.0 215 495 11.78 81.6
11:50 uT 67.0 5.5 7.9 0.00 77.1 14 8.0 0.0 10.17
27-Apr 10:41 T 785 2.0 7.0 0.00 65.4 34 102 0.0 13.53
10:41 uT 845 3.0 6.6 0.00 721 13 8.8 0.0 12.59
Cheakamus 08 Ma 12:50 T 648 48 60 0.00 612 39 74 0.0 3.89
Y 12:50 uT 63.8 43 63 0.00 66.7 15 6.9 0.0 3.06
09-May 13:01 T 473 37 111 0.00 475 3.6 129 0.0 179
13:01 uT 56.2 5.0 9.7 0.00 55.8 14 113 0.0 1.94
31-Jul 1245 T 553 17 229 0.03 524 17 220 0.0 3.33 7.70 8.08 47
Cheakamus 12:24 UT 68.7 40 201 0.00 542 0.0 217 0.0 15.13
02-Aug 13:24 T 523 43 25.0 0.00 444 3.1 274 0.0 8.84
12:47 uT 487 63 25.8 0.00 526 13 254 0.0 7.14
03-Aug 13:26 T 313 6.0 19.8 0.00 246 48 29.6 0.0 12.72
12:56 uT 31.8 54 27.7 0.00 36.9 0.5 264 0.0 745
Callaghan 02-May 13:43 T 57.0 4.0 9.3 0.00 57.3 28 127 0.0 3.39 3.39 3111 160.7
11:07 uT 49.0 44 10.7 0.00 80.1 0.5 9.1 0.0 3111
Ol-Aug 12:58 T 55.5 3.0 244 0.00 59.0 04 242 0.0 453 3.56 11.83 107.4
12:13 uT 49.0 37 254 0.00 60.7 0.0 244 0.0 12.34
Total difference across the 4 areas, between region and stand microclimate indices, by treatment 51.26 86.63 51.3

1 Average start to finish sampling time. 2 Treatment type: T = thinned and UT = unthinned. 3 Average of closest Environment and Climate Change (ECCC) weather station for the date
and times that correspond to treatment times; a “-” means there were no corresponding ECCC data and Precip. = precipitation.; Source: https:/ /climate.weather.gc.ca/historical_data/
search_historic_data_e.html for Whistler A (0.01 km from Nesters station and Whistler; 11.23 km from Callaghan station) accessed 9 July 2024.
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Appendix D. The Relative Importance of Topography When Assessing Fire
Behaviour Potential
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Figure A2. The mountainous topography of the Whistler region of southern British Columbia versus
the flatter terrain found in the Fort Nelson area of the province. Source: Brian Carter, Mapmonsters,
Victoria, BC., Canada.
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Table A2. Contrasting topographic environments based on slope steepness classes in southwestern
and northeastern British Columbia, Canada. Barrows [59] considered 0-20% as a gentle slope, 21-40%
as a moderate slope, 41-60% as a steep slope, and greater than 60% as a very steep slope.

Geographical Percent Slope Steepness Class

Region 0-20% 21-40% 40-60% >60%

Whistler

Area (ha) 36,405 54,306 52,396 53,240
Proportion 18.6 27.7 26.7 27.1
Fort Nelson

Area (ha) 188,407 6890 891 159
Proportion 96.0 3.5 0.5 0.1

Appendix E. Analysis of Slope Effect on Rate of Fire Speed

Possible interactions between fuel treatments, slope steepness, and wind speed were
investigated via a scenario analysis of slope equivalent wind speed and direction. The
scenarios considered were the seven coniferous forest fuel types in the Canadian Forest
Fire Behavior Prediction (FBP) System [60], crossed with general stand type (i.e., dense
or open).

Slope, wind speed, and direction can be converted to the slope equivalent wind
velocities (in rectangular coordinates) as described by Equations (47) and (48) in [60]. Slope
equivalent wind speed adjustment factors were estimated from Table 5 in [61], which gives
adjustments for slopes up to a 70% grade, for each of the seven coniferous forest fuel types.
Slopes exceeding 70% were set equal in our calculations. To convert eye-level wind speed
measurements to the international 10 m open standard [62], the values were first adjusted
to the 20 ft (6.1 m) U.S. open wind speed standard, according to the factors presented in
Figure 26 of [63] for open stands (0.2) and dense stands (0.1) with a further adjustment of
15% as recommended by [62] to convert from 20 ft (6.1 m) winds to 10 m open wind speeds.

The result was a set of bivariate data presented in Figure A3, where the black open cir-
cles correspond to the wind vectors for thinned stands and the red solid circles correspond
to the unthinned stand. The data were partitioned according to season and to whether they
were at the Cheakamus location or one of the other locations. Combining the other three
locations provided a sample size approximating the Cheakamus location.

Scenario-based comparisons were made of slope equivalent wind velocity dispersion
between treatment groups for each factor level. We used the PERMIDISP2 multivariate
test of [64,65] for variance homogeneity based on Euclidean distances. See also [66,67].
Ranges of p-values for the seven FBP System coniferous forest fuel type scenarios and the
two general stand type scenarios were obtained. A simulation-based power study was
conducted to calculate Bayes Factors (see [68] for a clear discussion of the issues involved)
to ensure that the power of the test used was adequate.

The results were clear. The ranges of p-values for the seven FBP System coniferous
forest fuel type scenarios under the open stand scenario assumption were 0.000136-0.00104
for spring in Cheakamus; 0.00186-0.0111 for late summer in Cheakamus; 0.00577-0.00924
for spring in the other sites; and 0.00855-0.167 for late summer in the other sites. For the C-7
fuel type specifically, the respective p-values were 0.000158, 0.00395, 0.00692, and 0.0435.

Under the dense stand scenario assumption, the p-value ranges were 0.000006-0.000042
for spring in Cheakamus; 0.00143-0.00280 for late summer in Cheakamus; 0.00579-0.00607
for spring in the other sites; and 0.00634-0.0173 for late summer in the other sites. For
the C-7 fuel type specifically, the respective p-values were 0.0000168, 0.00191, 0.00586, and
0.00946. Even with a Bonferroni adjustment for multiple testing, these p-values are all
highly suggestive of a difference in dispersion between the thinned and unthinned slope
equivalent wind vectors.

The conclusion to be drawn from this analysis is that there is strong evidence that
thinning can lead to a change in the variability of the wind field. The plots presented in
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Figure A3 indicate that the variability does increase. This further implies that more extreme
fire behaviour could be expected with scenarios involving thinning in untreated stands.
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Figure A3. Box plots of the slope equivalent wind speed at 10 m above the forest canopy and in-stand,
for thinned (open circles) and unthinned (red circles) sites in the spring and at the height of fire
danger in late summer, at the four forest site locations in the Whistler community forest.
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