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The increasing frequency of severe drought and heat events under climate

change is a major cause for concern for forest productivity and survival. One

potential solution to improve forest resilience to drought may involve tree

removal to reduce competition. To quantify potential benefits of partial cutting

systems under drought, we use tree-ring data from a long-term partial cutting

experiment in a dry ecosystem in western Canada, composed primarily of

mature interior Douglas-fir (Pseudotsuga menziesii var. glauca). We ask: (1)

How does tree removal change growth responses to drought and (2) how

persistent are effects across multiple drought events? We compare growth

responses in 83 trees up to 400 years in age from eight treatment units

in a randomized experimental design representing a logging treatment with

25% basal area retention and a control (100% basal area retention). Retention

harvesting was conducted in winter of 2002/2003 after a moderate drought in

the summer of 2002. The site experienced a more severe drought in 2009 and

a drought-heat event in 2015. In 2020, we obtained tree height and diameter

data as well as tree increment cores from canopy dominant Douglas-fir,

which were used to derive basal area increments. Based on these growth

increments, we calculated four indices of resilience to drought. Growth

increments of remaining individuals substantially increased after tree removal.

Relative to the control, the low retention treatment expressed significantly

higher post-drought growth increments compared to growth increments

after the drought years of 2002 and 2009, i.e., higher drought recovery.

Growth increments in the low retention treatment also had a significantly

higher ability to regain pre-drought growth levels after the 2002 and 2009

droughts, i.e., higher drought resilience. However, the treatment did not show

higher resilience under a heat-drought event in 2015. Although the treatment

effects on drought response indices diminished over time, the absolute

growth increments of residual trees remained higher than the control 17 years
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after harvest, despite repeated droughts. These results suggest that partial

cutting on moisture-limited sites provides immediate and medium term

benefits for remaining trees in terms of drought resilience, which may help

forests adapt to climate change.

KEYWORDS

heat stress, silviculture, drought, retention harvest, tree rings, climate change
adaptation

Introduction

Forests are increasingly becoming limited by extreme
climatic events such as drought and heatwaves in moisture-
limited regions (Peng et al., 2011; Hember et al., 2017; Girardin
et al., 2021). Droughts can reduce forest health and productivity,
and are often a pre-cursor for mortality (DeSoto et al., 2020;
Hammond et al., 2022). Even when drought is not the main
mortality agent, it can lower resistance to insects and disease,
causing mortality indirectly (Hart et al., 2014; Johnstone et al.,
2016; Seidl et al., 2017). Recent increases in drought-induced
forest mortality (Allen et al., 2015; Choat et al., 2018) are
associated with increased carbon release (Brown et al., 2012;
Anderegg et al., 2015), loss of ecosystem function and services
(Anderegg et al., 2013; Bennett et al., 2015; Clark et al., 2016),
and contribute to fire hazards that affect public safety (Adams
et al., 2012; Littell et al., 2016; Stephens et al., 2018). Altogether,
forests and the services they provide are threatened by an
increased frequency and severity of extreme weather and climate
events.

To adapt forests to the pace of climate change and extreme
events, several complementary silvicultural strategies have to
be considered (Nagel et al., 2017; North et al., 2019). Options
with potentially immediate and lasting benefits include reducing
inter-tree competition by harvesting a proportion of standing
trees on lands managed for timber production (Bolte et al.,
2009; D’Amato et al., 2013; North et al., 2022). Tree removal
approaches could involve variable retention harvesting, which
retains a proportion of standing trees after harvest. Thinning
also provides opportunities to remove lower-quality trees prior
to final harvest or to support continuous-cover forestry (e.g.,
Tahvonen, 2016). Such partial cutting systems leave a proportion
of merchantable trees for future harvests, while also providing
a legacy of forest structure that emulates natural disturbances
and improve wildlife habitat (Mitchell et al., 2007). Although
removing trees reduces standing volume, growth and survival
may be improved at the individual tree level (e.g., Bose et al.,
2018) and potentially maintain forest health even under extreme
droughts and heatwaves.

The benefits of partial cutting systems under drought have
been well-documented in the literature. Such tree removal

can also confer advantages under drought. Trees may benefit
from higher precipitation throughfall (Donner and Running,
1986; Aussenac and Granier, 1988; Simonin et al., 2007) and
can endure increased moisture limitation and/or aridity due
to lower inter-tree competition for resources (Aussenac, 2000;
D’Amato et al., 2013; Bradford and Bell, 2017). Using a network
of forest inventory plots in the south-western United States,
Bradford and Bell (2017) demonstrated positive correlations
between tree mortality, aridity, and basal area for Douglas-
fir (Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa),
and pinyon pine (Pinus edulis). Reductions in tree density
were found to mitigate growth reductions during drought
years and improved post-drought radial tree growth, pointing
to better tree recovery and longer-term resilience (Laurent
et al., 2003; D’Amato et al., 2013; Giuggiola et al., 2013;
Sohn et al., 2016a,b; Diaconu et al., 2017). For conifers in
particular, tree removal has been shown to improve growth
responses and survival of Douglas-fir, ponderosa pine (Vernon
et al., 2018), and limber pine (Pinus flexilis) (Millar et al.,
2007), and of pine-dominated stands in the Sierra Nevada
(Restaino et al., 2019). For Scots pine (Pinus silvestris) in
Spain, Sánchez-Salguero et al. (2015) also found that lower
competition increased performance under drought. Similarly,
for trembling aspen (Populus tremuloides) and white spruce
(Picea glauca) mixtures in Saskatchewan, Comeau (2021)
showed that drought resilience increased with decreasing basal
area per hectare. These results are consistent with a meta-
analysis of 23 studies around the globe, indicating that tree
removal generally led to positive effects on drought tolerance
(Sohn et al., 2016b).

Although tree removal has generally been reported as
being beneficial for remaining trees under drought, there is
also evidence for adverse effects, pointing to more complex
responses. For example, McDowell et al. (2006) found that
while thinning improved performance under drought, it also led
to stronger reductions in basal area increments in subsequent
drought years. This increasing sensitivity to moisture deficits
was also reported by Sánchez-Salguero et al. (2015). Tague
et al. (2019) demonstrated that thinning-induced increases
in tree size for trembling aspen and white spruce caused
reductions in net primary productivity when the increased
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water demand of larger trees could not be met under drought.
These authors conclude that the positive effects of thinning on
drought tolerance depend on timing and climate conditions in
subsequent years.

Quantifying how tree removal impacts growth under
climatic extremes can be effectively studied using a
hybrid research approach combining observational tree-
ring methodologies with experimental manipulations in
well-replicated, long-term field trials. Traditionally, these
experiments often rely on tree-size metrics only, which
provide a cumulative response variable to local environmental
conditions over time. However, decades-old field trials can
now be re-purposed to answer climate change questions using
non-destructive sampling with tree-increment boring (e.g.,
D’Amato et al., 2013). Since a tree’s response to the environment
are recorded in its tree rings, they can be retrospectively assessed
to quantify resilience to drought and heatwaves (e.g., McLane
et al., 2011). Combining the advantages of experimental designs
with tree-ring methodologies can therefore be a powerful
approach to quantify the extent to which tree removal improves
drought recovery and resilience relative to untreated controls.

The objective of this study is to test the effectiveness of
a partial cutting treatment to alleviate growth losses due to
drought and heat events in the remaining trees. To meet
this objective, we ask two main questions: To what extent
does partial cutting mitigate impacts of drought and heat
on productivity at the individual-tree level? How persistent
are effects across subsequent drought and heat events? We
additionally tested whether tree or topographic characteristics
modulate growth responses to these events to provide additional
guidance during the selective removal of trees. Understanding
forest responses to tree removal will help improve predictions of
responses to extreme climatic events. This knowledge can guide
approaches to mitigate drought-induced forest mortality on 22
million hectares in British Columbia, helping to reduce carbon
loss and to sustain ecosystem services for communities that rely
on resilient forests.

Materials and methods

Experimental design

This study was overlaid on the Isobel Lake experimental site
(Klenner and Arsenault, 2006), which was initially designed to
test how varying levels of retention after harvest in dry Douglas-
fir ecosystems alter conifer regeneration, understory vegetation
composition and productivity, wildfire fuel loads, timber growth
and wood quality. Here, we re-purpose this experiment to
evaluate how a partial cutting treatment affects individual-tree
growth responses to drought. As shown in Figure 1, the trial
is located in southern British Columbia (BC), about 20 km
north of Kamloops (Latitude: 50.84, Longitude: −120.44). The

experiment is located at relatively high elevation (1,210 m above
sea level) and the terrain is moderately mountainous. The soil in
the area is moderately well drained, and classified as loamy sand
with a moderate composition of coarse fragments, estimated at
44% (Young et al., 1992).

The experimental test site covers approximately 250
hectares. Prior to the partial cutting treatments, standing
volumes ranged from 175 to 250 m3ha−1 (Klenner and
Arsenault, 2006). The trial site was divided into 12 treatment
units with an average size of 20 ha. Partial cutting treatments
were applied in winter of 2002/2003, representing three levels of
harvest retention based on basal area: 20–25% retention, 50%
retention, and 100% retention. The partial cutting treatment
focused on retaining trees in the dominant and co-dominant
crown-classes, and can thus be classified as a strong thinning
from below. Each treatment level was randomly assigned to 4
of the 12 treatment units (Klenner and Arsenault, 2006). For
this study, we evaluated individual-tree growth responses to
drought in the 20–25% retention treatment (R25% for brevity),
representing the lowest density in the experiment, and responses
in the high-density unharvested control representing 100%
retention (R100%).

The ecology of the site can be best described through
the province’s Biogeoclimatic Ecosystem Classification (BEC)
system, which is a hierarchical system that organizes ecosystems
at three levels of integration: local, regional, and chronological.
At the broadest unit, BEC zones are defined by areas at the
landscape scale characterized by uniform macroclimate. The
study site is located in the Interior Douglas-fir (IDF) zone, which
is typically dominated by interior Douglas-fir (Pseudotsuga
menziesii var. glauca); at lower elevations drought tolerant
ponderosa pine (Pinus ponderosa) may co-occur, while at higher
elevations lodgepole pine (Pinus contorta) is more common;
throughout the IDF pinegrass (Calamagrostis rubescens) is
common in the understory (Lloyd et al., 1990). After the BEC
zone, which is the most commonly-used BEC unit, subzones
are used to further characterize a site by a particular climatic
climax plant association on zonal sites (MacKinnon et al., 1992).
The study site spans two BEC subzones: upland areas occur in
the dry-cool (dk) IDF subzone (IDFdk) and, on lower slope
positions, the very hot-dry (xh) IDF subzone (IDFxh). The
IDFxh is the warmest and driest forested area within the IDF
but both subzones are characterized by relatively long growing
seasons where moisture deficits are common (Lloyd et al., 1990).

Site climate and drought years

The site is characterized by a continental climate, with a
mean annual temperature of 4.2◦C, and an average annual
temperature difference of 24.4◦C (Wang et al., 2016). The
mean coldest month temperature is −8.9◦C and the mean
warmest month temperature is 15.5◦C in summer. The annual
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FIGURE 1

(A) Map of the distribution of Douglas-fir in the Pacific Northwest, shaded by mean annual temperature. The location of the experimental site is
indicated by a star. The map was created by the authors using vector and raster data from www.naturalearthdata.com (Public Domain) and
(Hamann et al., 2005). (B) Photo taken in treatment unit 9, showing stand conditions 17 years after harvest in the 25% retention treatment.
(C) Photo taken in treatment unit 11, showing stand conditions of the no-treatment control 17 years after establishment of the experiment.

precipitation sum of 449 mm is evenly distributed throughout
the year: Precipitation is about 106 mm in winter, 95 mm in
spring, 132 mm in summer and 116 mm in autumn.

Monthly temperature and precipitation data for the
experimental site was extracted with the software ClimateWNA
(Wang et al., 2016), covering the period from 1961 to 2018.
To further infer drought conditions at the experimental site,
we retrieved monthly values of the Standardized Precipitation
Evapotranspiration Index (SPEI) from the Global SPEI Database

(Vicente-Serrano et al., 2010). This index quantifies drought
based on a water balance, and because it is standardized to
an average of zero and a standard deviation of one, it enables
relative comparisons across time and space. The SPEI can be
determined for different time windows. For this study, we chose
a 3-month integration window to capture short to mid-term
changes in drought conditions.

This study examines three main drought events that
occurred in 2002, 2009, and 2015 (Figure 2). The drought in
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FIGURE 2

Timeseries for temperature, precipitation, and the Standardized
Precipitation-Evaporation Index (SPEI). Each dot represents a
value in standard deviations for a particular year from
1961–2019. The drought years shortly before (2002), and after
the tree removal treatment (2009 and 2015) are indicated in
orange, red, and maroon. All other years are shown in grey.

2002 was moderate according to the SPEI-index. Temperatures
were above average in June and July, both representing 0.7
standard deviations above the long-term mean (1961–1990) for
those months. Precipitation was lower than average in June,
July, August, and September, representing −0.8, −0.9, −0.5,
and −0.8 standard deviations, respectively. The drought of 2009
was more severe and prolonged, leading to negative SPEI-index
values throughout the growing season (Figure 2). Temperatures
in June, July, August, and September represented 0.5, 1.7, 0.9,
and 1.4 standard deviations above the 58-year long-term climate
average for those months. Precipitation in 2009 was low early
in winter and spring, but lowest during the summer months
of June, July, and August, with −1.1, −0.5, and −1.2 standard
deviations below the mean, respectively.

In contrast, 2015 was characterized by temperatures far
above average throughout the year, starting in January and being

sustained throughout the growing season: Average temperatures
were 1.1, 1.6, 2.1, 0.3, 1.7, 2.4, 1.2, and 0.7 standard deviations
above the mean for each month from January to August. The
drought of 2015 also builds on warmer-than-average conditions
throughout the growing season of 2014, where temperatures
were 0.6, 0.2, 1.4, 1.1, 0.6, and 2.5 standard deviations above
the mean for each month from May through to October,
although precipitation was normal in 2014. In 2015, by contrast,
after above-average precipitation in June, precipitation during
the summer months were below average. This is reflected in
the SPEI-index as well, with negative values throughout the
growing season. Therefore, 2015 represents a drought that was
exacerbated by an intense heat event.

Although higher-than-average temperature and lower-than-
average precipitation was observed in the summer of 2017, an
unusually high amount of precipitation as snow was recorded
in the preceding months. This was reflected in the SPEI index
values of 0.07, −0.59, and −0.77 for June, July, and August,
respectively, that did not meet our drought criteria.

Field sampling and tree-ring
measurements

In 2020, we obtained tree-size data and tree increment
cores from 83 trees from four treatment units of both the
control (R100%) and 25% retention treatment (R25%), for a
total of eight treatment units. Measured trees were randomly
selected from each plot’s dominant or co-dominant crown
class. As potential covariates, slope and aspect for each tree
was measured with a Haglöf Vertex Laser and a Vertex III
hypsometer. Height measurements were obtained using the
same instruments. Diameter at breast height (DBH, 1.3 m) was
measured with a diameter tape. These tree size and micro-site
conditions were relatively similar among treatments (Figure 3),
and none differed significantly. GPS coordinates were recorded
for each tree, and used to extract the BEC-subzone for each
tree. Increment cores were obtained at DBH for each tree using
increment borers. The cores were dried, mounted on fluted
wooden boards and sanded with progressively fine sandpaper
(120–1,800 grit). After polishing, cores were scanned at 2,400
dpi resolution (Canoscan 9000f MarkII, Canon, Tokyo). Tree-
ring widths were subsequently measured and cross dated using
the software suite Coorecorder and CDendro (version 9.5; Cybis
Elektronik & Data AB), following methodology outlined in
Maxwell and Larsson (2021).

Drought indicators

For each of the three identified drought events, this study
assesses drought tolerance using the framework proposed by
Lloret et al. (2011), with four indicators: resistance, recovery,
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FIGURE 3

Comparison of differences between treatments in tree height,
diameter at breast height (DBH, 1.3 m) and tree age (at 1.3 m,
17 years after treatment), slope (◦), the cosine and sine of aspect,
as well as the cosine and sine of aspect multiplied by the slope
at each tree location. The distribution of values is indicated by
the violin plots, and the median is indicated by horizontal lines.
No significant differences were found for any of the tree or
tree-location variables.

resilience, and relative resilience. Resistance describes the
reduction in growth rate during a drought event, where a lower
growth reduction in the drought year corresponds to higher
resistance. Drought recovery represents growth rates after the
drought event, relative to growth observed during the drought.
Resilience is the ability to regain pre-drought growth levels after
the drought, while relative resilience represents an integrated
metric combining all three other variables, i.e., the ability to
regain pre-drought growth performance weighted by the drop in
growth during the drought event. Please see Lloret et al. (2011)
for equations and conceptual illustrations of this approach.
Indices were calculated on basal area increments (BAI), which
were derived from tree-ring widths using the “bai.in” function
of the dplR package in R (Bunn, 2008).

All four indicators were defined using a reference period
covering a pre- and a post-drought period. The reference
period outlined by Lloret et al. (2011) is 5 years (pre- and
post-drought), and should capture years of normal growth.
A standardized approach to setting the length of the reference
periods is lacking (Schwarz et al., 2020). However, the key
assumption relating to the length of the reference period is
that it should be long enough to provide a reliable indication
of growth performance pre- and post-drought. Here, a three-
year window was chosen to capture the longest window possible
while avoiding overlap among the drought periods. This was
important because otherwise the pre- or post-drought periods
for each event would have been artificially higher or lower
depending on the growth response to previous and subsequent
drought events. This would have created a bias in this study and
would not have allowed comparison across drought events. For
these reasons, a three year pre- and post-drought period was
chosen, in agreement with e.g., Gazol et al. (2017), Gazol et al.
(2018), Gazol et al. (2020), and Lucas-Borja et al. (2021).

Statistical analysis

The data was analyzed with linear mixed models, using
treatment type (two levels) as a fixed effect, and treatment
unit (eight levels) as a random effect to account for non-
independence of trees within treatment units. The models were
computed with the “lmer” function of the lmerTest package
(Kuznetsova et al., 2017) in the R programming environment
(R Core Team, 2021). To test for treatment differences in
basal area increments over time, we specified the interaction
between treatment type and year as fixed effects, and treatment
unit as well as tree ID as random effects to additionally
account for non-independence of years within individual trees.
The resulting p-values were adjusted with the Benjamini and
Hochberg method (Benjamini and Hochberg, 1995). Because
responses of trees can depend on site conditions and tree size
(Vernon et al., 2018; Rita et al., 2020), we tested whether
including site- and tree-specific variables as covariates would
improve model parsimony. To characterize north-south and
east-west exposure, aspect was transformed with sine and cosine
functions. To explore potential interaction effects, transformed
aspect was multiplied by slope. The following covariates were
tested using the “drop1” single term deletion function in
R: tree height, DBH, age, slope, BEC-subzone, and aspect.
However, including these covariates did not improve the
model, as determined by AIC. Only the deletion of treatment
type from the model resulted in a substantial increase of
the AIC (86.50 compared to 82.19 for the full model). The
deletion of all other terms resulted in only marginally higher
(+0.19 for age) or lower AIC values. Therefore, we continued
the analysis with a model including treatment type as sole
fixed effect.
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Results

Growth response post-treatment and
2002 drought

After the partial cutting treatment in winter of 2002/2003,
the basal area increments of trees in the R25% treatment
increased substantially (Figure 4). This response is relative to
pre-treatment growth levels, where the stands that eventually
became the R25% and the R100% treatment units had no
significantly different growth rates. The recovery index was the
only metric that could be calculated for the 2002 drought given
the conflating effect of the actual treatment on growth rates.
This increase in individual tree growth in the R25% treatment
occurred despite potential legacy effects from the 2002 drought
year and was likely heavily influenced by the strong basal area
removal (of 75%) as evidenced by the growth release following
treatment (Figure 4). In comparison, the basal area increments
of trees in the R100% treatment decreased in 2003 after the 2002
drought year. The R25% treatment showed significantly higher
recovery, over the three years following the 2002 drought event
(Figure 5 and Table 1).

Treatment effect under subsequent
droughts

The drought of 2009 provided the first opportunity to fully
quantify treatment effects on pre- and post-drought effects.
During this drought, trees in the R25% treatment expressed a
sharp decline in growth rates but growth rebounded strongly in
the subsequent year. In contrast, trees in the R100% treatment
declined in 2009 but did not rebound in the next year. In
terms of the drought resilience metrics, both treatment types
showed low resistance and no significant differences were
found (Figure 5 and Table 1). In terms of recovery and
relative resilience, however, the R25% treatment significantly
outperformed the R100% control. Resilience of trees in the
R25% treatment was also higher than the R100% group, but this
difference was not significant.

Partial cutting treatment under
subsequent heat event

During the heat-drought event of 2015, which followed
warmer than average conditions throughout 2014, the growth
of trees in both treatments declined relative to the pre-drought
levels. For this event, the R100% control outperformed the R25%
treatment in all four drought tolerance metrics, although only
resistance and resilience were significantly different (Table 1).
These results appear to be linked to a decline in growth observed

in 2014, which more strongly affected the R100% treatment,
having the effect of lowering the pre-drought mean of growth
increments. With a lower pre-drought average, the drop in
2015 does not appear as deep, which may have led to a larger
resistance value. A lower pre-drought average also improves
resilience scores. Therefore, we also tested the impact 2014 had
on the results by analyzing 2014/2015 as a two-year drought
and by shifting the pre-drought reference period to 2011–
2013.

However, analyzing 2014 and 2015 as a combined heat-
drought event did not result in changes: The trend remained
the same with the R25% treatment showing lower tolerance
values for all four drought metrics relative to the R100% control.
Significance levels changed for resistance, recovery, and relative
resilience, but not for resilience, which remained significantly
different. The change was relatively small for resistance, shifting
p-values from 0.04 for the 2015-only heat event to 0.08 for
the 2014/2015 heat-drought event. The p-values for recovery
shifted from 0.57 to 0.1, while relative resilience p-values shifted
from 0.23 to 0.06.

Despite lower drought indicator values for 2015, trees in the
low retention treatment maintained larger basal area increments
than trees in the control, even in low growth years (Figures 4, 5).

Discussion

The combination of increasing temperature and moisture
limitation, and their resulting indirect effects (e.g., bark beetle
outbreaks, wildfire) have altered the health, dynamics, and
occurrence of tree species at local to global scales (Van Mantgem
et al., 2009; Allen et al., 2010; Clark et al., 2016; Hammond
et al., 2022). Taken individually or collectively, these changes
are significantly affecting ecological and social resilience and a
myriad of goods and services that forests provide (Parmesan
et al., 2022). Forest management practices that manipulate stand
composition and structure (e.g., species, size, and density) may
do so to increase resource values (e.g., increase productivity
for timber), however, management interventions can also be
used to mitigate the effects of drought at tree and stand levels
(Clark et al., 2016).

The strong growth response and better recovery after the
drought in 2002, as well as higher resilience to the drought
of 2009, indicate that partial cutting can be a viable option
to improve drought tolerance in the short-term to mid-term
on moisture-limited sites. The environment at this site appear
to have been limiting at the individual tree level given the
strong post-harvest increase in basal area increments. Drought
recovery is expected to be faster in water-limited systems where
soil water storage capacity is low, and where trees have been
released from strong sub-surface root competition for moisture
(Tague et al., 2019). This is consistent with the higher recovery
of released trees after 2002 and 2009 found in this study,
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FIGURE 4

Timeseries of basal area increments for the no-harvest control (100% retention) and the harvest treatment (25% retention) from 1980 to 2019.
The standard error of the mean is indicated with shaded ribbons. A green arrow indicates the harvest year in winter of 2002/2003. Three
drought years shortly before (2002), and after the tree removal treatment (2009 and 2015) are indicated with orange arrows. Non-significance
of differences in basal area increments is shown by a horizontal line in light grey, while a horizontal line shaded in dark grey indicates significant
differences.

FIGURE 5

Comparison of drought indicators for the 25% retention treatment (R25) and the no-treatment control (100% retention or R100) for three
drought years: 2002, 2009, and 2015. The partial cutting treatment occurred in the winter of 2002/2003. Therefore, only recovery is included
for 2002. Error bars indicate the 95th confidence interval.

and indicates that insufficient moisture has been an important
limitation of the site.

The strong increase of basal area increments following
the partial cutting treatment found in this study is consistent

with the published research on growth release after canopy
disturbance (Heath and Alfaro, 1990; e.g., Berg et al., 2006;
Diaconu et al., 2015; Montoro Girona et al., 2016). For example,
in dominant European Beech trees, Diaconu et al. (2015) found
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TABLE 1 Anova table for treatment effects after a mixed model analysis of drought indicator indices. These were calculated as relative changes in
basal area increments before, during, and after drought events in 2009, and 2015. Because the partial cutting treatment occurred after the 2002
growing season, only the basal area increments during and after the drought of 2002 were used to calculate the recovery index. Tested groups are
no-harvest control, and 25% retention of basal area per ha.

Indicator Drought Sumsq Meansq NumDF DenDF F-value P-value

Recovery 2002 25.27 25.27 1 5.96 52.946 0.0004

Resistance 2009 0.03 0.03 1 5.95 1.105 0.3340

Recovery 2009 2.17 2.17 1 5.95 8.929 0.0246

Resilience 2009 0.27 0.27 1 5.95 4.049 0.0913

Rel. resilience 2009 0.49 0.49 1 5.95 9.181 0.0233

Resistance 2015 0.42 0.42 1 6.00 6.718 0.0411

Recovery 2015 0.03 0.03 1 5.95 0.344 0.5789

Resilience 2015 0.86 0.86 1 6.00 7.137 0.0370

Rel. resilience 2015 0.15 0.15 1 5.95 1.671 0.2440

P-values below 0.05 are printed in bold face.

a post-thinning increase of ∼44% in basal area increments after
removal of about 50% of the basal area. In this study, the
post-harvest growth release coincided with a drought in 2002.
Therefore, the higher recovery of the R25% treatment must be
interpreted with caution as this experiment does not allow for
disentangling these effects.

For the 2015 drought, resilience indices were lower in
the treatment relative to the control. This could lead to
an interpretation that the R25% treatment is less resilient
to drought in the long-term, however, a more nuanced
interpretation is required. The drought of 2015 was
characterized by exceptionally high temperatures. Under a
heat event, low canopy cover might have been a disadvantage
because of evapotranspiration from ground vegetation (Nilsen
et al., 2001), or direct evaporation from the soil surface (Simonin
et al., 2007; Sun et al., 2016). For example, pinegrass is abundant
in dry southern interior forests in BC, and typically dominates
the understory in the IDF zone (Haeussler et al., 1990).
The growth characteristics of pinegrass, such as early spring
growth initiation, rhizomatous rooting, vigorous regrowth
after disturbance, and its substantial soil water use during
midsummer (Lopushinsky and Klock, 1990), suggest that this
understory plant is a serious competitor for soil moisture in
dry to xeric forests. Varying levels of overstory tree density
and canopy cover could alter evaporative demand and/or
understory plant abundance which in turn could mediate
how tree growth responds to drought, heat coinciding with
drought, or heatwaves. A reduction in growth benefits under
subsequent droughts might also be due to changes occurring
over time at the tree level after the partial cutting treatment. For
example, trees respond plastically to changing environmental
conditions by producing new xylem with properties linked to
hydraulic safety or efficiency (Bryukhanova and Fonti, 2013;
Montwé et al., 2014; Isaac-Renton et al., 2018). Trees in the
partial cutting treatment may therefore have shifted their water
conducting xylem structure toward more efficiency at the
expense of hydraulic safety. In turn, this may have contributed
to the observed lower resilience in the R25% treatment in
2015.

While the four drought indicators imply a decline in
treatment efficacy under the 2015 heat-drought event, it is
important to note that average basal area increment values of
the 25% retention treatment remained higher than the control
17 years later. Most notably, the basal area increments in
subsequent drought years (e.g., 2009, 2015) remained higher
than the control, indicating overall that trees in the 25%
retention treatment are growing more each year compared
to control trees. We also note that this study evaluated
two binary conditions: a relatively dense uneven-aged forest
with no-harvest, versus a partial cutting treatment at 25%
basal area retention that focused on leaving large canopy
dominants and co-dominants. In the dry interior Douglas-fir
zone, such strong thinning treatment are applied to emulate
the natural disturbance regime of frequent, stand maintaining
fires (Heyerdahl et al., 2012), and to improve wildlife habitat
structure (Leclerc et al., 2021). There may be intermediate levels
of tree removal that effectively manage for resilience to drought
and heat through survival on moisture-limited sites, while
also balancing the trade-off with productivity (e.g., volume per
hectare). Intermediate levels of retention may provide sufficient
release from competition for moisture to improve tolerance
to increasing aridity, while also maintaining sufficient canopy
cover to provide thermal protection under severe heat events.
Thus, there may be an optimal blend of retention levels in
moisture limited Douglas-fir forests, and more broadly in dry
temperate forest ecosystems.

This study points to areas that would benefit from further
research. Broadly, one important area would be identifying
treatment levels that increase access to resources without
reducing canopy cover to the extent that new stresses emerge.
Research in California found that removal of 34% of forest
basal area was sufficient to improve drought resilience in dry
Douglas-fir stands (Vernon et al., 2018), which may translate
well to the dry forests of southern BC. The Isobel Lake
Experiment included a third treatment of 50% basal area
retention, which was not included in the present study, but
would be worthwhile to revisit given the present findings.
Evaluating this treatment level in the future may help gauge
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whether intermediate retention levels suitably buffer against
both extreme drought and heat. Applying the same tree-
ring approach to all three treatment levels (R25, R50, and
R100%) would be particularly valuable due to the record-
breaking heatwave and drought that occurred in western
North America in early summer of 2021. In addition, using
stand mensuration data, neighborhood data of sampled trees,
and microsite soil and climate include soil moisture would
provide more detailed pictures of the growth dynamics at
this site and may lead to predictive models that can be
applied in operational partial cutting systems. Ideally this
could be complemented with analyses of similar trials in other
locations as well. This type of research focus would provide
an opportunity to validate and expand on the results reported
in this study, furthering our understanding of the direction
(increase or decrease) and duration of growth responses to forest
management interventions and extreme climate and weather
events.

Leveraging long-term silviculture experiments to answer
new climate-adaptation questions in forestry is important
and furthers our understanding on how forest management
activities may facilitate forest resilience to climate change.
However, there is also a need to install new trials where
testing climate change adaptation and ecosystem resilience
are set as primary objectives. Effectively managing forest
lands under warmer and more variable climates is becoming
increasingly challenging. To guide the management decisions,
which will have both immediate and longer-lasting impacts,
reliable data from statistically-sound, replicated experimental
designs are needed. These could be specifically designed
to test forest resilience under climate change, and other
disturbances such as wildfire, using varying levels of retention
or thinning intensity under different spatial arrangements.
Installing new trials to specifically evaluate these treatment
scenarios would have the advantage of also assessing the
efficacy of silvicultural planning and harvesting and evaluating
economic outcomes.

Conclusion

Strong positive growth responses of trees in a partial
cutting treatment under drought indicate that tree removal
may be an effective short-term approach to improve forest
resilience to extreme events. There may be climatic or
temporal limitations to such benefits, though, since relative
benefits diminished after a heat and drought event 13 years
post-harvest. In the context of absolute values, however,
growth rates of individual trees in the low retention partial
cutting treatment were consistently higher than the control
in poor years, and residual trees were also able to benefit
more in better years. While it would be worthwhile to
further explore the effects of thinning and partial cutting

on drought resilience of interior Douglas-fir, this study
indicates that partial cutting can provide long-term advantages
under climate change.
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