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Abstract

Context Forest scientists are challenged to identify and propose evidence-based silvicultural options to miti-

gate the impacts of drought events induced by climate change. For example, it has been suggested that thinning
increases soil water availability for individual trees by reducing stand density and stand-level transpiration. Many
studies have assessed the impact of thinning on stem growth and transpiration of individual trees during and after
drought events. Often, growth increases were observed, but not consistently, and their impact on tree survival follow-
ing drought has rarely been addressed.

Aims We aimed to assess the effect of thinning on tree mortality, the ultimate indicator of tree resistance to soil
water deficit induced by drought, with a focus on dominant trees.

Methods We conducted a risk ratio meta-analysis on tree mortality before and after an extreme drought event
with 32 thinning experiments from nine studies in Europe and North America.

Results We showed that thinning reduced the overall mortality risk of trees. However, the lower mortality rate

in thinned stands relative to unthinned stands in pre-drought periods was not further reduced during and after
extreme drought events (p>0.05). This may be due to the large heterogeneity and inconsistent reporting of mortality
across the studies included in our analysis. Thinning did not exacerbate mortality among dominant trees.

Conclusion Since thinning did not increase mortality, its application can still be recommended for many other man-
agement objectives such as maintaining tree species richness or lower disturbance risks from windthrow. We propose
better documentation of thinning trials to improve the data base for systematic reviews.

Key message

Our meta-analysis showed that thinning of forest stands did not increase mortality following extreme drought events.
There was also no higher mortality among dominant trees that are typically more exposed to irradiance after thin-
ning. We show that many thinning experiments lack sufficient documentation of mortality and climatic variation

and urge for more comprehensive reporting to facilitate systematic reviews.
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1 Introduction

Drought and heat waves induced by climate change have
accelerated forest mortality globally (Allen et al. 2010;
Anderegg et al. 2013; Hammond et al. 2022; Hartmann
et al. 2022; Neumann et al. 2017; Senf et al. 2020). For
instance, in Europe forest mortality has increased con-
tinuously over the last 30 years (George et al. 2022; Senf
et al. 2018; Spiecker & Kahle 2023), and there have been
occurrences of large-scale mortality events such as the
one triggered by the 2018—-2020 drought episode (Schuldt
et al. 2020). Mortality-accelerating drought events are
projected to intensify, increase in frequency and become
more widespread (Allen et al. 2015). The potential impact
of these events calls for a better understanding of mor-
tality processes (Hartmann et al. 2018; Klein 2020) and
their consequences to forest management. Not only cli-
mate change mitigation goals, but also the provision of
other important ecosystem services is and will be ham-
pered by increasing tree and forest dieback (Anderegg
et al. 2013; Cantarello et al. 2017; Hammond et al. 2022;
Neumann et al. 2017; Seidl et al. 2016; Senf et al. 2020).
An important strategy to counteract this development is
to pro-actively manage forests for resilience and adaptive
capacity (Himes et al. 2023; Lindner et al. 2020). Cor-
respondingly, forest scientists are proposing actions for
adaptation (Millar et al. 2007; Swanston et al. 2016) and
are seeking to provide evidence for their effectiveness to
inform management (Bauhus et al. 2021; Bolte et al. 2009;
Lindner et al. 2014).

One possible adaptation strategy to increase the resist-
ance and resilience of forest stands to drought is thinning
(Himes et al. 2023; Ogaya et al. 2020; Sohn et al. 2016).
Several studies have indicated that reducing stand density
lowers stand-level transpiration and interception losses,
at least until the crowns of the remaining trees have
closed the canopy gap. Hence the lower transpiration
results in more available soil water at stand level and for
individual trees (Breda et al., 1995; Cotillas et al. 2009; del
Campo et al. 2022). Accordingly, trees in thinned stands
may have longer access to water during shorter drought
periods compared to those in denser, unthinned stands
(Breda et al., 1995). In extreme and long-term droughts,
however, soil water is usually depleted in thinned stands
as well. Even in the latter situation, thinning may improve
the response of trees to drought through faster recovery
of root systems (Lopez et al. 1998) and reduced competi-
tion for light and nutrients (Sohn et al. 2016) following
drought events.

Two meta-analyses (Castagneri et al. 2021; Sohn et al.
2016) reported that thinning commonly mitigates tree
growth reductions during or after a drought event. How-
ever, the benefits of thinning found in the studies were
context-specific, for example, influenced by factors such
as tree species, tree age, time since last intervention
and site aridity. In contrast, negative impacts on growth
response to drought were observed in a thinning experi-
ment with Picea abies Karst. in Bavaria for a heavy thin-
ning from above aimed at releasing future crop trees
(Hilmers et al. 2022).

While there have been many individual studies and
some quantitative reviews on the growth responses of
trees to drought (Bottero et al. 2017; Castagneri et al.
2021; Hilmers et al. 2022; Sohn et al. 2016; Steckel et al.
2020), few studies addressed most important question
related to drought stress: whether thinning reduces or
increases tree mortality in case of severe drought events,
or may have no effect. A recent literature review on thin-
ning effects on disturbance-related growth declines and
mortality found evidence for decreased tree mortality
following drought in thinned stands (Moreau et al. 2022).
However, this review lacked a quantitative analysis (e.g.
meta-analysis) which would clarify to what extent mor-
tality is reduced and how thinning effects depend on
experimental design and site conditions. Thinning effects
mitigating mortality of Pinus halepensis Mill. in Israel
increased with the intensity of thinning treatments (Calev
et al. 2016). This was explained by substantially higher
soil water availability, measured through pre-dawn leaf
water potential. Similarly, the reduction of persistently
high mortality rates in Pinus sylvestris L. forests in Swit-
zerland was due to the release of drought stress, as indi-
cated by higher leaf area to sapwood area ratios in trees
in thinned stands (Giuggiola et al. 2013). A study that
used national forest inventory data for the Western USA
found that reducing basal area was particularly effective
in preventing forest mortality in Pinus ponderosa Doug-
las ex. Loudon forests in areas that experience high tem-
peratures or multiyear droughts (Bradford et al. 2021).
Similar results were observed in mixed conifer forests in
California, where lower mortality in thinned stands was
attributed partially to less severe bark beetle infestations
following a drought (Knapp et al. 2021). The authors
assumed trees in thinned stands were more vigorous and
thus had better defence against bark beetles from greater
resin exudation (Knapp et al. 2021). The comparison
of unmanaged and managed Fagus sylvatica L. forests
in Hesse (Meyer et al. 2022) and Baden-Wiirttemberg
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(Bucher et al. 2023) revealed no general influence of
management (mainly thinning and single tree selection)
on mortality after drought but a slight shift of mortality
in managed stands towards more dominant trees.

To clarify if these observed effects of thinning on tree
mortality display a consistent pattern across Mediterra-
nean, temperate and boreal forest types worldwide, we
conducted a meta-analysis based on data from thinning
experiments. Owing to the limited availability of suitable
studies, our analysis was restricted to thinning experi-
ments in Europe and North America.

At the single tree level, large and exposed crowns
amplify the water demand compared to smaller crowns,
which can lead to higher transpiration stress in drought
situations (Bennett et al. 2015; Stovall et al. 2019). Thin-
ning may exacerbate this stress since it increases the
exposure of tall and dominant trees to incident radiation.
In addition, increased wind movement in the canopy
can lead to greater transpiration rates through disturb-
ing the boundary layer around the foliage. To account for
the potential mortality after exposure and to determine
whether the observed shift in mortality towards domi-
nant trees, as reported by Meyer et al. (2022), can be gen-
eralised, the Dominance Index (DI, Meyer et al. 2022)
which relates the frequency-based proportion of trees
that died to their basal area-based proportion appears
particularly useful.

We addressed the following hypotheses in this study:

1. Drought-related mortality is lower in thinned versus
unthinned stands.

2. In thinned stands, mortality shifts from suppressed
to larger, dominant and more exposed trees.

Studies on thinning effects on drought-related mortal-
ity were predominantly located in regions with a history
of frequent drought events (Bradford et al. 2021; Calev
et al. 2016; Giuggiola et al. 2013; Knapp et al. 2021). Sev-
eral investigations document that thinning was more
effective in preventing drought-related growth declines
on dry sites (Schmitt et al. 2020; Steckel et al. 2020); while
others have demonstrated benefits of thinning associ-
ated with increasing soil moisture (Gleason et al. 2017).
We, therefore, also examined through meta-regression
analysis, if there is an influence of the general climate at
the experimental sites on the effectiveness of thinning in
reducing drought-related mortality.

Since Sohn et al. (2016) and Bottero et al. (2021)
observed differences in radial growth response to
drought in conifers and broadleaved trees, we also con-
sidered taxonomic class as a factor in our analyses, along
with tree age (Lucas-Borja et al. 2021; Steckel et al. 2020)
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and time since the last thinning (D’Amato et al. 2013;
Sohn et al. 2016).

Previous studies on drought-related mortality have
identified lag effects, where several years may pass
before mortality is observed following a drought (Trug-
man et al. 2018; Bigler et al. 2007). For example, trees die
post-drought when they cannot acquire enough carbon
to repair damaged vessels (Trugman et al. 2018). To cap-
ture lagged tree mortality, we examined the differences
between treatments both in the period immediately after
the drought event and the subsequent period.

In summary, the aims of this meta-analysis were to
assess (a) whether thinning is a suitable forest adapta-
tion option to mitigate mortality after droughts, (b)
whether thinning influences which trees are more likely
to die following drought events, and (c) which covariates,
such as thinning method or intensity, drought intensity,
stand structure characteristics or site conditions, deter-
mine whether thinning effects reduce or increase tree
mortality.

2 Material and methods

2.1 Literature and data search

We conducted a detailed literature review of studies that
reported mortality in forest thinning experiments using
the online databases, Web of Science© and Elicit®©. We
contacted research institutions and investigators who had
previously published studies on thinning experiments,
requesting unpublished data to include in the meta-
analysis. To collect all relevant publications and contri-
butions, we queried Web of Science® with search terms
in the four categories “forest’, “management’;, “mortality’,
“drought” and one for the exclusion of misleading topics
(Appendix Table 3). This search yielded 813 potentially
relevant studies. We used Elicit (Elicit 2022) and entered
the search question “How does forest thinning affect
drought-induced mortality” From the returned literature
suggestions, we retrieved the first 160 suggested arti-
cles; the remaining articles were only marginally relevant
for the purpose of our study. Four colleagues provided
unpublished datasets of thinning experiments and two
more colleagues provided additional material to comple-
ment their publications (Table 1). During this process, we
identified another 82 relevant articles from the citations
and added them to the pool. Altogether, 1032 studies
formed the first pool.

After compiling all studies, we identified studies that
(1) were conducted under field conditions; (2) included
at least one thinning treatment and an unthinned con-
trol; (3) quantified tree mortality (expressed as num-
ber of trees or stem basal area per hectare); and (4)
reported drought-related mortality events that were not
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Webi of Science Elicit 25.04.2022

“How does forest
25.02. 2922 thinning effect
Search St(lng 5 drought mortality?”
categories First 160 articles
n=813

n =160

Relevant articles
found while reviewing
25.02.2022 -
31.12.2022
n=82

Contributions from
contacted research
institutions

n=4

Y 4

4 4

1%t Pool — 1032 studies (after duplicates removed (-27))

4

Screening and selecting studies that include thinning
treatment and mortality assessment

4

146 studies

Selecting only studies that report explicit mortality figures,

4

thinning intensities and monitoring dates.
Further selecting those that contain a non-drought

4

reference period, followed by an extreme drought period.

Final Pool — 9 studies with 32 experiments

Fig. 1 PRISMA flow chart displaying sources and steps of literature review up to selection studies for the meta-analysis

confounded by other stressors or disturbances such as
windthrow or fire. In a first screening step, we reviewed
titles and abstracts of the publications and discarded
irrelevant studies, resulting in a second pool of 146
studies (Fig. 1). Subsequently, we assessed whether the
studies reported the timing of thinning activities and
tree mortality. If this information was not available, we
approached the corresponding author to request it. We
carefully assessed, whether the studies distinguished
between tree mortality and removals due to thinning or
other management practices and discarded them if that
was not the case. Mortality was mostly not assessed on
an annual basis, but rather at the end of various inventory
periods which differed greatly in their intervals (1-20
years).

2.2 Selection of drought periods

To analyse the influence of drought intensity on thinning
effects related to mortality, we selected drought events
using the TERRACLIM database (Abatzoglou et al
2018) which offers historic climate data at a monthly
resolution with a spatial resolution of 1/24 degree (~4
km) beginning in 1958. For each experimental location,
we calculated the average Standardized Precipitation
Evapotranspiration Index (SPEI) value for three summer
months (June, July, and August) for years with data on

mortality, in the following called SPEI3Summer (Vicente-
Serrano et al. 2010). Subsequently, we checked if SPEI-
3Summer reached values below —1.65, which we defined
as the threshold for extreme drought years (Agnew 2000).
For each experiment, we selected the inventory periods
that included extreme drought years to capture mortal-
ity that was potentially induced by the extreme drought.
These periods are subsequently labelled inventory period
with drought event (IPD).

We used the inventory period immediately before a
determined IPD as a reference period for stand condi-
tions, but only if it did not comprise extreme droughts
(SPEI3Summer < —1.65) and not more than one severe
drought, SPEI3Summer< —1.28 (Agnew 2000). We
used the reference period to contrast the occurrence of
mortality under “normal” conditions with that observed
in inventory periods with an extreme drought event.
This reference period is subsequently labelled inven-
tory period before drought event (IPB). If an experiment
showed no suitable combination of IPB and IPD, it was
discarded from the analysis. If an experiment showed
more than one suitable combination, we took the com-
bination in which the difference in SPEI between the IPB
and IPD was the most pronounced.

When trees’ vitality declines gradually for several years
after a drought event or when a drought event occurs
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towards the end of an inventory period, mortality may
not be fully captured within the IPD. To account for
these potential lag effects in mortality, we analysed the
risk ratio in the inventory period that followed the IPD,
hereafter labelled inventory period after drought event
(IPA). We excluded IPAs that contained a drought period,
therefore, the lag-effect analysis could only be performed
on a subset of the original dataset.

Since we were bound to the variable inventory intervals
of the various studies, the selected IPBs, IPDs and IPAs
do not display the same length both across and within
studies. However, for the purposes of our analysis of
mortality rates, it is only necessary that both treatments

@
L)

®

0 500

Page 8 of 25

(thinned and unthinned) had been remeasured at the end
of the same interval to make them comparable.

Our selection procedure yielded a final pool of 32
experiments for the meta-analysis (Fig. 1, Table 1). A
large share of data stems from two major contributions:
nearly 50% (15 of 32 experiments) were from research
sites of the State Forest Research Institute of Baden-
Wiirttemberg (FVA) and another 34% (11/32) of thinning
experiments of the Natural Resources Institute of Finland
(Luke). Geographically, the selected experiments were
distributed mostly in clusters, in Central Europe, Fin-
land, and in North America (Fig. 2), thus covering a large
climatic gradient. The experiments comprised 12 tree

Experiments

Experiments by studies
Anderson

@ Bjelanovic

® CochranSeidel

® Powers

® del Rio

@ FVA

Hasenauer.Neumann

Makinen

Moreno

1.000 1.500

2.000 km A

Fig. 2 Maps of experiments selected for the meta-analyses in North America (top) and Europe (bottom); markers represent experiments

and markers with the same colour represent experiments within studies
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species (Table 1), of which four belong to the genus Pinus
and three to the genus Quercus.

2.3 Selection of treatment intensity

For experiments that included several thinning treat-
ments, we limited the analysis to the control and the
most intensive thinning treatment, since the potential
thinning effect was reported to be most pronounced in
heavy treatments (Sohn et al. 2016). We quantified the
intensity of individual treatments by comparing the stand
density index (SDI, Reineke 1933) of the thinned treat-
ment to that of the control. SDI estimates stand den-
sity depending on the number of stems per ha and their
diameters. It allows the comparison of relative densities
of thinned stands to their control in experiments across
different forest types and age classes.

2.4 Meta-analysis

Our aim was to conduct a meta-analysis based on mean
values to compare mortality rates between controls and
treatments in thinning studies. Since the mortality rate
is assessed at the stand level, there is just one value per
research plot and no standard deviation (SD), unless
plots are replicated. Yet, for this approach a SD is neces-
sary to account for the precision of the studies included
in the meta-analysis and to calculate the pooled size
effect. Accordingly, we faced the limitation that most
studies did not report SD values on mortality because
they were not designed to analyse stand-level tree mor-
tality rates and therefore lacked replication at the stand
level. To circumvent this issue, we employed an approach
that estimates the effect size and its variance from the
absolute stem number, dead and alive, of the thinned and
control treatment for each experiment. These values were
summarised in 2 X2 contingency tables (Borenstein et al.
2009, Appendix Table 4). The effect size, the so-called
risk ratio, is characterised as the mortality rate in thinned
treatments divided by the mortality rate in control treat-
ments (Borenstein et al. 2009, Eq. 1).

Mortality rate thinned %
B

RR (1)

~ Mortality rate control a
where A is the number of dead trees, N1 the total num-
ber of trees in the thinning treatment, B the number of
dead trees, and N2 the total number of trees in the con-
trol treatment.

In their review on meta-analyses in the field of plant
ecology, Koricheva and Gurevitch (2014) stated that the
risk ratio analysis, originating from medical research, is
a useful but rarely used tool. They list Hyatt et al. (2003)
and He et al. (2013) as examples for utilising the risk ratio
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method for analysing the survival of trees or plants in
relation to density and other stressors. Since this method
does not require a measure of variance, such as standard
deviation associated with the mean response, we were
able to include many publications that would otherwise
not have been used in the meta-analysis approach based
on mean values. As a result, we achieved a much higher
coverage of forest types and regions.

In the risk ratio analysis, variance and standard error
are calculated based on sample size, which in this case
refers to the number of trees per stand. However, this
procedure has the drawback that stands with a greater
number of stems per area, e.g. young stands or coppice
forests, may yield a more precise estimate thus skew-
ing the mean effect size in the meta-analysis. This could
bias the results by disproportionately emphasising young
stands, which typically exhibit a higher mortality than
older stands through stem exclusion. To address this,
we implemented an additional weighting procedure that
evaluates experiments according to their total plot area
rather than stem numbers. This procedure is independ-
ent of tree age and site location. We scaled the total plot
area for each experiment, divided this value by 2, and
multiplied it by the inverse of the number of experi-
ments, to derive a correction value (Eq. 2). In cases where
the plot area of an experiment was larger than the mean
of all experiments, the weight would be higher and vice
versa. Given the disproportionate distribution of plot
area among experiments, a few large plots would have
had strongly influenced the result. Therefore, we selected
a factor of 2 for dividing the scaled plot area in an itera-
tive process to mitigate the impact of the weight. Lastly,
this weighing factor was added to the factor that would
have been used in an unweighted analysis, which is also
the inverse of the number of experiments (Eq. 3).

Correction factor for the weight:

1  scaled plot area;,
= - P 2
ow =, X 5 (2)
Weight for the effect sizes:
= ®
w=—+cw
k

where k is the number of experiments.

To check the sensitivity of this approach to the weigh-
ing factor, we performed the analyses with and with-
out this weighting. In the analysis without weighting
the effect sizes differed only marginally. Although the
weighting did not influence the direction of the outcome,
we decided to display the more accurate analysis with our
weighting procedure.

The meta-analysis was performed with R software
(R Core Team 2022) using the “metafor” package,
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specifically the function rma (Viechtbauer 2010).
Inventory periods with no mortality in the control
and the thinning treatments were discarded from the
analysis, because the calculation would have led to an
unreliable risk ratio (Higgins et al. 2019). If the mortal-
ity in either the thinned or control treatment (A or B in
the 2x 2 table, Appendix Table 4) was zero, we utilised
a correction factor by adding 0.5 to the dead and liv-
ing individuals in both treatments (all cells in the 2x2
table) (Fleiss & Berlin 2009).

We applied a random-effects model and used the
“Restricted Maximum Likelihood” method for estimating
the variance (Harrer et al. 2021; Viechtbauer 2005).

The effect sizes of single experiments, from now on
called risk ratios, were pooled to compute the mean
effect size across all experiments, from now on labelled
pooled risk ratio. In this step, the weight of the single
studies defined their specific impact on the pooled risk
ratio. We chose 95% as confidence interval level for our
analysis. In addition to the pooled risk ratio and its con-
fidence interval, we analysed the measures of between-
study heterogeneity of the meta-analyses. We opted to
apply Higgins and Thompson’s I statistic (* in the fol-
lowing) as a measure of heterogeneity, which quantifies
the portion of the variance that cannot be explained by
sampling error (Higgins & Thompson 2002). We adopted
this statistic, because it is independent of the number of
experiments, thereby allowing for comparisons between
meta-analyses. Additionally, it is easier to interpret, as
it is expressed as a percentage. For example, Higgins &
Thompson (2002) suggest that I* values>75% can be
interpreted as substantial heterogeneity.

2.5 Comparison of pre-drought and IPDs

We expected that the risk ratio of thinning experi-
ments should typically be below 1 because background
mortality rates in unthinned stands should be higher
than in thinned stands as a result of higher density-
dependent self-thinning from competition (Monserud
et al. 2004). Therefore, we not only assessed the risk
ratio per se, but also how it changes from a “normal”
pre-drought period to a drought period. In this manner,
we performed two separate risk ratio meta-analyses for
IPB and IPD, meaning one meta-analysis for all IPBs
and one for all IPDs. Accordingly, both meta-analyses
were comparable as they contained identical experi-
ments, but different inventory periods. Subsequently,
we compared the pooled risk ratio, between IPBs and
IPDs. We also analysed the risk ratios of the single
experiments and their distribution with the assistance
of forest plot analyses, to check for patterns within
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experiments of the same study, region or those contain-
ing the same species. For the interpretation of meta-
analyses, forest plots (e.g. Fig. 3) were used to visualise
the observed effects of individual studies, their confi-
dence interval and their weight. To avoid confusion,
the term “forest plot” will be only used for this type of
diagram and not for experimental sites, which are often
also referred to as plots.

2.6 Accounting for variance with covariates

We identified several covariates that helped explain vari-
ance of the influence of thinning on mortality in similar
studies (Appendix Table 5) and tested for significance
through meta-regressions using the function rma of the
metafor package in R (Viechtbauer 2010). We conducted
the meta-regression for both meta-analyses, to see if
the impact of these covariates changes between non-
drought and drought conditions. Taxonomic class played
an important role in explaining differences in drought
responses in other studies (Cailleret et al. 2017; DeSoto
et al. 2020; McDowell et al. 2008; Sohn et al. 2016; Steckel
et al. 2020). Moreover, we checked the effect of thinning
intensity, calculated as the ratio of SDI in thinned to SDI
in control treatments, on the risk ratio in both periods.
SDI values were calculated for the start of each period.
Other covariates specifically mentioned by other studies,
such as time since last thinning intervention (Sohn et al.
2016), stand age (D’Amato et al. 2013; Lucas-Borja et al.
2021; Steckel et al. 2020), and regional climate (Gleason
et al. 2017; Schmitt et al. 2020) in terms of main groups
of Koeppens climate classification, were also investigated.
Finally, we looked for the effects of interactions between
covariates on mortality response using multi-variable
meta-regression models.

We recognise that the actual thinning method, e.g.
thinning from above or below, can have an important
influence on the exposure of crowns of dominant can-
opy trees or intermediate and suppressed sub-canopy
trees. Yet, we did not include thinning method as a fac-
tor in our analysis because (a) information on the thin-
ning methods used was not available for all studies; (b)
in some cases, it would be challenging to clearly assign
a method, as different thinning methods are combined
during stand development within the same thinning
regime, e.g. switch from thinning from above to thinning
from below; and (c) the overall number of studies was too
low to obtain reliable results for different types of thin-
ning methods.

2.7 Dominance Index
To assess whether thinning increased the mortality of
dominant trees in response to extreme droughts, we
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Nr. Experiment

21 Luke_Harkas_419_65 P —tn— Pinus sylvestris
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23 Luke_Harkas_423_1 i Picea abies
20 Luke_Arpvanha_376_19 FoH - Pinus sylvestris
14 FVA_Fi411 = =—— Picea abies
10 FVA_Bu230 H —| Fagus sylvatica
32 Powers I I 1 i Pinus resinosa
12 FVA_Fi392 I k H Picea abies
26 Luke_Arpvanha_446_44 b= Pinus sylvestris
9  FVA_Bu229 I | Fagus sylvatica
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18 FVA_Ki120 S p——t——] Pinus sylvestris
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Fig. 3 Forest plot of pre-drought period (blue) and drought period (orange) effect sizes. Effect size is the risk ratio; x-axis is in log scale; size
of square represents the weight; the lower the effect size, the lower is the mortality rate in thinned stands relative to their control. The experiments

are ordered from low to high-risk ratio during IPD

applied the Dominance Index developed by Meyer et al.
(2022) to identify the average dominance of trees which
died in different periods and treatments. This Dominance
Index is characterised as the ratio of mortality rate based
on stem numbers in relation to the mortality rate based
on basal area (Meyer et al. 2022):

Mortality rate stems .
= Dominance Index

Mortality rate basal area )

If the proportion of the number of dead stems is higher
than the proportion of dead stems’ basal area, the Domi-
nance Index exceeds 1, meaning that mostly smaller,
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below average size trees had died (Eq. 4). Since the Domi-
nance Index is a measure relative to average stem size, it
allows comparison between stands with different diam-
eters. This aspect is particularly useful for our analysis as
thinning operations may have altered the average diam-
eters of trees compared to control treatments. We calcu-
lated the dominance index for the IPD and IPB split by
treatment and used the Wilcoxon test to assess signifi-
cant differences between the groups. Note that the index
can only be calculated in inventory periods that reported
mortality. A subset of 15 studies were suitable for calcu-
lating the Dominance Index, as data on both the num-
ber of stems and basal area per thinning treatment was
needed for its calculation.

Table 2 Pooled risk ratios, characterising the ratio of mortality
in thinned and unthinned stands from the pre-drought period
to drought period, each consisting of the same 32 experiments.
Drought-periods were selected with SPEI3,, mer @S described
above. Between-study heterogeneity /> quantifies how much of
the variance cannot be explained by the sampling error

Inventory period Pre-drought Drought
Pooled risk ratio 0.329 0.246
Confidence interval of risk ratio 0.202-0.536 0.135-0.446
Significance for difference from 1 <0.0001 *** <0.0001 ***
P (between-study heterogeneity) 93.25% 94.00%

Significant levels used were p<0.05 =*, p<0.01 = ** and p<0.001 = ***
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3 Results

3.1 Risk ratio before and after drought

The risk ratios denote the mortality risk of trees in
thinned treatments relative to the risk of trees dying in
the control, so that a value of 1 implies no effect. The
random effects models for both meta-analyses were sta-
tistically significant and estimated confidence intervals
that were clearly below 1. Before the drought event, the
pooled risk ratio was 0.329 (Table 2), with confidence
intervals (CI) ranging from 0.202 to 0.536. In the inven-
tory periods that contained a drought event, the risk ratio
was 0.246 (CI 0.135-0.446) (Table 2). Accordingly, the
risk of trees dying was 67% lower in thinned treatments
compared to the control before the drought and 75%
lower in the drought inventory period (Table 2). How-
ever, as the confidence intervals of IPB and IPD overlap
(Fig. 3, bottom), the difference cannot be considered sta-
tistically significant. Examining a third period following
the IPD to assess lag mortality yielded no further signifi-
cant differences, likely due to the low number of experi-
ments (12), insufficient to attain a statistically significant
result (analysis in Appendix).

There was substantial heterogeneity between experi-
ments, revealed by the very high I in both meta-analy-
ses (Table 2). The risk ratios of the various experiments
were also not distributed closely around the calculated
pooled risk ratio, owing the variability of mortality rates
between periods and experiments (Appendix Fig. 10). For
example, the risk ratios of some experiments were greater
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Fig. 4 Funnel plot of the meta-analysis of the pre-drought inventory period. Risk ratios and standard errors of single experiments are depicted
on the x- and y-axis, respectively. Published studies are depicted as open circles and contributions as closed circles. The evenly dotted line
in the middle of the triangle depicts the pooled risk ratio. The scattered dotted line at x=1 indicates no effect. To the left of it, mortality is lower

in thinned stands
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Fig. 5 Funnel plot of the meta-analysis of the drought inventory period. Risk ratios and standard errors of single experiments are depicted
on the x- and y-axis, respectively. Published studies are depicted as open circles and contributions as closed circles. The evenly dotted line
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in thinned stands

than 1, showing an opposite effect from the pooled risk
ratio (Fig. 3). Funnel plots for the IBP and IPD (Figs. 4
and 5) indicate that the heterogeneity is driven by high
standard errors of experiments (due to low sample num-
bers). Nevertheless, experiments with higher precision
(low standard error) exhibit a high spread around the
mean effect size. Further, risk ratios of experiments with
lower standard errors are not evenly centred around the
pooled risk ratio but appear to deviate towards a higher
risk ratio for the IPD. While some experiments showed
no change in risk ratio and standard error from IPB to
IPD (e.g. experiments 19, 8, 3 or 29), in other experi-
ments both shifted considerably. Differences in stand-
ard error (y-axis, Figs. 4 and 5) can be explained by the
absence of or very low mortality. In experiments in which
the absolute stem number of dead trees was 0 or 1, the
standard error increases immensely (to around 1.5) in the
risk ratio method. The standard errors of some experi-
ments shifted between inventory periods from high to
low (e.g. exp. 28) or vice versa (e.g. exp. 22), because in
one period mortality was absent or very low but not in
the other. Altogether, the high heterogeneities in our
meta-analysis models were due to the unusual spread
around the pooled risk ratio and the absence of, or very
low mortality that led to a high standard error. We could
not detect a pattern in the distribution of published stud-
ies that would indicate a publication bias towards studies
that documented an effect of thinning on mortality.

3.2 Influence of covariates on thinning effects
on drought-related mortality

Thinning intensity had a positive (but not significant)
influence on the risk ratio (Appendix Table 5) for both
periods. This suggests that the greater the difference in
stand density between treatments, the lower the mortal-
ity in thinned compared to the control treatment (Fig. 6).
Yet, the R? value, which states how much of the heteroge-
neity is explained by the covariate, is only 4.2% in the IPB
and O in the IPD. Similarly, the coefficient of time since
last thinning was positive, alas not statistically significant.
The positive relationship indicates relatively lower mor-
tality in thinned stands compared to the control when
the thinning was executed recently (Fig. 7). The R? value
for time since the last thinning was 0 before drought and
3.0% in the IPD. The subgroup analysis of Koeppen Cli-
mate Zones revealed that in both periods experiments
from warm/arid and continental climates had a risk ratio
significantly lower than 1, whereas experiments in tem-
perate zones displayed mixed results (Fig. 8, Appendix
Table 5). For the IPD, the Koeppen Climate Zones could
explain 11.3% of the variation, whilst the R? for IPB was
0. In this context, however, one has to keep in mind that
there were few experiments in warm/arid (2) and tem-
perate zones (3).

Regressions that tested the influence of age, taxonomic
class or species did not contribute to explaining the vari-
ance (R?=0). In our analysis of meta-regressions with
multiple predictor variables, we also could not find that
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Fig. 6 Meta-regression of risk ratio and thinning intensity measured as ratio of stand density index in thinned and control stands in the inventory
period before drought, values below 1 indicate a lower mortality rate in thinned treatments, the intercept is weakly significant (p <0.05), the slope
not. The size of the dot indicates the weight calculated from the variance of the respective experiment
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Fig. 7 Meta-regression of effect size (risk ratio) and time since last thinning in years in the inventory period before drought, values below 1 indicate
a lower mortality rate in thinned treatments, the intercept is weakly significant (p < 0.05), the slope not. The size of the dot indicates the weight

calculated from the variance of the respective experiment

interactions among covariates improved the explanation
of the variability.

3.3 Dominance Index

The Dominance Indices of the experiments did not dif-
fer between controls and thinned treatments after the
drought (Fig. 9). For the IPB, the Dominance Index of

controls was slightly and significantly higher than the one
of the thinned stands, indicating that on average more
suppressed trees died in the controls than in the thinned
stands. The mean dominance indices were above 1 in
all treatments, indicating that dead trees were relatively
smaller compared to the average tree size of a given for-
est stand. However, across all treatments and periods, the
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Fig. 8 Forest plot of the subgroup analysis of Koeppen Climate Zones with effect size of pre-drought periods (blue) and drought periods (orange).
Effect size is the risk ratio; the x-axis is in log scale; the lower the effect size, the lower is the mortality rate in thinned stands relative to their control.
There are 2 experiments in the warm/arid zone, 3 in the Temperate zone and 27 in the Continental zone
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Fig. 9 Dominance Index before and after drought in control (grey) and thinned (green) treatments. Values above 1 indicate a lower dominance
of trees that died when compared to living trees of the same stand; brackets with p-values indicate the significance of differences between groups
tested with the Wilcoxon test

Dominance Index was not significantly different from 1.  below 1 (Fig. 9, Appendix Table 6). We have to keep in
Thus, there were also some cases, where more dominant  mind, however, that the Dominance Index is a relative
trees had died as visualised in the error bars reaching measure and the average diameter in thinned stands was
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higher than in control stands, because overtopped and
intermediate trees were preferably removed in preceding
thinning operations (average diameter pre-drought: con-
trol=21.0 cm, thinning=25.7 cm, details see Appendix
Table 6).

4 Discussion

Our literature search confirmed that the influence of for-
est management on tree mortality is a very important
and frequently mentioned topic, as we found more than
1000 papers in total with different search approaches.
However, most studies (98% of the screened publications)
did not investigate mortality per se or not in a way that
permitted the use of reported data in this meta-analysis.
Typically, mortality was mentioned in the introduction
(sometimes also in the abstract) as well as in the discus-
sion while the paper itself was about the growth response
of surviving trees. Those studies that assessed mortality
rarely reported or presented explicit data. However, we
could still make use of studies by calculating the mortal-
ity data ourselves from tables or by extracting them from
figures published in the respective papers.

4.1 Thinning does not increase tree mortality
after extreme droughts

Previous research has shown that thinning can improve
tree growth by reducing stand-level transpiration and
interception, and increasing soil water availability for
individual trees (Breda et al., 1995; del Campo et al. 2022;
Gebhardt et al. 2014; Sohn et al. 2016). This suggests a
reduced risk of drought-related mortality. In this study,
thinning reduced the overall mortality risk of trees. How-
ever, we found no statistically significant difference in the
risk ratios before and after the drought event. This means
that, contrary to our expectation, the lower mortality rate
in thinned stands relative to unthinned stands in pre-
drought periods was not further reduced during and after
extreme drought events. Yet, other studies documented
higher risks of growth decline or mortality if larger grow-
ing space was available, because their crowns are more
exposed to radiation and therefore transpiration and soil
water depletion increase locally during drought periods
(Brooks & Mitchell 2011; Jump et al. 2017; Bosela et al.
2021; Stovall et al. 2019; Taccoen et al. 2021; Trugman
et al. 2018). Our results show that there is no substan-
tial difference in the relative dominance of dead trees
between control and thinning treatments before and after
droughts, which confirms findings of other studies that
documented mainly suppressed trees dying in thinned
treatments (e.g. Knapp et al. 2021; Kulha et al. 2023). A
higher vulnerability of suppressed trees may be a result
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of asymmetric belowground competition with dominant
trees, which might consume disproportionately more soil
water and nutrients, leaving suppressed trees to situa-
tions of insufficient water supply for survival (Fernandez-
de-Unia et al. 2023; Trouvé et al. 2014). Higher storage
capacity of carbon could enable more dominant trees to
withstand droughts longer and defend themselves better
against biotic attacks (Fernandez-de-Uiia et al. 2023).

4.2 Potential of covariates in explaining the high
variability

The high variability across experiments observed in our
analysis, even for experiments with a robust number of
samples (thus low standard error) (Figs. 4 and 5) sug-
gests that there is no generalizable effect of thinning on
drought-related mortality across all analysed experi-
ments. There are obviously different mortality response
patterns to thinning in different regions and forest types.
Two meta-analyses that assessed the effect of stand den-
sity on drought response in terms of growth and hydrau-
lics found similar results on between-study heterogeneity
(?>90%) (Castagneri et al. 2021; del Campo et al. 2022).

Tree species identity and taxonomic class were sig-
nificant covariates on different hydraulic processes in
the meta-analysis of del Campo et al. (2022) and in two
studies investigating growth response after thinning and
drought (Bottero et al. 2021; Sohn et al. 2016). In the
results of the meta-analysis of Castagnieri et al. (2021),
however, these factors did not explain much of the varia-
tion. Likewise, we could not detect significant differences
between tree genera and taxonomic classes. Differences
in physiological drought reactions and vulnerability to
pests between tree species (Cailleret et al. 2017; DeSoto
et al. 2020; McDowell et al. 2008) support the idea that
we should also see these differences in a meta-analysis on
mortality responses to drought.

Climatic conditions at experimental sites, based on
a broad characterisation of Koeppen climate zones,
were the strongest explanatory covariate for mortality
response (R*=11.3%), but only during IPDs. Climatic
site conditions also contributed significantly to explain-
ing heterogeneity in the meta-analysis of del Campo et al.
(2022), not limited to drought periods and with higher R?
values (11-40%). The positive effect of thinning in reduc-
ing mortality declined from warm to continental to tem-
perate sites. This observation contradicts the theory that
tree growth on dry sites would be limited through water
scarcity so intense that reducing competition would not
lead to a substantial improvement in growth (Gleason
et al. 2017). At dry sites, trees that are better adapted
to droughts may well be able to benefit from increased
growing space (Schmitt et al. 2020).
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Our meta-regression analysis indicates that the risk of
mortality decreases with thinning intensity (significantly
in pre-drought conditions). Thinning intensity refers
here to the effective reduction in stand density in com-
parison to unthinned control stands. It does not neces-
sarily describe the intensity of tree removal in a single
thinning operation. There may be good reasons to limit
the intensity of single thinning operations and to reduce
or maintain stand density through more frequent thin-
ning interventions of lower intensity. The latter approach
is known to limit a possible undesirable increase in the
vulnerability to storm damage following thinning (Mason
& Valinger 2013). It may also help to reduce the nega-
tive effects of increased transpiration stress resulting
from sudden exposure of the remaining trees, commonly
referred to as “thinning shock” (Garber et al. 2011). Many
studies reporting on growth response or water relations
confirmed that the positive effect of thinning increases
with intensity (Bucher et al. 2023; del Campo et al. 2022;
Gebhardt et al. 2014; Sohn et al. 2016). The stronger the
reduction in stand density, the greater interception and
transpiration would be reduced, thereby resulting in
higher soil water content and lower mortality.

In our and in many others studies (del Campo et al.
2022; Sohn et al. 2016), the effect of thinning on drought
response decreased with time since the last thinning. A
study in Cedrus atlantica G. Manetti forests in France
documented improved growth recovery from drought
up to ten years following thinning (Guillemot et al. 2015),
whereas a global study estimated soil moisture and tran-
spiration to be enhanced for three to eight years follow-
ing thinning (del Campo et al. 2022). Apparently, the
crowns of the remaining trees eventually close the gaps
in the canopy, thereby the interception and the transpira-
tion rate once again increases. How quickly the crowns
fill this growing space created by thinning has not been
extensively studied. This process will likely vary with tree
species, tree growth rate, site quality, and the question
of whether trees fill the belowground gaps and thereby
increase their water uptake concomitantly. Interestingly,
age did not significantly influence the heterogeneity of
thinning responses, despite a wide range of stand ages in
our study.

Only a small proportion of the heterogeneity in thin-
ning responses in our meta-analyses could be explained
with selected covariates. Perhaps, there are covariates
which were not included in our analysis, since they are
not easy to measure and thus barely reported, which
might explain more of the heterogeneity. Above all, soil
water holding capacity is proven a highly relevant factor
for mortality response to drought (Callahan et al. 2022;
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Klesse et al. 2022). We may not have discovered interac-
tions among covariates owing to the small sample size
(and we tested only simple interactions to avoid overfit-
ting the meta-regression models (Higgins & Thompson
2004)). Potentially, important interactions among covari-
ates that we could not analyse comprise those between
species and site, as trees of the same species can respond
quite differently to drought depending on site conditions
(Trugman et al. 2021).

4.3 Study limitations and research outlook

Drought-related tree death arises from an interplay of
tree physiology, site factors and biotic factors (Ande-
regg et al. 2015; Hartmann et al. 2022; Trugman et al.
2021). Our current analysis does not capture the influ-
ence of biotic agents and possible pre-disposing factors,
such as previous droughts. Biotic agents are often sec-
ondary stressors that attack weakened trees (Anderegg
et al. 2015; Hartmann et al. 2022). Nonetheless, damag-
ing insects may target trees of specific sizes regardless of
their stress level, or become epidemic for reasons other
than drought (Trugman et al. 2021), such as the avail-
ability of fresh breeding material for bark beetles after
wind throw. Thus, to improve future analyses of thinning
effects on drought-related mortality, one would have to
know the precise cause of mortality (drought, pest, dis-
ease, etc.), which is rarely assessed. We based our analysis
on the definitions of tree mortality provided in the indi-
vidual studies. Apart from excluding studies that did not
distinguish between natural tree mortality and harvesting
removals, we were unable to assess all different options
to account for natural tree mortality—for instance,
whether trees broken at the stem base were classified as
dead. More importantly, based on the documentation,
we could not determine whether trees of low vitality and
on the verge of dying were preferentially removed dur-
ing thinning in these studies. This practice would have
pre-empted natural mortality and thus influenced the
reported mortality rates in thinned stands.

It is possible that our drought selection procedure did
not accurately represent the actual drought situation
at a given site. The Terraclim database is very useful for
obtaining homogenised climate data to compare studies
that are spread globally. However, the coarse resolution
does not allow to account for microclimatic deviations
(Zang et al. 2020). Furthermore, the SPEI does not take
into account soil depth and water retention capacity,
which are important to characterise the actual water
balance.

Apart from that, our analysis of the lag-effect showed
that there can be drought-related mortality which did not
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occur in the designated IPDs, but in the following period.
In the meta-analysis of Trugman et al. (2018), the major-
ity of mortality occurred within the first ten years follow-
ing a drought event, while in our analysis, most inventory
periods in the experiments were shorter than a decade.
This suggests that not all drought-related mortality might
have been captured within the respective inventory
period.

With the anticipated increasing frequency of
droughts, it will become even harder to attribute mor-
tality to one particular stress event. It will therefore
become more important to account for the effect of
multiyear or recurrent droughts on mortality (Sdnchez-
Pinillos et al. 2022). For instance, multiyear droughts
were found to exacerbate mortality significantly, while
three “wet” years following a drought mitigated it
(Bradford et al. 2021). To improve our ability to relate
mortality to a particular drought event, it would be
necessary to monitor the condition of individual trees
more closely. For example, mortality assessment in thin-
ning experiments could be supplemented with data on
annual radial increment to further elucidate the rela-
tion between drought stress and tree death. Interest-
ingly, such studies that assessed both growth response
and mortality consistently exhibited higher basal area
increment and higher survival in heavily thinned treat-
ments during and after drought, indicating a higher
drought resistance and drought recovery of individual
trees (Calev et al. 2016; Giuggiola et al. 2013; Knapp
et al. 2021) and at the stand-level (Zhang et al. 2019).
Likewise, comparative investigations of annual radial
growth of trees deceased during droughts and sur-
vivors revealed that the deceased trees already had
displayed lower radial growth in previous droughts
(Cailleret et al. 2017; Dulamsuren et al. 2022), typically
with lower drought resistance values in angiosperms
and lower drought recovery values in gymnosperms
(DeSoto et al. 2020). In addition to such a retrospec-
tive approach using radial increment, the response
to drought and thinning could be monitored through
repeated assessments of crown conditions, for example
with unmanned aerial vehicles (Sankey & Tatum 2022),
or ongoing measurement of growth using dendrometers
(Aldea et al. 2023). One important step in this direc-
tion, which would add considerable value to existing
thinning experiments, would be the assessment of tree
conditions during and directly after severe or extreme
drought impacts and not only following a prescribed
inventory interval.

Further, the striking discrepancy between the ini-
tially large number of reported thinning studies and
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the small number of papers that could eventually be
used in this meta-analysis on mortality calls for a dif-
ferent type of reporting in publications, so that these
can be used in systematic reviews; an issue that has
been identified also in relation to other ecological top-
ics (e.g. Vetter et al. 2016). We would therefore like to
encourage authors of future papers on thinning stud-
ies to: (a) report mortality in thinning experiments
with a measure of variance, (b) clarify which mortal-
ity was actually measured (number of dead stems or
proportion of dead basal area), (c) inform about the
(major) causes of mortality, and (d) specify the exact
time interval in which the mortality was measured.
Also, documentation of soil water holding capacities
would immensely help to correct for site effects and
help overcome shortcomings of commonly used cli-
matically based drought indices (Schwarz et al. 2020;
Zang et al. 2020).

In scientific literature and practical manuals, thin-
ning is frequently mentioned as one possible adaptation
option to reduce drought stress. Yet, many forest pro-
fessionals believe that the current level of knowledge to
support its application for that purpose is limited (Himes
et al. 2023). This calls for a better synthesis and commu-
nication of the results from the many thinning trials that
exist all over the world. The results may be compiled in
a global data base. Unfortunately, the subtropical and
tropic regions seem to be under represented in published
studies though (Sohn et al. 2016; Moreau et al. 2022).
Despite the many thinning experiments reported in lit-
erature, it has been difficult to obtain data on tree mor-
tality. This may have to do with the fact that the existing
data are not curated and stored in a way that facilitates
sharing.

A consequence of the diversity of studies included in
this meta-analysis was the high variability. We view the
broad coverage of regions as a strength for investigat-
ing the overall effect of thinning. Nevertheless, there is
a trade-off between generalisability and comparability
of study conditions. A geographic focus may provide
insights into distinct regional thinning effects, when
there are sufficient studies available. Likewise, the dif-
ferent studies employed a range of thinning methods.
These different thinning methods, however, could not
be included as an experimental factor but could only
be addressed indirectly by looking at the consequences
of exposure with the dominance index. The high vari-
ability that we, and many others encountered, could
be reduced with substantially more studies comprising
different forest types, tree species and varying thinning
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intensities, methods and intervals. These studies should
then have a detailed reporting of growth/mortal-
ity assessments with causes of mortality and include
results from replicate treatments to permit calculation
of standard errors.

So far, most thinning experiments have been conducted
in mono-specific stands. Since mixed-species forests also
feature prominently among silvicultural approaches to
adapt forests to global change (Messier et al. 2021), more
studies that analyse thinning responses including mortal-
ity in mixed stands are urgently needed.

Lastly, results of thinning experiments that measure
hydraulic variables such as soil moisture, tree water use
or stomatal conductance (Breda et al., 1995; del Campo
et al. 2022), leaf-level physiological processes (Mino-
cha et al. 2013) or microclimatic effects (Menge et al.
2023) should be combined with mortality assessments
to improve the understanding of processes behind
drought-related mortality. Moreover, installing more
rainfall exclusion roofs in thinning experiments (Cotillas
et al. 2009; Pretzsch et al. 2014) offers the opportunity to
investigate multiple year drought effects on tree mortal-
ity under controlled conditions.

5 Conclusion and management implications
In light of the pressing need for robust analysis amidst
rapid changes and uncertainty, it is imperative that we
emphasise comprehensive documentation of studies
addressing adaptation options. By adhering to rigor-
ous reporting standards and fostering the compilation
of well-documented data, we can pave the way for more
insightful analyses and informed decision-making, thus
enhancing our collective capacity to address critical chal-
lenges in forest adaptation to climate change.
Conducting the first meta-analysis on thinning and
drought-related mortality, we were challenged by the
restricted database and a resultant high variability in
the response of drought-related mortality to thinning.
Even though thinning did not show a significant reduc-
tion in tree mortality following drought, one should not
discard it as an option to increase the resistance of trees
and stands against drought stress. We could show that
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the release through thinning does not lead to increased
mortality of more dominant trees. Further exploration of
how stand conditions (site, tree species, stand age, thin-
ning intensity, etc.) influence the effects of thinning on
reducing drought-related mortality would be worthwhile.
In addition, thinning still offers many other benefits such
as increased resistance and resilience in relation to other
disturbances (Moreau et al. 2022), or facilitating impor-
tant transformation processes, such as advance regenera-
tion of more drought-adapted species (Millar et al. 2007).

Appendix

Table 3 Search strings for the search in Web of Science, the 5
strings are connected with the Boolean “AND”

Search string Search terms

Forest string forest* OR tree

Management string  thinning OR “stand density” OR “basal area reduc-
tion” OR “forest management” OR sylvicultur*
OR silvicultur® OR “density reduction” OR “density

treatment”

mortality OR “tree death” OR “dying trees” OR “vital-
ity loss”OR dieback OR defoliat* OR “water stress”

resilience OR drought OR “adaption capacity”
OR adaptivity OR resistance

Mortality string
Drought string

Exclusion string NOT ALL=(mangrove* OR agroforestry OR ama-
zon* OR borer OR nematode) NOT Tl = (“bud-
worm”OR beetle* OR moth OR canker OR fuel
OR fire OR wildfire OR seedling OR fung* OR pest

OR infect*

The asterisk (*) is used as a truncation symbol to include different word endings,
such as 'fung* to capture 'fungi; ‘fungal; etc.

Table 4 2 x 2 contingency table for risk ratio calculation

Thinned Control
Dead A B
Alive C D
Total N1 N2
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Fig. 10 Mortality rates of the experiments by treatment in the inventory period before and with drought. The mortality rate is the number of dead
stems per site divided by the total number of stems per site

Table 5 Subgroup analysis and meta-regressions statistics of pre-drought and IPD

Pre-drought inventory period Drought inventory period

Covariate Var Coeftype N Coef Cllb Club p SL R* Coef CLlb Club p sL R

type
Koeppen- cl. Warm/arid 2 0.16 0.03 0.71 0.016 * 0 0.08 0.01 0.54 0.01 ** 1.3
ClimateZone
Koeppen- cl. Temperate 3 0.64 0.13 3.18 0.582 0 12 0.27 5.75 0.783 1.3
ClimateZone
Koeppen- cl. Continen- 27 045 0.28 0.73 0.001 ** 0 044 0.26 0.74 0.002 ** 1.3
ClimateZone tal
Taxonomic- cl. Mixed 1 0.79 0.04 16.40 0.878 0 1.82 0.14 23.07 0.644 0
Class
Taxonomic- cl. Conifers 22 0.62 0.24 1.61 0325 0 0.36 0.12 1.06 0.064 . 0
Class
Taxonomic- cl. Broad 9 037 022 062 0 xxx 0 042 023 076 0.004 ** 0
Class leaves
Genus cl. Fagus 6 0.77 020 293 0.704 0 0.69 0.15 3.14 0.63 0
Genus cl. Larix 1 0.85 0.02 296 0.929 0 0.85 0.02 37.62 0.931 0
Genus cl. Picea 11 0.50 024 104 0.063 . 0 0.28 012 067 0.005 ** 0
Genus cl. Pinus 10 0.27 013 0.56 0 Fx 0 0.58 0.25 1.34 0.203 0
Genus cl. Populus 1 0.79 004 1635 0878 0 1.82 0.14 2408 0.649 0
Genus cl. Quercus 3 049 0.13 1.92 0.308 0 0.17 003 085 0.031 * 0
Latitude co. Interc 32 1.54 0.10 2298 0.755 0 1.78 0.07 46.92 0.731 0
Latitude co. Coef 0.98 093 103 0.344 0 0.97 092 104 0.386 0
Stand-Density  co. Interc 32 0.21 0.06 0.69 0.01 * 41 018 0.05 0.66 0.01 * 0
Stand-Density  co. Coef 370 047 2881 0212 41 448 057 3558 0.156 0
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Table 5 (continued)
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Pre-drought inventory period

Drought inventory period

Covariate Var Coeftype N Coef ClLlb Club SL R* Coef Cllb Club p sL R?
type

TreeAge co. Interc 32 0.52 0.15 1.80 0.302 0.17 0.04 0.78 0.022 * 0
TreeAge co. Coef 1.00 0.98 1.01 0.731 1.01 0.99 1.03 0.206 0
Timesince- co. Interc 32 048 023 0.981 0.044 * 0.29 013 0.65 0.002 o 3.0
lastThin

Timesince- co. Coef 0.99 0.94 1.036 0.608 0 1.02 0.98 1.06 0312 3.0
lastThin

Var type Variable type, cl. class, co. continuous, Coef type coefficient type, interc. intercept, coef coefficient, N number of experiments within subgroup/regression, Cl.
Ib confidence interval lower boundary, Cl.ub confidence interval upper boundary, p p -value, SL significance level, R amount of heterogeneity that can be explain by

covariates

Significant levels used were p<0.05 = *, p<0.01 = **, p<0.001 = ***

Table 6 Table of Dominance Index and average diameter table (in m) and age at the start of the IPB in years; dominance indices are

unitless
Dominance Index Average Diameter (derived from basal area)
Pre-drought Drought Pre-drought Drought
Study Age Control Thinned  Control Thinned Control  Control  Thinned Thinned Control Control Thinned Thinned
alive dead alive dead alive dead alive dead
Harkas_30_28_2011 62 1.835 2.368 1.875 2.656 0.157 0.116 0.176 0.114 0.193 0.141 0216 0.132
Arpvanha_376_19_2015 107 2487 17 2076 2,042 0.151 0.096 0213 0.164 0.172 0.12 0.231 0.162
Arpvanha_429_3_2014 123 2.096 1.098 133 0.959 0.214 0.148 0.293 0.279 0.209 0.181 0.302 0.308
Arpvanha_446_44_2012 124 1477 3.106 1.392 1913 0.271 0.223 0313 0.178 0.29 0.246 0.338 0.245
Arpvanha_459_11_2019 67 2.555 1369 1.703 1518 0.19 0.119 0.239 0.204 0.224 0.172 0.285 0.231
FVA_Bu230_2004 116 5.036 2482 447 6.141 0316 0.141 0328 0.208 0334 0.158 0.344 0.139
FVA_Fi411_2018 66 2451 4.042 1.652 2.06 0.264 0.169 0.381 0.19 0.287 0.224 0.405 0.282
FVA_Fi414_2008 53 3.281 1452 3.091 2.265 0.225 0.124 0.303 0.251 0.242 0.138 0.337 0.224
FVA_Fi419_2017 55 9.996 1459 9.075 1.164 0.276 0.087 0332 0.275 0.307 0.102 0.359 0.332
Harkas_419_65_2011 49 2.666 1.806 2.1 2.056 0.158 0.097 0.201 0.15 0.18 0.124 0.224 0.156
NeumannHasen- 105 1.909 1.507 2.089 2129 0.181 0.131 0.244 0.198 0.179 0.124 0.261 0.179
hauer_2019
delRio_Fuencaliente_2015 59 1638 1.289 1491 1.882 0.17 0.133 0.206 0.182 0.182 0.149 0.215 0.157
Harkas_423_1_2010 76 2.162 1.881 1.727 1.641 0.201 0.137 0.254 0.185 0214 0.163 0.27 0.21
FGrOW_Batch_4_2021 25 0.984 0.903 1429 1.207 0.101 0.102 0.1 0.105 0.112 0.094 0.113 0.103
FVA_Ki120_2019 54 2.088 1.282 0.94 1.084 0.262 0.181 0.277 0.244 0.279 0.287 0.292 0.281
Mean 75 3.122 3.429 2.356 237 0.21 0.131 0.257 0.186 0.227 0.164 0.279 0.203

Analysis of lagged tree mortality

The dataset used for analysing the lag effect of mortality after
drought consisted only of 12 experiments because in most
experiments the inventory period that followed IPD included
either another drought event, or the data was simply not
available. Therefore, the explanatory power of our results
is constrained. The calculated risk ratio for IPA was lower
than in IPB and higher than in IPD (Appendix Fig. 11). The

values of all periods clearly fall below 1; however, they are
not significantly different from each other as can be seen by
the overlapping confidence intervals (Appendix Fig. 11). The
meta-analyses for the three periods also exhibited rather high
heterogeneity (>60%). Owing to the low number of samples
per genera, a more detailed subgroup analysis of the interac-
tion between the genus of the main species combined with the
lag effect was not meaningful.
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Fig. 11 Forest plot of meta-analysis with before (blue), during (red) and after (yellow) drought period, x-axis is in log scale, the lower the effect
size the lower is the mortality rate in thinned stands relative to their control. Analysis was conducted with a subsample of studies (12) for which
an inventory period after the period in which the drought occured was available
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