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We reviewed recent literature to identify the positive and negative effects of thinning on both stand- and tree-
level resistance and resilience to four stressors that are expected to increase in frequency and/or severity due
to global change: (1) drought, (2) fire, (3) insects and pathogens, and (4) wind. There is strong evidence that
thinning, particularly heavy thinning, reduces the impact of drought and also the risk and severity of fire when
harvest slash is burned or removed. Thinning also increases the growth and vigor of residual trees, making
them less susceptible to eruptive insects and pathogens, while targeted removal of host species, susceptible
individuals and infected trees can slow the spread of outbreaks. However, the evidence that thinning has
consistent positive effects is limited to a few insects and pathogens, and negative effects on root rot infection
severity were also reported. At this point, our review reveals insufficient evidence from rigorous experiments
to draw general conclusions. Although thinning initially increases the risk of windthrow, there is good evidence
that thinning young stands reduces the long-term risk by promoting the development of structural roots and
favouring the acclimation of trees to high wind loads. While our review suggests that thinning should not
be promoted as a tool that will universally increase the resistance and resilience of forests, current evidence
suggests that thinning could still be an effective tool to reduce forest vulnerability to several stressors, creating
awindow of opportunity to implement longer term adaptive management strategies such as assisted migration.
We highlight knowledge gaps that should be targeted by future research to assess the potential contribution of
thinning to adaptive forest management. One of these gaps is that studies from boreal and tropical regions are
drastically underrepresented, with almost no studies conducted in Asia and the southern hemisphere. Empirical
evidence from these regions is urgently needed to allow broader-scale conclusions.

altering fire regimes in many forest ecosystems, leading to a

Introduction e . :
oductio generalized increase in the frequency and severity of wildfires

In addition to anthropogenic disturbances, forest ecosystems
are shaped by abiotic stressors such as drought, fire and wind, as
well as biotic stressors such as insects, and pathogens. While
natural disturbances help maintain the natural equilibria of
forests by creating heterogeneous landscapes and promoting
species diversity (Thom and Seidl, 2016; Buma and Schultz,
2020), global change is accelerating many of these disturbances
and threatening the provision of forest ecosystem services (Millar
and Stephenson, 2015; Trumbore et al.,, 2015; Wingfield et al.,
2015; Anderegg et al.,, 2020). An increase in the frequency and
severity of droughts has accelerated tree mortality in many
regions of the world, resulting in broad-scale forest die-off (Dai,
2012; Allen et al, 2015). Climate and land-use changes are

and of burned area (Hood and Kimberley, 2009; Andela et al.,
2017; Principe et al., 2017; Piqué and Domenech, 2018). Recent
research also suggests that wind damage will increase in many
forest ecosystems due to increases in the frequency and severity
of windstorms, as well as shifts in storm tracks towards forests
that are not adapted to strong winds (Bengtsson et al., 2006;
Kamimura et al., 2017). Global warming is also amplifying the
outbreaks of eruptive insects and pathogens and allowing them
to extend their ranges into forests poorly adapted to them
(Battisti et al., 2005; Robinet and Roques, 2010; Klapwijk et al.,
2012; Wingfield et al., 2017).

Positive feedback between stressors often compounds the
impact of multiple disturbances. Examples of interactions
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between drought, fire, wind, and eruptive insects are numerous
and diverse. For example, drought conditions reduce tree vigour,
which in turn increases the vulnerability of trees to invasive insect
outbreaks (Scheller et al., 2018). Drought-induced mortality is
also known to increase the risks of severe fire by increasing the
accumulation of dry and dead fuels (Jactel et al., 2009). Similarly,
wind damage can increase fire risks (Woodall and Nagel, 2007)
and trigger severe insect outbreaks by providing suitable breeding
environments (Stadelmann et al., 2013; Kdrvemo et al., 2014).
Conversely, stand degradation by severe fires may subsequently
exacerbate wind damage in tropical forests (Silvério et al., 2019).

Many uncertainties exist when predicting the influence of
climate change on forest ecosystems, ranging from the future
extent of climate change to the geographical and temporal vari-
ability of expected impacts. In this context, most adaptation
models for ecosystem management advise for applying a portfo-
lio of choices (Aplet and McKinley, 2017; Dudney et al., 2018; Roy-
er-Tardif et al., 2021). Notably, the intensification and interaction
of disturbances call for the development of forest management
strategies that increase resistance (the ability to resist change;
Millar et al., 2007) and resilience (the ability to both accommo-
date change and return to prior conditions; Millar et al., 2007)
to multiple stressors, with a focus on finding opportunities to
manage them as one global threat (Jactel et al.,, 2017; Scheller
et al.,, 2018; Roberts et al., 2020). One such strategy is thinning,
which is commonly used to control the density, structure and
species composition of stands. By removing a portion of the
wood volume, and pre-empting natural mortality (Curtis et al.,
1997; Zeide, 2001; Thiffault et al., 2021), thinning alters the
competitive environment of the stand and redistributes access
to site resources (light, nutrients and water) among the residual
trees (Bréda et al., 1995; Medhurst et al., 2002; Moreau et al.,
2020). In terms of wood production, the objectives of thinning
are diverse but may be summarized as maintaining stand yield
while improving the growth and vigour of individual stems, which
can increase the value of processed products at maturity and/or
reduce rotation age. Thinning can be carried out in different
ways that have been described in detail in silvicultural textbooks
(Daniel et al., 1979; Smith et al., 1997; Nyland et al.,, 2016).
Based on these descriptions and on the thinning types mentioned
in the studies included in this review, we may broadly classify
thinning as follows: thinning from above (high thinning) removes
the largest trees in the diameter distribution; thinning from below
(low thinning) removes the smallest trees in the diameter distri-
bution; and sanitation thinning (improvement thinning) in which
the objective is to remove trees affected by insects and diseases
and/or defects to improve both the vigour and timber quality
of the residual stand. Selective thinning (crown thinning, crop
tree thinning, which removes the strongest competitors of the
dominant crop trees) and systematic thinning (or row thinning,
consists of removing whole rows of trees, without specifically
favouring large or small trees) have also been defined in text-
books but were not mentioned in any of the studies included
in this review. It is also recognized that high, low, and selective
thinnings can be combined with systematic thinning; this allows
cost savings associated with systematic thinning to be combined
with the selection for vigorous trees with good form.

In addition to achieving production objectives, thinning has
also been reported to reduce the negative impacts of drought,

as stand density reduction can increase water availability to
residual trees (Sohn et al., 2016). By removing trees likely to suffer
from competition-induced mortality, thinning treatments may
also reduce fuel accumulation rate and reduce fire hazard (Kalies
and Yocom Kent, 2016). In stands affected by organisms with
invasive behaviour, thinning may increase the growth rate and
vigour of residual trees, thereby limiting losses of productivity and
increasing resilience (Hood and Sala, 2016). However, thinned
stands may also be more susceptible to root rot infections (Piri
and Korhonen, 2008; Hood and Kimberley, 2009), some defoliator
insects (Fajvan et al,, 2008) or wind damage (Gardiner et al.,
2013). These findings suggest the existence of potential trade-
offs, whereby the reduction of risk from one stressor may increase
vulnerability to another stressor. Despite this, recent reviews on
adaptive management options have mainly focused on a single
stressor (e.g. Sohn et al. (2016) for drought; Kalies and Yocom
Kent (2016) for fire hazard; Roberts et al. (2020) for invasive
organisms and Gardiner (2021) for wind risks). Consequently, it
is difficult to draw general conclusions from the literature about
the potential of thinning to increase the overall resistance and
resilience of forests to global change.

In this study, our objective was to review recent research on
the efficacy and limitations of thinning as a means of increasing
resistance and resilience to multiple stressors, with a view to
facilitating the adaptation of forests to global change. We aimed
to identify publications that directly assessed the positive or
negative effects of thinning on both stand- and tree-level resis-
tance and resilience to four main stressors that are expected to
increase in frequency and/or severity in a near future. This process
highlighted both recent progress and gaps in current knowledge
that should be targeted by future research to assess the potential
of thinning to enable existing stands to better persist under global
change, in support of the broader effort to develop adaptive
forest management practices.

Methods

We have structured our review around the following four main
stressors: (1) drought, (2) fire, (3) insects and pathogens, and (4)
wind. Because our work aimed to bring up-to-date information on
the topic by emphasizing interesting and important new findings,
we mainly concentrated our research on the recent literature
published in the last decade. Major and pioneering works pub-
lished before 2010 were also included in the review to provide
a longer term perspective to our synthesis. To be included in
this review, studies had to meet the following criteria: (1) they
permitted a comparison between thinned and un-thinned stands
(included a control treatment); and (2) the effects of thinning on
forest resistance and/or resilience was directly assessed through
quantitative indices, such as growth indices and mortality rate,
damage severity and frequency, or vulnerability indices. Results
from empirical studies carried out under field conditions and for
which stressors had taken place during the study period were
prioritized and considered as providing the strongest evidence. In
accordance with these criteria, we used the following keywords to
identify relevant peer-reviewed literature: ‘thinning’ + ‘resistance’
and/or ‘resilience’ 4+ each of the main stressors. Our research was
complemented by a combination of additional relevant keywords
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specific to each stressor of interest, such as ‘growth’, ‘mortality’
and ‘water use efficiency’ for drought, ‘severity’, ‘damage’, ‘risk’
and ‘hazard’ for fire and wind, and ‘infestation’ for insects and
pathogens. Google Scholar was used as our main search engine
and Web of Science (Clarivate, London, UK) was also used to
check and complement our literature research. Once the queries
were completed, an initial check of the title and abstract of
several hundred papers allowed us to exclude irrelevant studies.
Overall, we identified about 100 recent publications that directly
assessed the positive or negative effects of thinning on both
stand- and tree-level resistance and resilience to the four stres-
sors of interest.

Results

Drought

There is considerable evidence that reducing stand density by
thinning is effective at increasing growth and reducing mortality
under drought conditions (Table 1). Positive effects have been
observed in a wide range of biomes (Figure 1): for example in
temperate (Wang et al., 2019), subtropical (Bottero et al., 2017q;
Navarro-Cerrillo et al., 2019) and tropical (Sinacore et al., 2019);
in xeric and hydric sites (Elkin et al., 2015; Trouvé et al., 2017;
van Mantgem et al.,, 2020); in different stand structures (Jones
et al., 2019), with trees of different sizes (Calev et al., 2016;
Trouvé et al., 2017; Vernon et al., 2018; Wang et al., 2019); and
in a wide range of stand compositions (Ddnescu et al., 2018),
with broadleaf and coniferous species varying in shade tolerance
(Sohn et al., 2016; Wang et al., 2019; Low et al., 2021). Overall,
the positive effects increase with thinning intensity, with heavy
thinning (removing more than 40 per cent of basal area (BA))
being most effective (Calev et al., 2016; Sohn et al., 2016; Aldea
etal.,2017; Trouvéetal., 2017; Cabon et al., 2018; Navarro-Cerrillo
et al., 2019; Steckel et al., 2020; Zamora-Pereira et al., 2021). In
some cases, removing less than 30 per cent of BA appears to have
no measurable effect on the response of trees to drought (Cabon
et al., 2018; Bello et al., 2019).

The positive effects of a single thinning treatment tend to
decrease over time, becoming negligible within 20-40 years
(Elkin et al., 2015; Ameztequi et al., 2017; Cabon et al., 2018). At
these time scales, initially positive effects can even be reversed
as stands mature, resulting in higher vulnerability for thinned
stands (D’Amato et al., 2013; Mausolf et al., 2018; Bottero et al.,
2021). Such a reversal of effect has been attributed to long-term
responses of crown architecture to thinning, resulting in higher
leaf/sapwood area ratios for trees released from competition
(D’Amato et al., 2013; Mausolf et al., 2018). Higher leaf area in
larger trees often results in increased water demand, which can
increase the vulnerability of the released trees to later drought
events (D’Amato et al., 2013; Mausolf et al., 2018; Bottero et al.,
2021). These results are in line with those of Seidl et al. (2017)
and Sohn et al. (2016) that reported a general decreasing benefit
of thinning with increasing stand age.

While numerous studies have shown that thinning was effec-
tive at reducing the short-term impacts of drought, the factors
and processes responsible for its success remain unclear and
are often contradictory among recent studies. At the regional
scale, studies from boreal and tropical regions were drastically

underrepresented in the recent literature (Sohn et al.,, 2016). This
is particularly true for tropical regions, where density reduction
through thinning showed only weak effects on forest resistance
and resilience (Shenkin et al., 2018; Sinacore et al., 2019). Thus,
the lack of studies prevents us from reaching any general conclu-
sion on the potential effect of thinning on the response of tropical
forests to drought.

At the site scale, aridity due to soil water availability or micro-
topography was commonly examined as a factor contributing
to the resistance and resilience to drought (e.g. Sohn et al,,
2016; Ameztequi et al., 2017; Diaconu et al., 2017). While several
studies have described a decreasing positive effect of thinning
with increasing site aridity (Elkin et al., 2015; Ruzicka Jr. et al.,
2017; Restaino et al., 2019), others found the inverse relation-
ship (Amezteqgui et al., 2017; Diaconu et al., 2017; Trouvé et al.,
2017; Steckel et al., 2020). Here, two processes appear to be
involved: on the one hand, species that are currently near their
physiological limits on dry sites may be highly vulnerable to
increasing water limitations, and thinning may not be sufficient
to enhance their resistance and resilience during severe droughts
(Elkin et al., 2015); on the other hand, individual acclimation and
cross-generation adaptation of trees to water limitations may
imply that trees growing in drier conditions are less vulnerable to
severe drought events, which allows them to respond positively
to reduced neighbourhood competition (Trouvé et al., 2017).
Again, further research is needed to clarify the mechanisms
involved in the response of the residual trees to thinning when
affected by drought (Trouvé et al., 2017).

At the stand scale, density reduction proved to be effective at
mitigating drought impacts on growth, but very few studies have
looked at how changes in structural and species diversity created
by different thinning methods influence forest growth responses
to drought (Ddnescu et al., 2018; Jones et al., 2019; Comeau,
2021). While increasing structural diversity through thinning was
related to an increasing stand resistance and resilience in a
red pine (Pinus resinosa Ait.) monoculture (Jones et al., 2019),
the effect of both structural and species diversity was weak
and inconclusive in both mixed Picea-Abies stands (Ddnescu
et al., 2018) and mixed Quercus-Pinus stands (Bello et al,,
2019). Indeed, thinning offers the opportunity to shift species
composition of mixed stands towards more drought-adapted
species to improve overall stand resistance and resilience.
However, more results from experimental studies are needed
to confirm the benefits of such approaches.

At the tree scale, growth responses to drought following thin-
ning appear to be largely species-specific (Sohn et al.,, 2016;
Aldea et al., 2017; Cardil et al., 2018; Vernon et al., 2018; Steckel
et al., 2020). A meta-analysis has concluded that the adaptation
potential of thinning differs between conifers and broadleaves,
where thinning enhances the resistance of broadleaves and the
resilience of conifers (Sohn et al., 2016). Since then, recent studies
tend to suggest that thinning may or may not increase the
resistance and the resilience of both conifers and broadleaves
(e.g. Aldea et al., 2017; Diaconu et al., 2017; Lechuga et al., 2017,
Cardiletal., 2018; Ddnescu et al., 2018; Ogaya et al., 2019; Steckel
et al., 2020; van Mantgem et al., 2020) and that the magnitude
of the effect might be partly explained by the species-specific
sensitivity to local climate, in such way that higher climate sen-
sitivity increases the potential to reduce drought susceptibility
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Opportunities and limitations of thinning to increase resistance and resilience of trees and forests to global change
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Figure 1 Effect of thinning on the response of forest stands to different stressors. See Tables 1-4 for detailed information for each study. Weak negative
and positive effects refer to no effect to negative response (0/— in the Tables) or no effect to positive response (0/+), while unclear responses refer to
null (0) or inconclusive effect (+/—). Reviews and meta-analyses with broad geographical extent are not included in the maps.

(Steckel et al., 2020). A better understanding of the physiological
process responsible for species-specific adaptive potential follow-
ing thinning should be a research priority in the near future. Lastly,
due to the scarcity of long-term monitoring of thinning experi-
ments, the potential reversal from positive to negative as stands
age remains insufficiently documented, and the factors respon-
sible for this reversal effect are poorly understood. Because of
the important management implication of such reversal effects,
additional monitoring of drought vulnerability over long-periods
following thinning is urgently needed.

Fire

There is strong evidence that thinning reduces the risk and sever-
ity of fire when harvest slash is burned or removed and also
that thinning is also effective even if harvest slash is left in place
(Table 2). These positive effects increase with the intensity of
thinning (Collins et al., 2014; Palmero-Iniesta et al., 2017; Hevia
et al., 2018; Tardds et al., 2019), and particularly, when it is
applied to suppressed and subdominant individuals (i.e. thinning
from below rather than thinning from above) (Collins et al., 2014).
Overall, in the long-term, thinning reduces the risk and severity
of fire by reducing fuel loads and disrupting fuel continuity in the
stand (Safford et al.,, 2012; Prichard and Kennedy, 2014; Thomas
and Waring, 2015). In contrast, the accumulation of harvest

slash and the quick colonization by shade-intolerant species may
increase surface fuels and, therefore, the risk and severity of
fire in the short-term (Kalies and Yocom Kent, 2016; Madrigal
et al., 2017; Arellano-Pérez et al., 2020; Banerjee, 2020; Taylor
et al., 2021). Thus, harvest slash is often burned or removed,
and thinning is generally considered to be most effective when
combined with short-term fuel treatments (Safford et al., 2012;
Collins et al.,, 2014; Kalies and Yocom Kent, 2016; Piqué and
Doménech, 2018; Volkova and Weston, 2019; Stoddard et al.,
2021). The benefits of thinning to promote forest resistance to
fire have been documented in a large amount of recent research
and corroborated by previous syntheses (e.g. Martinson and Omi,
2013; Collins et al., 2014; Kalies and Yocom Kent, 2016). Studies
are, however, restricted to temperate and subtropical biomes
(Figure 1). Besides the direct effects on stand structure, thinning
can be used to promote the abundance of fire-resistant species,
which improves the magnitude and longevity of the treatment
effects (Jain et al, 2020). Moreover, treatments appear to be
more effective in coniferous than broadleaved forests, which is
mostly explained by the difference in fuel accumulation rates
(Martinson and Omi, 2013; Kalies and Yocom Kent, 2016). Indeed,
a key factor determining the duration of the effect is the fuel
decomposition and accumulation rates in the years following
treatment, which is directly related to forest productivity and
local climate (Barnett et al., 2016; Palmero-Iniesta et al., 2017).
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Generally, treatment effects only last 20-30 years, evenin conifer
forests composed of fire-resistant species (Barnett et al., 2016;
Jain et al., 2020).

While recent simulation-based studies provide important
insights into the potential effect of fuel treatment on fire
behaviour and severity, more experimental studies are needed
to confirm these results, particularly regarding the long-term
effects of fuel treatments and the relationship between dead
fuel dynamics and fire behaviour (Palmero-Iniesta et al., 2017).
Process-based models should also be designed to simulate
the effect of thinning on the micrometeorological conditions
that limit fire (Banerjee, 2020). 1t is generally recognized that
canopy opening increases windflow, solar radiation, and near-
surface temperature (Russell et al., 2018), potentially reducing
canopy fuel moisture and influencing fire behaviour (Banerjee,
2020). However, it remains poorly understood how fuel moisture
is influenced by the micrometeorological changes brought on
by thinning. Lastly, fuel properties and accumulation rates are
directly affected by local climate, which could evolve rapidly
as climate change continues to accelerate. A future research
priority should be to better understand the impact of climate on
fuel properties and accumulation rates following thinning. Such
knowledge could constitute a first step towards improving future
fire behaviour under projected climatic scenarios.

Insect and pathogen outbreaks

Thinning can mitigate the impact of insect and pathogen out-
breaks (Table 3) by (1) increasing the overall diversity and even-
ness of species while reducing the density of host species, (2)
reducing connectivity by ensuring that the residual host trees
are dispersed among other species and/or separated by other
barriers to spread, and (3) reducing host susceptibility by retain-
ing vigorous trees with favourable traits and growing conditions,
and maintaining genetic diversity where possible (see Figure 1 in
Prospero and Cleary, 2017). Furthermore, canopy opening may
allow for beneficial change in the microclimate such as increased
air movement, lower humidity, and higher light penetration, all
of which have been shown to reduce the development of some
eruptive organisms (Ellis et al., 2010; Ferchaw et al., 2013; Brant-
ley et al., 2017). However, the effectiveness of these approaches
remains mostly theoretical, as they have not been sufficiently
tested to draw solid conclusions.

Yet, a few rigorous experiments have been conducted in
recent years, showing that thinning significantly reduced the neg-
ative effects of different insect outbreaks, such as bark beetles
(Stadelmann et al., 2013; Hood and Sala, 2016; Negrén et al.,
2017; Scheller et al., 2018; Steel et al., 2021; Morris et al., 2022),
woodwasps (Dodds et al., 2014) and gypsy moths (Fajvan and
Gottschalk, 2012). Thinning was also effective in mitigating the
spread of diseases and infections, such as the Dutch elm disease
caused by the fungus Ophiostoma ulmi (Ganley and Bulman,
2016; Menkis et al., 2016), Dothistroma needle blight caused
by the fungus Dothistroma septosporum (Bulman et al., 2013;
Bulman et al., 2016), western gall rust caused by the fungus
Endocronartium harknessii (Roach et al., 2015) and to improve
overall forest growth of pine plantations affected by armillaria
root disease caused by the fungus Armillaria mellea (Hood and
Kimberley, 2009). However, other experiments have reported

inconclusive evidence for effects on various defoliators (Fajvan
et al., 2008; Régolini et al., 2014). More importantly, a significant
effect of thinning on root rot infection severity was reported,
which was mainly attributed to resulting stumps and mechan-
ical damage on the stems and roots of residual trees (Oliva
et al., 2010). In the case of root rot infections, complementary
stump chemical or biological treatments or direct stump removal
showed great potential to reduce pathogen incidence (Oliva et al.,
2010).

Overall, even if recent work is scarce and provides incom-
plete information, there is growing evidence that thinning is a
potential solution to promote forest resistance and resilience to
some eruptive organisms by increasing growth rate and vigour of
potential hosts (Muzika, 2017; Roberts et al., 2020). Over the long-
term, repeated thinning treatments may have positive legacy
effects in shaping post-outbreak successional trajectories (Morris
et al., 2022). Current knowledge also suggests that the direct
removal of infested trees through thinning may contribute to
slowing spread and development in infected stands (Roberts
et al,, 2020), although the magnitude of the effects and the
processes responsible for its success are still poorly understood.

Our review of the recently published literature revealed insuf-
ficient evidence from rigorous experiments to draw general con-
clusions about the potential of thinning to reduce forest vul-
nerability to eruptive organisms. Moreover, while a few reviews
have investigated the potential of thinning in that context from
a worldwide perspective (Bulman et al,, 2016; Muzika, 2017;
Roberts et al., 2020), the majority have been conducted in the
temperate or subtropical biomes with one exception found in the
boreal forest (Figure 1; Table 3). The limited number of studies
that reported a consistent positive effect of the treatment were
specific to a few insects (i.e. mostly bark beetle outbreaks) or
diseases (i.e. mostly red band needle blight). Because failures
are often not reported in the scientific literature, general trends
from such a limited number of experiments must be interpreted
carefully (Six et al., 2014). Further research on a wider range of
insects, pathogens and hosts is needed to assess the effects
of increasing host diversity, connectivity, and susceptibility on
forest resilience. The life history and population dynamics of
eruptive organisms vary tremendously, so the efficacy of thinning
will surely vary just as much. Yet, a refined understanding of
the effects of host abundance, diversity, and connectivity on
eruption dynamics should help identify thresholds to be targeted
by thinning, such as maintaining a given proportion of non-host
or less susceptible tree species in threatened stands (Prospero
and Cleary, 2017). Still, exacerbated invasions of exotic pests
(insects and pathogens) driven by future climate conditions and
globalization are difficult to predict and anticipate, leading to
great uncertainty to define adequate management practices.

Wind

The effect of thinning on the risk of wind damage (i.e. stem
breakage or tree uprooting) (Table 4) is the result of complex
interactions, mostly driven by stand age, tree height, the timing
of thinning and its intensity (Gardiner et al., 2013). By remov-
ing a part of the canopy, thinning immediately reduces stand
stability by increasing the wind load on residual trees, which
in turn increases their vulnerability to wind and storm damage
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(Gardiner et al.,, 2013). The period of higher vulnerability is esti-
mated to last from 2 to 10 years after thinning, before tree stems
and root systems have adapted to the new wind regime and
before crown growth leads to complete canopy closure (Albrecht
et al., 2012; Hanewinkel et al., 2014; Pukkala et al., 2016). The
negative effect of thinning on the short-term vulnerability to
wind damage increases with stand age and tree height, with
heavy thinning performed in the late stages of a rotation leading
to the highest increase in risk (Gardiner et al., 2013; Pukkala
et al,, 2016). In dense, mature stands composed of trees with
high height-to-diameter ratios or low stem taper, even light
to moderate thinning can increase the risk of storm and wind
damage (Albrecht et al., 2012; Albrecht et al., 2015). Conversely,
there is good evidence that pre-commercial and commercial
thinning performed at an early stand age reduces vulnerability
to wind damage by promoting the development of structural
roots and more tapered stems (Achim et al., 2005; Subramanian
et al., 2016; Kamimura et al., 2017; Novak et al., 2017; Torita and
Masaka, 2020). In young stands, moderate to heavy thinning only
slightly affects the overall risk of wind damage over a short period
so that the subsequent gain in stability may ultimately lead to a
reduction of stand vulnerability over the full lifetime of the stand
(Gardiner et al., 2013).

In recent years, research has focused on post-storm empirical
studies, which have the disadvantage of being specific to a single
event. Moreover, they are mostly restricted to the temperate
and boreal biomes (Figure 1). To obtain a broader understanding
of the underlying processes involved in this disturbance, key
research efforts have been dedicated to the development of
process-based models of wind and tree interactions. This allows
for simulations of the impacts of different types of treatments
on the risk of wind damage for different types of forests. While
there are still several limitations that affect model accuracy and
the capacity to extrapolate results (Byrne and Mitchell, 2013;
Kamimura et al., 2017; Diaz-Ydnez et al., 2019; Torita and Masaka,
2020; Duperat et al., 2021), these simulation-based studies have
brought important insights on the critical factors related to wind
damage after thinning. Among these, an improved understand-
ing of the factors facilitating the acclimation of trees to their
wind loading situation is key (Hale et al., 2010; Bonnesoeur et al.,
2016; Defossez et al., 2022). In general, dominant trees are
known to be better acclimated to high wind loading than the
more slender subdominant or oppressed stems (Kamimura et al.,
2008; Novak et al., 2017). Thinning is therefore likely to induce a
larger difference in wind loading for the residual subdominant or
oppressed trees. Because of their smaller crowns, the adaptive
growth response to the new conditions may also be delayed,
which could have the consequence of increasing their risk of wind
damage. No clear empirical evidence is available, however, to
confirm such an increased risk of wind damage among the most
slender residual stems immediately thinning.

Both modelling and empirical results have suggested that the
presence of understory vegetation could reduce the vulnerability
of wind damage in dominant trees (Lavoie et al., 2012). During a
windstorm, the absence of understory vegetation may increase
the subcanopy windflow, which would concentrate momentum
absorption in the canopy and increase the wind loading on the
taller trees. Avoiding the removal of subcanopy vegetation during
thinning operations may thus help mitigate the initial negative

effect of the treatment on stand stability, although no empirical
evidence is yet available to confirm this. Because maintaining
subcanopy vegetation may also have negative consequences
with respect to fire risk, such an approach should be avoided in
regions where fire is also an important stressor.

Another important factor determining how thinning may
affect stand risk to wind damage is its effect on species
composition. Indeed, characteristics that influence resistance to
wind forces such as average crown size and density, root system
architecture and anchorage, wood stiffness and strength all vary
among tree species (Hanewinkel et al., 2014; Albrecht et al,
2015; Morimoto et al., 2019). In general, conifers are considered
to be more vulnerable than broadleaves, but some exceptions
exist (see Table 1 in Gardiner et al., 2013). While thinning could
be used as a tool to shift species composition of mixed stands
towards more wind-adapted species to improve stand resistance
and resilience, recent findings show that changes in structural
and species diversity created by different thinning treatments
only have a weak and marginal effect on tree damage in mixed
longleaf pine-hardwoods stands (Bigelow et al., 2021). Thus,
further results from experimental studies are still needed to
confirm the benefits of such an approach. Lastly, to a lesser
extent, site-specific characteristics such as stand exposition to
dominant winds and the slope of the terrain have been shown
to potentially alter the relationship between thinning and the
vulnerability to wind damage (Kamimura et al., 2008; Hanewinkel
etal, 2014).

Perspectives and concluding remarks

Drawing general conclusions to best inform forest management
in the face of a diversity of (and likely, increasing pressure from)
future stressors is challenging. In this context, we have reviewed
the recent research pertaining to the opportunities and limita-
tions offered by stand density management through thinning—
one of the most common silvicultural treatments applied world-
wide—to enhance forest resistance and resilience to multiple
stressors associated with global change. Climate-smart adaptive
forest management should address disturbances not as inde-
pendent agents of change, but rather as synergistic modifying-
agents to be managed concomitantly while focusing on oppor-
tunities to achieve multiple goals (Scheller et al., 2018). However,
to date, studies on the effects of thinning have mostly considered
either single or a small number of disturbances. Our literature
survey also revealed that studies from boreal and tropical regions
are drastically underrepresented, with almost no studies con-
ducted in Asia or the southern hemisphere. Therefore, in many
regions, forest managers lack strong evidence to identify prac-
tices that will promote forest resilience against multiple expected
and unexpected threats in the future (Roberts et al., 2020).

For temperate, mediterranean, and subtropical ecosystems,
our work revealed strong evidence that thinning may promote
forest resistance and resilience to multiple individual distur-
bances by altering forest structure to favour the growth and
vigour of the residual trees and promoting the abundance of
species well adapted to future perturbations (Table 5). More
particularly, heavy thinning (removing more than 40 per cent
of BA) can be effective at mitigating the impact of drought

608

20z sunr ¢ uo 1senb Aq yE11959/G65/G/S6/0I0IHE/AIS810}/W00 dNO"dIWBPEOE//:SARY WO} POPECIUMO



tance and resilience of trees and forests to global change

to increase resis

inning

tations of thi

imi

Opportunities and |

Downloaded from https://academic.oup.com/forestry/article/95/5/595/6561434 by guest on 13 June 2024

"KjaAI1dadsal ‘4, pUD 4 YiM

PO3IDWI 2ID SMIIASI PUD SSSA|IDUD-DISW JO SI0YINY "DIDP S]gD]IDAD UOU Judsaidal s1192 A1dwia 29449 ou S21021pul O A]9AI1323dSsal ‘— pup + AQ Pa3DIPUl 94D S109449 SAI3DDIU PUD SAIJISOd

poompJpy-auid

512944 |puIbiDW AJUQ + DI2IBWILLIO) 403)bUO] paXIW (vsn) apsadwia) (1207) 'Ip 32 mo12bIg
9A0QD puUD
paads puim D21 MO19G—|DI2J3WIWIO0D + (T) (oppuUD) 99g3aNY)
paspa.dap anogp woly buluuly | —-/0 DI2JaWILI034d DaWDSIDG Y |Daiog (120?2) 'Ip 32 WI2dNQ
Ayisusp pup jybiay uonoiunid
Ayipowl 03 pasn aq pinod buiuuiyy Sal}IsSuUsp pndsid O
‘uoipup)d UbY3 MOIYIPUIM PUDIS JUBIBHIP YUMm Djuodol (uodor ulayyiou)
0} duoid sS3] 352104 |DINIDN + uonpjunid - suoN DIJIL ‘SISUBUIIDYIDS “Y ENJELIET] (6T07) "D 12 0O30WILIOW
pUDISYUD] “d
SpuD}s pajpaJiiun ‘saplojnwia.}
upy3 pajpaJ} Ui A}jpjiow uonualai dnoio ‘d ‘pawipsipg (oppup) 99g3aNY)
19ybiy s uo 10949 dyads-a)s —-/0 ‘uonualai pasiadsig 'V ‘bupbLDW g |paiog (2107) 'Ip 12 910AD7]
SalIsudUl
9bD puDp3S Yy3IM paspaidul ¥s1 Buiuuiyy
s paspasdul buiuuyy AnbaH - om1 {0 (219D1DA) DIIBWILLIO) p2juodpf bLaW0IdAID) (uodor) a3psadwa) (8007) 'Ip 32 DANWIWIDY
SaI}Isuaul
A}ISUSP puDIS Ym Buuuiyy (uodor ulayyiou)
S9spaJIdUl paads puIm |pd1D + ESV] (G-T) 1pIIBUILIOIDI uajdwany 7 9)psadwia) (0Z07) DYDSD|\ PUD DILO]
(7) mojaq D3/3DAIAS 4 (o11gnday yoaz))
Aj)pYIOW PaINPY + 09020 PUD 9A0QD - |D2JAWILLOD) ‘31D *d 9)psadwia) (L102) 'Ip 12 YDAON
JUSWIDAIY 49D SIDAA G
A}ISUSP puUDIS JOMO] YHM (1) DIIRWWIOD + (T) (oppup) 29gand)
paads puim |DII}D PASDAIDU] + 0€‘0 DI2JaWILI034d DaWDSIDG Y |paiog (5007) 'Ip 12 WYy
awl} Jano bujuaspam (¥-€) @nogp
129449 ‘AyjIgpqosd abowiop puim Sal}Isudul 10 M012Qq - |DIIBIWIO)
pasDaJdul Mojaq wody buluuly | + - 9]qDLIDA + |DIDJIBWIWIOIBI] saIgo “d (pupyul4) J0210g (9107) 'Ip 12 DIOYYNG
(sipak g
03 dn painspawl) buluuiyy D2IIDAAS 4
9DUIS SWI} YIM PISDaIIP XSl ‘salgp d (pupjiazZIIMS
{A1suaiul buiuulyy Jo 129449 ON -/0 9)qDLIDA DI2IBWILLIOD ‘ogjo 'y uJa1sam) apsaduis] (#107) "D 39 |94 UIMBUDH
SpUD]S PaziigoIsap Moj2q l1sa1zuaw (Aupwuian UIa1SaMYINOS)
anoqgp wioiy buluuiy - 05-0 pUD 9AOQD - |DIDIBWILIOD) ‘d ‘saigo “d Aj3so ENJEL(VET] (Z107) "Ip 319 WYP2IqY
Bujuuyy buimoijoy
SID3K OT-G~ DIUDISISDI pUIM
Buiuuiyy 1yb1y/pIEWILI0dId
‘AYIgIaUINA 3spaIdUl |DIDIBWIWIO0I31d S9AD3|PDOIq
Bujuuiyy Aroay/aipiapowl 9107 + —/+ IpI2JAWILIO) PUD SJ9}IUOD |DIBNASS adoing (£107) "I 12 JBUIPIDD) 4y
Sal}Isuaul
Buiuuiyy (uodor ulayyiou)
2bpwDp PanIasqo uo paspg + ESIE (T) 1PI2IRWIWIOI3I] 1ajdwapy X1D7 ENJEL(VET] (£107) "D 32 DINWIWDY|
1099 panowal (suopizadai) (/107 b 18 UIRISIBUIQ)
SHIDWY wia1-buon 90UDISISDY Ve % JuaWIpas] buluulyy saads (uoibay) awoig sioyiny

*(buruuiyy 9suls sipak 0z <) 199449 WI3-buo)
pJauab pup Appow ‘paads puim |pd[RLD ‘@bpuDP puim ‘AIIgpgqoid MoIYIPUIM YONOJY] PaSSISSD) 9UDISISa) MOJYIPUIM UO JUSWIIDAI} Buluuiyl JO 103449 ay3 Jo Alouwiwing 4 a1qoL

609



Forestry

Downloaded from https://academic.oup.com/forestry/article/95/5/595/6561434 by guest on 13 June 2024

'ss2dpd 3upAs1aJ JO JaquINU =U

(120 “4aulpipg ‘Tzoz “Ip 39 I12dNnQ ‘1707

“10 19 mo19bIg ‘0707 ‘DYDSDI PUD DO ‘6TOT “ID 19
0JOUWLOW ‘6TOT “ID 39 ZOUDA-ZDIA ‘£ T0T “ID 39 3PAON
/102 “ID 18 DINWIWDY ‘9707 “J0 38 UDIUDWDIGNS
‘910 “Ip 32 DIPYYN ‘STOTZ 1D 39 WY22Iq]Y

10T “Ip 39 1UIMBUDH ‘€TOZ “ID 39 JaUIPIDD ‘€T0T
“IBYDUIN PUD BUIAG ‘ZT0TZ “ID 12 BI0ADT ‘TTOT “IP 39
142219V ‘8007 “I0 39 DINWIWDY ‘G007 “Ib 39 WIYdYy)
(2207 “10 39 SUIOW ‘TZ0T “IP 39 1991S ‘020¢

“ID 39 S12Q0Y ‘§T0OT “ID 12 1BNBYDS £ T10T “ID 12 UQIBEN
‘£10Z ‘DAIZNIN ‘£T10Z “I0 19 ASlunig ‘910Z “1o 19 SHUSIN
‘910¢ DIDS PUD POOH ‘9107 ‘Ubung pub A3jUDg
‘910¢ “Ip 32 Uubwing ‘STOZ “Ip 32 Y200y 4 10T “I0 39
11069y 107 “10 39 SPPoQ ‘€107 “I0 19 UUDWISPDIS
‘€10C “Ip 39 MDYDIR4 ‘€107 “Ib 39 UDWINg ‘2107
4]DY2$3109 puD UPAMDS ‘0TOT “IP 39 DAIIO ‘0T0T “Ip 12
SIN3 ‘6007 “A8pi2quily pup POOH ‘g00T “I 19 UDAIDS)
(T120C “Io 39 pIoppoIs

‘170z “1p 12 101A0] ‘0707 “Ip 32 UIDF ‘0Z0T ‘@3liBung
‘070T “IP 19 Z319d-0UD)ja1y ‘6107 ‘UOISIAN pUD
DAOMIOA ‘6T0C “10 39 SOPIDL ‘8TOT “Ip 319 119SSNY ‘10T
‘4osuRWIoq pup 9Nbid ‘gTOT “Ib 12 DINSH ‘£ T0OT “I0 12
D1SSIUT-04BWIDd ‘£ TOT “JD 18 |0BUPDIN ‘9T0T ‘WUsy
WIOJ0A PUD S3NDY ‘9T 0T “Ib 19 139UIDg ‘STOT ‘DULDA
pup spwoy] ‘410z ‘Apauusy pup pioydld 4 T0z “Jo 19
SUIoD ‘€T0T ‘IUO PUD UOSUILD ‘ZT0Z “I0 39 PI0DS)
(1207 "0 39 DIIDIDd-DIOWIDZ ‘TZ0T “10 39

MO ‘Tz0z “Ip 32 ddpuy ‘Tzoz ‘NoaWo) ‘1Z0T “I0 12
049110 ‘70T “Io 12 DI2SOg ‘0Z0T “0 19 WISbIUDY

UDA ‘0Z0T “ID 19 1932315 ‘6T0T “I0 18 buopn ‘6107 “Ip 12
2102DUIS ‘6107 “ID 32 0UIDISY ‘6T0T “Ip 19 PADDO
‘610 “Ip 12 0]]119D-0LDADN ‘6T0Z “IP 39 SUOT ‘6107
“Ip 32 01199 ‘810 “JD 32 UOWIDA ‘10T “ID 18 UINUSYS
‘8107 “I0 32 JOSND ‘@TOT “IP 39 Ndsaup( ‘10T “Ib 19
1Ip4D) ‘8T0T “Ip 39 UOGD) D/TOT “IP 19 0493309 /10T
“I0 39 9AN0IL ‘£ TOT “10 19 |PI9S ‘£ TOT “Ip 39 r DM2IZNY
‘£10¢ “Ip 32 DBNYIT ‘£ 10T “IP 38 NUOIDIQ ‘L TOT “IP 19
Inba1zawy /107 “Ip 32 DAPIY ‘9T0OT “IP 38 UYOS ‘9T0T
“ID 39 A9IDD ‘STOT “IP 39 UMIF “€T0T “Ip 39 03DUY.Q)

ubay

9241 pup 96D PUDIS Y1IM S3SDBIDUI
A31)IgDIsUINA S6DWIDP puUIM WISI-1I0YS
uo Buiuulyy Jo 199449 annpbau

2y buiuuIyy 4D SI0dA QT 01 7 Loy
S1sD] AJjigoasuinA Jaybiy siy) ‘soai)
Jonpisal Jo ainsodxa puim Buispaloul
Aq spupis sazijigoisap buiuuyy

91DJ3POW ‘9bp1s Ajipa up 1D pawioiad J0u 4T

“95U3pIUl

101 3004 92NpaJ 03 pasn aqg Abwi

JoAOWR) dwings 31231P JO SIUSWIIDS]

102160]01q 40 |PIIWRYD dwinls

Kipjuswa)dwo) “A311aAas uonda4ul

YDIM 5304 3004 3spaJDUI Abw Buluuly |

‘buiuing ysojs pun

bulpad Aloisiapun Ag pajuswiajdwiod

9Q 01 SPadU U0 JUBWIIDAIY

Buuuiyy ‘yuadys Alybiy aq of

*K11I9A3S puD pipzby 41y buispaloul 0}

ppa) Abwi buluuiyl buimoyjol sspwioiq

buois punoibanogp O UOIDINWINIID Y]

“Aigoiauina

Jaybiy ui buiinsal ‘@inipw

SPUD}S SD 3SJ9AJ ADUU JUSWIID3}

Buons Buiuuiyy a16uls 0 Jo 1949 Ay

"01DJ J913WnIp/IybIay bupnpal

PUD S3004 |0IN32NJ3S JO JuBWdolRASP
ay3 bunnowoud Ag Aigoiauina
abpwipp puim adnpaJ 9b0Is publs
K)4pa up D pawioyiad buluuiyy
|DIJISUILIOD PUD |DIISWIWIOI-3id

"SpUD3S Pa1ddul

40 JoBIA puD YIMoIb puD3S ||DIBNO
Buinoisdwil pup swisiupbio anidnia jo
K1anas pup poaids ayl bunpbiyiw
10 1pnua30d siay40 buluuly L

'S911} DIDNDS JO $10344 SSIDAPD Y}
pup pipzpy 31} 93npaJ 03 yopoiddo
91129449 UD S| buluuiyy Anbay

"SUOI}IPUOD

1ybnoup Ja3p pup bulnp AyploWw
S92NpaJ puUD S9313 JO 3dUDWIOSd
yimolb pup jod1bojoisAyd

ay1 sanosdwil buiuuiyy AnbaH

(8T =U) PUIM

(Zz =U) spa1gqIno

uaboyiod pup 109suU]

(6T =u) a4

(€€=U) 1ybnoig

S92USI9}3Y

9OUIPINT SuoRDHWI

saiunuoddo

10ssal1S

'SJ0SS2J1S 01 9IUDISISDI PUD 3DUI|ISSJ 1S90} PUD 9343 9SDAJDUI 03 BUIUUIY] JO suoiIpWI) pup saijiunloddo ay3 uo aduspine paysignd Jo MaIAIBAD § 31qDPL

610



Opportunities and limitations of thinning to increase resistance and resilience of trees and forests to global change

conditions. When complemented by understory clearing and
slash burning, heavy thinning is also highly effective at reducing
the frequency and severity of fire. We have identified a large
number of research studies supporting these effects, which
highlight this approach as a good opportunity for using a single
management tool for meeting multiple objectives in forests
that are threatened by both drought and fire. In cases where
stands are also threatened by potential insect and pathogen
outbreaks, thinning treatments also offer great potential at
limiting the overall risk at the stand level by increasing the
growth rates and vigour of potential hosts through density
reduction, and by slowing the spread and development of
eruptive organisms by direct removal of infected individuals.
Regarding root rot infections, complementary stump treatments
may be necessary to avoid further infection. Consistent positive
effects of thinning at reducing forest vulnerability to invasive
organisms are, however, limited to few insects and pathogens.
Therefore, our review reveals insufficient evidence from rigorous
experiments to draw general conclusions at this point.
Removing part of the canopy through thinning temporar-
ily increases the risk of wind damage to residual trees, which
represent the main limitations of the treatment for increasing
overall forest resistance to multiple hazards. Because the neg-
ative effects of thinning on short-term wind damage vulnera-
bility increase with stand age and tree height, heavy thinning
performed at late stand development stages without previous
treatments should be avoided in areas where the risk of wind
damage is high. However, by promoting the development of
structural roots and favouring lower height to diameter ratios,
pre-commercial and commercial thinning performed at an early
stand age only increase overall windthrow risks slightly over a
short period of time, with the subsequent advantage of poten-
tially reducing vulnerability over the longer term. This appears
to be the case even for heavy thinning when performed at an
early stage, which offers an opportunity to manage stands that
are highly susceptible to windthrow events, but that are also
threatened by additional stressors. For example, forest stands
in windy areas that are threatened by increasing drought and
fire risk could be subjected to heavy thinning followed by slash
burning at an early age, thus increasing their overall resilience to
these multiple stressors. In cases where windstorms are the main
stressor, thinning also offers an opportunity to remove the most
vulnerable trees of a stand, either by favouring windthrow-prone
species or individuals with structural characteristics indicative of
poor anchorage. Thinning is thus a tool that could help improve
or maintain stands composed of any combination of wind-stable,
non-host, fire- and drought-resistant trees in areas where wind,
eruptive organisms, fire or drought is predominant stressors.
Whereas thinning shows great potential for reducing the
negative impacts of several stressors over a short period, our
review revealed that the factors and physiological processes
responsible for its positive effects remain poorly understood.
Moreover, there is animportant lack of understanding of the long-
term effects of both single and repeated thinning treatments
on forest resilience and resistance, which drastically limits our
ability to develop long-term adaptive management strategies.
For example, while heavy thinning is beneficial in young stands
under drought conditions, the opposite has also been reported for
mature stands. A wealth of long-term monitoring experiments is

available to help further our collective knowledge on this issue.
Targeted re-measurement programs could be implemented to
gather new information where necessary, so that key insights are
gained on how the long-term responses of forests to changes in
environmental conditions can be modulated by thinning regimes
(Achim et al., 2021). The current evidence assembled in this
review suggests that thinning should not be promoted as a
tool that will universally increase the resistance and resilience of
forests. However, it could still be an effective tool in the short- to
medium-term to reduce forest vulnerability to some stressors,
therefore creating a window of opportunity to implement
longer term adaptive management strategies such as assisted
migration (Bradford and Bell, 2017).

To further our understanding of the effects of thinning on
stand adaptation to global change, a first step should be to
revisit existing thinning trials and studies with the objective of
identifying key stand attributes that can be linked with resistance
and resilience to past forest stressors (Seidl et al., 2017). These
research effort should focus on linking pre-disturbance stand
history and characteristics, such as density, structure and
composition to forest vulnerability to multiple stressors and
their potential interactions (Achim et al., 2021). Thanks to recent
research efforts, results from promising long-term adaptative
silvicultural trials are becoming available (e.g. Bigelow et al.,
2021; Comeau, 2021; Morris et al., 2022; Muller et al., 2021),
although the geographical representation of such trials remains
fairly limited. Increased interactions between scientists and
managers who have developed focused expertise on specific
forest disturbance are paramount so that confounding effects
of multiple stressors on long-term forest dynamics can be
taken into account. In parallel, there is an imperative for new
silvicultural trials that include a variety of thinning treatments,
in which a range of adaptive silvicultural strategies are tested
and compared with respect to multiple stressors. Such trials
would serve as the foundation for comprehensive ecosystem-
specific knowledge, which are essential for silviculturists and
forest managers worldwide (Achim et al., 2021).
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