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ABSTRACT

Douglas fir is a largely introduced species in Europe and is often presented as a promising alternative to more
drought-sensitive species. However, the observed and predicted increase in drought frequency and intensity
could undermine its ability to cope with drought. This study aims to investigate the radial growth response of
Douglas fir to drought in its climatic optimum in Europe, considering a number of drought characteristics (in
terms of timing during the growing season, intensity, and consecutive occurrence), site conditions (average
climatic water balance, maximal extractable soil water), and stand densities. Using growth data from 360 trees
sampled across 24 sites in Wallonia (Belgium), we fitted linear mixed models to investigate the influence of
drought, site, and stand characteristics on three commonly used resilience indices, as well as on an integrated
index comparing observed resilience with a theoretical full resilience reference. On average, radial growth was
reduced during droughts regardless of drought characteristics and site conditions. Trees always recovered to
some extent, but not always to full resilience. Drought characteristics had a stronger influence on drought
response than site and stand characteristics. Under the most intense droughts, trees were less resistant and less
resilient to early droughts than to late droughts. Higher intensity and consecutive droughts increased the
negative impact of a drought on resistance and resilience. Resistance was slightly higher on sites that were wetter
and had higher maximal extractable soil water. In contrast, resilience to non-consecutive droughts was higher on
drier sites. Finally, we did not detect any significant impact of stand density on Douglas fir growth response. The
integrated index showed that Douglas fir has the best chance to be completely resilient to droughts when
droughts are later, not very intense, and not consecutive and when trees are located on more water-limited sites.
In conclusion, Douglas fir radial growth may not be as drought-resilient as expected. It is therefore advisable to
avoid an overreliance on this species, and increase species diversity to strenghten forest stability. In this context,
future research avenues could involve the comparison of drought response of Douglas fir with other species.

1. Introduction

(IPCC, 2021). Heat extremes and droughts are also becoming more
frequent and intense (Spinoni et al., 2018).

Forest ecosystems are increasingly threatened around the globe by
climate change, invasive insects and pests, in addition to threats from
human activities (Anderegg et al., 2022; Hartmann et al., 2022; Trum-
bore et al., 2015). Natural disturbance impacts on European forests have
significantly increased since 1950 (Patacca et al., 2023) and are pro-
jected to persist on this trajectory (Seidl et al., 2017). Among these
disturbances, drought is of particular concern. In Europe, temperatures
are rising faster than the global average and changes in precipitation
patterns such as reduced precipitation in summer have been observed
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The recent drought of 2018 was described as unprecedented (Buras
et al., 2020) with severe impacts on forest ecosystems: widespread
canopy decline, increased mortality, and secondary drought impacts
such as insect attacks (Schuldt et al., 2020; Senf and Seidl, 2021).
Droughts can lead to carbon starvation, hydraulic failure and increased
exposure to pests, negatively affecting forest productivity and vitality,
eventually leading to mortality (Allen et al., 2010; McDowell et al.,
2008). Forest decline and mortality due to warm and dry conditions
have already been reported worldwide, including in regions not
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normally considered to be at high risk for droughts such as the temperate
zone in Europe (Choat et al., 2012; Hartmann et al., 2022; Szegleti et al.,
2020).

The increasing, widespread negative impacts of drought on forest
ecosystems are raising concerns about forest resilience (Forzieri et al.,
2022; Reyer et al., 2015), defined in this study as “the ability of a forest
to recover after disturbances and regain its pre-disturbance structure
and function” (Holling, 1996; Lloret et al., 2011). Resilience can be
divided into three components: resistance which is related to the
reduction in ecological performance during the event; recovery which
refers to the ability to recover relative to the damage estimated during
disturbances; and resilience per se, which is the capacity to reach
pre-disturbances performance levels (Lloret et al., 2011).

The impacts of drought, along with the expected responses of Eu-
ropean forests to ongoing climate changes, have sparked debates about
species composition of future European forests. Potential solutions to
help forests adapt to climate change involve assisted migration and se-
lection of more resilient varieties of native species, as well as the use of
non-native species more tolerant to warmer and drier conditions (Felton
et al., 2023; Vacek et al., 2021). For this reason, we need to understand
how widely planted non-native tree species in Europe respond to
drought.

Douglas fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco) is one
of the most common non-native species planted in European forests
(Brus et al., 2019), covering more than 830,000 ha (Nicolescu et al.,
2023). It is regularly cited as a promising alternative to less
drought-tolerant species such as the Norway spruce (Picea abies (L.) H.
Karst.) (Stangler et al., 2022; Vacek et al., 2021; Vitali et al., 2017).
Douglas fir is highly appreciated for its high productivity, adaptability,
and valuable wood (Eckhart et al., 2019; Thomas et al., 2022). To cope
with droughts, this species has a deep taproot system and a sensitive
stomatal regulation (Thomas et al., 2022). Stomatal closure and cessa-
tion of growth in the early stages of droughts, known as the isohydric
strategy, allows Douglas fir to avoid hydraulic failure by reducing the
water loss. However, this strategy can become detrimental in cases of
prolonged droughts, as it can lead to carbon starvation (McDowell et al.,
2008). In Europe, recent studies have highlighted an increasing sensi-
tivity of Douglas fir to summer temperatures (Vejpustkova and Cihak,
2019), a severe impact of drought on its radial growth (Wrzesinski et al.,
2024), and a trend towards decreasing resilience to drought over time
(Bose et al., 2020). It is essential to document and assess the resilience of
Douglas fir in the context of increasing drought frequency and intensity.

Radial growth response to past drought events is often studied using
dendrochronological methods (e.g., Eilmann and Rigling, 2012; Wrze-
sinski et al., 2024). For a given drought event, tree ring chronologies can
be used to calculate indices linked to the three components of resilience:
resistance, recovery, and resilience (Lloret et al., 2011). Based on
drought response indices, dendrochronological studies have shown that
the impact on tree growth can be significantly influenced by several
drought characteristics (Gao et al., 2018). For example, drought
response is influenced by the onset timing of the drought. When it occurs
late in the growing season, after growth has reached its maximum, the
impact on growth is weaker (D’Orangeville et al., 2018). The growing
season of Douglas fir extends on average from mid-April to
mid-September, with a peak in radial growth rate in June (Miller et al.,
2022). The minor impact of a late drought could be due to the fact that
most radial growth is achieved before this period, even though cell wall
lignification is not yet complete (Rossi et al., 2006). In addition to onset
timing, drought intensity and frequency, as well as climate conditions in
previous and subsequent years can influence drought response. More
severe impacts on radial growth have been observed for more intense
and more frequent droughts (Bohner and Diez, 2021; Bose et al., 2020;
Jiang et al,, 2024). In addition, studies have shown that wetter
post-drought conditions can improve recovery and resilience (Jiao et al.,
2021; Schmied et al., 2023). This highlights the importance of taking
into account drought characteristics while studying their impacts.
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Site and stand conditions can also influence drought response, by
mitigating or exacerbating its effects. For example, the capacity of trees
to withstand drought can be improved by more fertile soil conditions
(Lévesque et al., 2016; Schmied et al., 2023; Sergent et al., 2012). Higher
water availability, in terms of average local climate or soil water
availability, can also buffer drought impacts on radial growth by
reducing the exposure of trees to water shortages (Carnwath et al., 2012;
Pardos et al., 2021). Finally, some studies have shown a positive impact
of reduced stand density on drought response, probably due to a greater
accessibility to resources such as light or water (Carnwath and Nelson,
2017; Sohn et al., 2016). Yet, other studies have shown divergent results
(Castagneri et al., 2022). Understanding the impacts of site and stand
characteristics on drought response is therefore crucial for implement-
ing adaptive forest management to maintain the ecosystem services
provided by forests in Europe (Keenan, 2015).

In this study, we investigated Douglas fir radial growth response to
climatic drought in Wallonia (Belgium), a region with a temperate
oceanic climate matching the climatic optimum of Douglas fir in Europe.
We sampled 360 trees across 24 sites covering a wide range of both site
water availability and tree density encountered by the species in our
study area. We applied a dendrochronological approach and computed
resistance, recovery, and resilience indices (Lloret et al., 2011), as well
as an integrative approach of these three indices to assess the ability of
the trees to fully recover when their growth was impacted by a drought
event (Schwarz et al., 2020) Our first objective was to investigate the
radial growth response of Douglas fir to climatic drought events of
different timing, intensity, and consecutive occurrence. We hypothe-
sized that droughts occurring late in the growing season would have a
less negative impact on growth, that trees would be less resilient to the
more intense droughts, and that trees would be less resilient to
consecutive droughts (H1). Second, we assessed the extent to which site
conditions (climate, soil) modulate Douglas fir growth response to
drought. We hypothesized that trees growing on wetter sites (climate x
soil water reserves) would be less sensitive to drought (H2). Third, we
aimed to evaluate the influence of stand density on radial growth
response to drought. We hypothesized that a higher stand density, and
the subsequent higher competition for resources, would exacerbate the
negative effects of drought on radial growth (H3).

2. Materials and methods
2.1. Study sites and sampling design

Our study area was located in Belgium, in the Walloon region
(Fig. 1), where the temperate oceanic climate is favorable for Douglas fir
growth. We sampled 24 mature, even-aged Douglas fir stands that were
between 48 and 67 years old at the time of sampling (2021). The stands
were selected to cover a wide range of site and stand density conditions
encountered in the region. All sites were located on plateaus, at eleva-
tions ranging from 340 to 600 m. Mean annual temperatures vary be-
tween 7 and 9°C and mean annual precipitation varies between 980 and
1300 mm (Table 1).

Soils were well drained stony loam soils (cambisols in the WRB
classification). We categorized the 24 sites in two groups of estimated
maximal extractable soil water reserve (MEW). MEW was approximated
based on soil depth and stoniness inferred from the Belgian soil map and
then visually confirmed in the field using a soil auger. The “High MEW”
category corresponds to soils with depths of at least 80 cm and stoniness
less than 15 %, while “low MEW” category corresponds to shallow soils
with less than 80 cm depth and more than 15 % stoniness.

The stands covered a wide density gradient, with stand basal areas
(SBA) from 30 to 53 m?/ha with at least 80 % being Douglas fir. The SBA
represents the basal area (BA) at half of the silvicultural thinning in-
terval and was calculated using the BA measured during sampling, the
average annual increment (Perin et al., 2016), and the year of the last
thinning obtained from forest managers. A more detailed description of



C. Guisset et al.

4.0°E

Forest Ecology and Management 569 (2024) 122177

CWB (mm)
O 368-460
O 460-478
@ 478-621
@ ©621-684
@ 684-700

0‘)

5.0°E 6.0°E
1 1
v
o
i
)
2
w1
o
rQ
]
=2
D
o
F
o
=
0 25 50 km
L ee—

Fig. 1. Location of the 24 study sites in Wallonia (Belgium). The colored dots indicate the average climatic water balance (CWB) for the period 1961-2020,
calculated as the difference between the annual sum of precipitation and evapotranspiration. The green color in the background corresponds to the Walloon forest

cover (FAO definition) in 2018 (geoportail.wallonie.be).

Table 1

Characteristics of the 24 study sites (see Fig. 1 for site location). T is the mean
annual temperature and P is the mean annual precipitation for the period 1961-
2020. CWB corresponds to the mean annual climatic water balance (1961-2020)
defined as the difference between annual precipitation and reference evapo-
transpiration. MEW is the estimated maximal extractable soil water, and SBA the
stand basal area as defined in Section 2.1. The sites are listed in increasing CWB.

Site Altitude T P CWB MEW  SBA Year of
code (m) Q) (mm) (mm) (m?%/ plantation
ha)

SEV 348 8.9 984 368 High 50.2 1963
GOU 483 8.0 1016 411 High 37.4 1969
SIB 541 7.7 1008 414 High 48.8 1969
cou 347 8.8 1036 431 Low 35.1 1973
SVI 492 7.7 1050 456 High 37.2 1960
RE1 403 8.5 1066 462 Low 35.9 1968
RE2 416 8.5 1066 462 Low 39.3 1965
VIE 500 7.8 1070 468 Low 41.7 1973
TI1 475 8.1 1075 468 Low 52.7 1964
TI2 466 8.1 1075 468 Low 35.8 1972
MOI 547 7.8 1101 518 High 39.2 1958
FRE 475 7.9 1139 550 High 51.0 1954
ROS 451 8.5 1210 593 Low 44.8 1958
LAM 439 8.2 1216 615 High 50.0 1963
LOU 396 8.3 1225 622 High 41.0 1958
SUX 405 8.5 1239 623 Low 30.3 1965
BER 460 8.2 1233 634 High 48.4 1959
BIE 395 8.2 1278 677 High 39.1 1966
BAIL 422 8.2 1286 684 High 46.0 1970
MEN 401 8.2 1286 684 High 33.9 1968
VIV 402 8.2 1286 684 Low 44.9 1966
BEL 431 8.5 1298 690 Low 33.2 1958
MOG 391 8.5 1298 690 Low 41.1 1970
ELS 591 7.0 1270 700 Low 38.6 1966

site selection and characteristics can be found in Guisset et al. (2023,
PREPRINT).

2.2. Tree ring data

At each study site, we selected 15 healthy (less than 20 % defolia-
tion) dominant or co-dominant trees, separated by a distance of at least
10 m, with independent crowns, and not located at the edges of the
stand. Defoliation was visually estimated according to the ICP forests
methodology (Eichhorn et al., 2020). Each of these 360 trees was cored
at height of 1.3 m at two locations perpendicular to the tree using a
5 mm Pressler borer between May and November 2021. The cores were
then cut with a microtome, air dried, and scanned at a resolution of 2400
dpi. Ring-widths were measured on the scanned images using CooRe-
corder software (Maxwell and Larsson, 2021). Chronologies were
crossdated using the COFECHA software (Holmes, 1983).

We constructed individual tree-ring series by averaging ring widths
of the two cores of each tree. These series were then combined using a bi-
weighted robust mean to compute site-level chronologies, starting from
the year when data for at least 6 trees were available (Cook and Kair-
iukstis, 1991). The site level chronologies began between 1962 and
1976, and ended in 2020 which was the last fully formed tree ring for all
sites at sampling time. We detrended individual tree-ring series, first by
using a negative exponential function to remove the long-term, age-re-
lated, growth decline we observed on most trees. We then used a 20-year
cubic smoothing spline with a 50 % frequency response cut-off to
remove the mid-term signal that can be related, for example, to silvi-
cultural interventions (Cook and Peters, 1981). The detrended
ring-width indices were used to identify negative pointer years and
assess tree growth responses to drought. The Expressed Population
Signal (EPS) was computed to check if the sampled trees accurately
represented the population and then compared to the 0.85 threshold
suggested by Wigley et al. (1984). Other complementary statistics
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(average ring width, standard deviation, coefficient of variation, first
autocorrelation, and interseries correlation) were calculated to charac-
terize the chronologies (See Supplementary Material,Table S1). These
analyses were done using the dplR package in R software (Bunn, 2008; R
Core Team, 2022).

2.3. Climate data and drought events

Daily climatic data (minimum and maximum temperatures, precip-
itation, reference evapotranspiration) were obtained from the Royal
Meteorological Institute of Belgium (RMI) for the period 1961-2020.
The RMI data cover a 5 x5 km grid. We extracted climate data for each
site from the closest grid centroid. Reference evapotranspiration (ET0)
was computed from radiation, air temperature, air humidity and wind
speed data using the FAO Penman-Monteith equation (Allen et al.,
1998). To characterize the average climate of the study sites, we
calculated the mean annual climatic water balance (CWB; 1961-2020)
as the mean difference between the annual precipitation and reference
evapotranspiration (P-ET0). The CWB of the 24 study sites ranged be-
tween 360 and 700 mm for this 40-year period (Table 1).

Drought events were identified for each study site using the Stan-
dardized Precipitation and Evapotranspiration Index (SPEI) (Vice-
nte-Serrano et al., 2010). The standardized nature of this index allows
for the identification of abnormally dry conditions at each site, consid-
ering the entire available data period from 1961 to 2020. Radial growth
of Douglas fir extends from mid-April to mid-September (Miller et al.,
2022), but in the studied area, the species begins to photosynthesize
after the winter break in February (Aubinet et al., 2016), and the
February-March period has been shown to be a key period for Douglas fir
radial growth (Guisset et al., 2023, PREPRINT). Therefore, we consid-
ered the February-September period as the “growing season” for the
SPEI calculation, and divided it into two periods of four months to ac-
count for the impact of drought timing on tree response (Merlin et al.,
2015; Vitali et al., 2018a). The first period corresponds to the first half of
the growing season (from February to May), before the foliage of
Douglas fir trees has fully matured and the trees have reached their
maximum growth rate (Devine and Harrington, 2009; Miller et al.,
2022) and is represented as the SPEI (4-month period) of May. The
second period corresponds to the second half of the growing season
(from June to September) and is represented by the SPEI (4-month
period) of September. A year was identified as “early drought” when the
SPEI of May was below —1 and as “late drought” when the SPEI of
September was below —1 (Fig. S1-S2). We chose this threshold because
SPEI values below —1 correspond to dry conditions outside of the range
of normal climatic variability (Slette et al., 2019). When the SPEI was
below —1 for both periods, a new SPEI was calculated for the two pe-
riods together (February to September) to measure drought intensity
over the whole growth period. In our analyses, we included only trees
that were at least 10 years old at the time of the drought event. In
addition, we did not study drought events that occurred after 2018, to
ensure a minimum of two years of post-drought growth.

For each study site, we calculated Bootstrapped Correlation Co-
efficients (BCCs) between the ring-width indices (RWI) and the SPEI for
the early (February-May), late (June-September), and whole (February-
September) growing seasons to investigate how they were related to
radial growth, and how the relationship between radial growth and SPEI
varied among sites. The BCCs were calculated for the period common to
all study sites (1976-2020), using the “treeclim” R package (Zang and
Biondi, 2015). The results of this analysis are presented in the Supple-
mentary Material.

2.4. Douglas fir growth response to drought
2.4.1. Negative pointer year

For each site, we identified negative pointer years, which are defined
as years for which a majority of trees exhibit remarkably negative
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growth responses (Jetschke et al., 2019). The Relative Growth Change
(RGC) method was used to identify these years by comparing the ring
width index of each year with the average indices of the four previous
years for each individual chronology (Jetschke et al., 2019; Schweing-
ruber et al., 1990). In this study, a year was considered as a negative
pointer year for a study site if at least 70 % of the trees of this site
exhibited a growth reduction of at least 10 %. For a given site, the
analysis was performed from the year in which growth data were
available for at least 10 trees. This analysis was performed in R software
using the pointRes package (van der Maaten-Theunissen et al., 2015).
Drought years identified by the SPEI and negative pointer years were
compared to check for correspondence between negative growth
response and drought events. However, we did not restrict the analysis
of growth response to drought in Douglas fir to these negative pointer
years. This approach could indeed have induced bias by excluding
droughts that did not result in growth reductions (Schwarz et al., 2020).

2.4.2. Resistance, recovery, and resilience

The radial growth response in Douglas fir to identified drought
events was assessed using resistance, recovery and resilience indices
(Lloret et al., 2011). These indices were calculated from individual
ring-width indices (RWI) and expressed in percentage (%). Resistance
and resilience indices are defined relative to a reference growth level
(RWl,e; Bohner and Diez, 2021), which is calculated for each tree by
averaging its RWI of all years except those corresponding to drought
years, as identified by the SPEI (See Section 2.3). The resistance index
(Rt, Eq. 1) is the ratio between the RWI of the drought year (RWIg,) and
the reference growth level (RWI,f). It reflects the tree’s ability to
maintain its growth during drought. The recovery index (Rc, Eq. 2) is the
ratio between the average RWI of the two years that follow the drought
year (RWIj.s), and the RWI of the drought year (RWIg,). It expresses the
tree’s capacity to restore a certain growth level after the drought.
Finally, the resilience index (Rl, Eq. 3) is the ratio between the average
of the two post-drought years (RWI,os) and the reference growth level
(RWI). It describes the capacity of the tree to recover its “reference”
growth level after the drought (Lloret et al., 2011; Steckel et al., 2020).
The three indices were averaged and checked for deviation from 100 %
using a t-test.

Rt = (RWIg / RWIep) x 100 )
Re = (RWIpost / RWIgr) x 100 )
Rl = (RWIpo5 / RWIef) x 100 3)

Linear mixed models (Bates et al., 2015) were used to assess the ef-
fects of drought characteristics, site, and stand conditions on the radial
growth. A model was fitted for each index (resistance, recovery, and
resilience), with the index value for each tree and each selected drought
event as the response variable, and drought characteristics, stand, and
site conditions as the fixed effects. Drought characteristics considered in
the models are timing (early/late/whole), intensity (SPEI), and
consecutive occurrence (yes/no). For the resistance model, a drought
year was considered as consecutive if another drought year occurred
within the two previous years. For the recovery and the resilience
models, a drought was considered as consecutive if another drought
occurred within the two previous or the next two years. We used a
two-year period to define consecutiveness to be consistent with the
two-year post-drought period used to calculate the recovery and resil-
ience indices. The determination of timing and the computation of SPEI
to evaluate the intensity are described in Section 2.3. Site and stand
characteristics used in the models are average climatic water balance
(CWB), estimated maximal extractable soil water (MEW - high/low),
and stand density (SBA). These parameters are explained in Section 2.1,
and their values for each study site are presented in Table 1. Continuous
variables (SPEI, CWB, SBA) were standardized by subtracting the mean
of each variable and then dividing by its standard deviation, in order to
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enable the comparison between predictors (Schielzeth, 2010). Site effect
was included in each model as a random effect. We did not include a
random effect on trees because it did not improve the model based on
AIC (Akaike Information Criterion; Akaike, 1981).

All these parameters were included in the models. We then selected
the most relevant interactions for each model based on the AIC (Burn-
ham and Anderson, 2004) and biological plausibility of the results. The
three selected models were visually checked for homoscedasticity and
normal distribution of the residuals. The variance inflation factor (VIF)
was calculated to check for correlation between predictors (Fox and
Monette, 1992). Estimated marginal means (emmeans) of the significant
interactions were calculated and then compared using post hoc Tukey
tests. All analyses were performed using the following R packages: Ime4
(Bates et al., 2015), ImerTest (Kuznetsova et al., 2017), MuMIn (Barton,
2023), emmeans (Lenth, 2022) and ggplot2 (Wickham, 2016).

2.4.3. Integrated approach of resistance, recovery, and resilience

We adapted the « full resilience » approach proposed by Schwarz
et al. (2020) to conduct complementary analyses that offer an integrated
perspective on the resistance, recovery, and resilience indices of Lloret
et al. (2011). This approach is based on the inherent relationship be-
tween the three indices: recovery corresponds to the ratio between
resilience and resistance (see Eqs. 1, 2 and 3). Setting the resilience value
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to one, i.e., assuming that the trees recover completely, the theoretical
recovery equals the inverse of resistance (Eq. 4).

4

Recovery = Resilience/Resistance = 1/Resistance

We compared this theoretical relationship (hereafter called “full
resilience™) with the actual relationship between recovery and resis-
tance for Douglas fir in Wallonia. As there is a generally observed trade-
off between resistance and recovery of radial growth to drought, this
relationship is expected to follow a negative power function (Schwarz
et al., 2020). Therefore, we fitted the nonlinear function of Eq. (5) to the
data, using the nls R function (R Core Team, 2022).

(5)

Recovery = a x Resistance™

For the following analysis, only the observations with a resistance
level below 100 % were considered to assess whether trees had the ca-
pacity to fully recover, taking into account their reduced growth during
the drought. We plotted the theoretical “full resilience” curve (Eq. 4) and
the curve fitted to our data and calculated a 95 % confidence interval
using a bootstrap method (10,000 replications). An F-test was performed
on the residuals to determine if the fitted curve was significantly
different from the full resilience curve. We then calculated the inter-
section between these two curves to identify the resistance level
threshold above which the fitted curve surpassed the theoretical full
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Fig. 2. (a) Drought years identified by SPEI for each study site from the year the trees were 10 years old. Point shape indicates the drought timing (“early” for the
period February to May, “late” for the period from June to September, and “whole season” for February to September). Point color shows intensity based on SPEI. (b)
Detrended site-level chronologies (grey) and overall average chronology (black). Negative pointer years identified from ring width indices using RGC method, are
shown from the year data is available for at least 6 sites (1972): red solid lines when they have been identified for at least 50 % of the study sites, and red dashed lines

when identified for at least one third of the study sites.
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resilience curve. An intersection before a resistance level of 1 indicates
the resistance level that the trees must present to fully recover. To assess
the influence of drought, stand, and site characteristics on the
achievement of full resilience, we built a linear mixed model of the
distance to full resilience (same method as described in Section 2.4.2).
The distance was calculated as the difference between the actual re-
covery (Eq. 2) and the theoretical recovery (i.e., the necessary level to
reach the theoretical full resilience; Eq. 4). A negative distance indicates
that trees failed to reach full resilience.

3. Results
3.1. Drought events and negative pointer years

Since the early 2000s, both the frequency and intensity of droughts
have been increasing (Fig. 2a). Between 2011 and 2020, a drought (SPEIL
<—1) occured in at least half of the years, and from 2017 to 2020, a
drought was detected each year. The most important early droughts
occurred in 1991, 1993, 2011 for all study sites, and in 2017 for 21 out
of 24 sites. In particular, the year 2011 corresponded to a remarkably
dry year with SPEI values below —2 (from —2.4 to —2.1) for all study
sites. These values represented return periods of more than 50 years
(Svoboda et al., 2012). Additionally, the years 2013 (for 14 out of 24
sites) and 2014 (11 out of 24) also correspond to generalized early dry
conditions. 2019 and 2020 were the most generalized late droughts,
identified across all study sites. Drought response indices could not be
calculated for these two years because growth data after 2020 were not
available. The years 1973 (for 8 out of 9 sites), 1983 (15 out of 24), and
2006 (14 out of 24) are also important late droughts. Three years were
identified as whole growing season droughts for almost all study sites:
1976, 2003 and 2018. The year 1976 was the most severe drought of the
three, with SPEI values between —2.3 and —2.

The ring width indices were positively correlated with the SPEI used
to identify early (February-May) and late (June-September) droughts
(Fig. S3). In other words, the radial growth was lower when the condi-
tions were drier. These correlations were significant for respectively 9
and 11 out of 24 sites. Fewer significant correlations were observed for
the 12 wetter sites, based on their CWB. Correlations with the SPEI of the
whole growing season were globally lower, and significant for only one
study site.

Negative pointer years were identified from ring width indices
(Fig. 2b) to check if they corresponded to dry years identified by the
SPEI (Fig. 2a). The years 1996, 2011 and 2018 were identified as
negative pointer years for at least half of the study sites, while the years
1973, 1976, 2003 and 2010 were identified for at least one third of the
sites. All these years coincide with dry years identified in Fig. 2a, except
for 2010. Despite its significant negative impact on growth, the year
1996 did not appear as an intense and generalized drought year. This
could be explained by the important precipitation deficit at the end of
the winter 1995-1996 in Belgium (IRM, 2022, 2015), which could not
be detected by the SPEI for the chosen period (February-September).
The main droughts identified in this study, such as those of 1976, 2003,
2011 and 2018, appeared to have a greater impact on growth in the year
of the drought itself than in the subsequent years. Finally, the stan-
dardized average chronologies of the study sites tended to synchronize
from the early 2000s (Fig. 2b). Most of the negative pointer years (5 out
of 7) were identified in the second part of the chronology, from 1996
onwards. Details of the negative pointer years identified by study site
can be found in the Supplementary Material (Fig. S4).

3.2. Influence of drought, site, and stand characteristics

On average, the sampled trees were affected by droughts, as the
observed mean resistance value (92.4 %) was significantly different
from 100 % (p < 0.001). They recovered in the two years following the
drought, as the mean recovery was above 100 % (109.4 %, p < 0.001).
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However, post-drought growth level was on average slightly lower than
the reference growth level as the mean resilience was 98 % and signif-
icantly lower than 100 % (p < 0.001).

The linear mixed models showed that the indices of resistance, re-
covery, and resilience were influenced by the three drought character-
istics (timing, intensity, consecutiveness) as they were all involved in at
least one significant interaction (p < 0.001). Overall, drought charac-
teristics appeared to have a stronger effect on drought response than site
and stand characteristics (Fig. 3, Table S2). The predicted values of
resistance (< 100 %) and recovery (> 100 %) by linear models
confirmed that Douglas fir was affected by drought regardless of
drought, site, or stand characteristics, but always recovered some
growth within two years since recovery values were always over 100 %
(Fig. 4, Fig. 5). The species did not always return to its reference growth
level, as resilience values were not always above 100 %. However, it has
the best chances of being fully resilient (100 %) when the droughts were
not consecutive, not very intense (SPEI > —1.5), and the site had a drier
average climate (CWB between 360 and 550 mm) (Fig. 4, Fig. 5).

3.2.1. Drought characteristics

First, the timing of droughts had a significant impact on the three
indices, in interaction with drought intensity for resistance and resil-
ience, but not for recovery (p < 0.001, Fig. 4a). Drought response to
early droughts depends more on drought intensity than drought
response to whole growing season droughts and late droughts. As the
intensity increased, resistance and resilience to early droughts
decreased: the difference in resistance between a drought with an in-
tensity of -1 (SPEI value) and —2 is 15 % for the resistance (p < 0.001),
and 11 % for the resilience (p < 0.001). The opposite trend was observed
for the recovery, with increasing values for more intense droughts,
regardless of the timing of the droughts. For the most intense droughts
(e.g., at SPEI = —2), resistance to early and whole season droughts were
6 % and 9 % lower, respectively, than resistance to late droughts (p <
0.01). Resilience to early droughts was 7 % and 5 % weaker than
resilience to late and whole season droughts (p < 0.001). For the less
intense droughts (e.g., SPEI = —1), resistance to early droughts was 7 %
and 12 % higher than resistance to late and whole season droughts (p <
0.001). Resilience to early droughts was 6 % and 8 % higher than to late
and whole season droughts (p < 0.001).

Second, the interaction between drought timing and consecutive
occurrence of droughts also had a significant impact on the three indices
(p < 0.001, Fig. 4b). Consecutive occurrence had a significant negative
effect on recovery and resilience to early droughts (—17 % and —6 %, p
< 0.001). Recovery from early consecutive droughts was the lowest,
being 9 % and 14 % lower than for late and whole season consecutive
droughts, respectively (p < 0.001). The effect of consecutive occurrence
on late droughts was less pronounced, with an impact only on recovery,
which was slightly higher for consecutive droughts (+6 %, p < 0.01).
For whole season droughts, resistance and resilience were 10 % and 3 %
lower when droughts were preceded or followed by another drought (p
< 0.01).

Finally, the interaction between consecutiveness and drought in-
tensity was significant for the three indices (p < 0.001, Fig. 4c). The
negative effect of consecutive occurrence of droughts on resistance, re-
covery, and resilience was indeed less pronounced with increasing
drought intensity. It was no longer significant when the SPEI was —2. We
also observed that resistance decreased with increasing drought in-
tensity and that this trend was less pronounced for consecutive droughts
than for non-consecutive droughts. Resistance to non-consecutive
droughts was 11 % lower for an SPEI value of —2 compared to an
SPEI value of —1 (p < 0.001), while the difference was not significant for
consecutive droughts. The opposite trend was observed for the recovery
from consecutive droughts: as drought intensity increased, recovery also
increased (+13 % between SPEI —1 and —2, p < 0.001). Regarding
resilience, drought intensity only affected non-consecutive droughts: as
intensity increased, resilience decreased (—8 % between SPEI —1 and
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—2, p < 0.001).

3.2.2. Site and stand characteristics

Climatic water balance (CWB) had a significant effect on resistance
(p < 0.05), on recovery when in interaction with drought timing (p <
0.001), and on resilience alone (p < 0.05) and when in interaction with
drought consecutiveness (p < 0.001, Fig. 3, Table S2). When the average
climate was drier (CWB of 400 mm), resistance was slightly weaker by
5 % (p < 0.05) than when it was wetter (CWB of 700 mm) (Fig. 5a). On
the other hand, recovery from late and whole season droughts was 13 to
14 % higher (p < 0.01) on drier sites (CWB of 400 mm) compared to
wetter sites (CWB of 700 mm). In addition, resilience to non-consecutive
droughts was also slightly higher by 4 % (p < 0.05) on drier sites (CWB
of 400 mm).

Soil maximal extractable water (MEW) had a significant effect on the
three indices in interaction with drought consecutiveness and intensity
(p < 0.001, Fig. 3, Table S2). Resistance to the most intense droughts
(SPEI of —2.3) was 6 % lower (p < 0.05), and recovery was 12 % higher
(p < 0.01) on sites with low MEW compared with sites with high MEW
(Fig. 5b). There was no significant difference in resilience between low
and high MEW. However, the resilience of trees growing on low MEW
sites was more impacted by the consecutive occurrence of droughts
(=5 %, p < 0.001) than the resilience of trees growing on high MEW
sites (no significant difference).

In contrast with CWB and MEW, stand density (SBA) had no signif-
icant effect on drought response indices (Fig. 3, Table S2).

3.3. Integrated approach of the resistance, recovery, and resilience indices

The curve fitted on our data always lies below the theoretical full
resilience curve, the two curves being significantly different (Fig. 6a, p <
0.001). There was no intersection of the curves below the resistance
value of 1, which means that, on average, trees affected by droughts (i.

e., trees presenting a growth reduction during the drought) did not fully
recover.

The distance to full resilience was influenced by all the drought
characteristics tested (timing, intensity, consecutive occurrence), as
they were included in at least one significant interaction in the linear
mixed model (Fig. 6b, Table S3). Site and stand characteristics had a
weak impact on the distance to full resilience, with only the average
climatic water balance (CWB) being significant (p < 0.05).

The timing of drought affected the potential of Douglas fir to achieve
full resilience, in interaction with drought intensity (p < 0.001, Fig. 6¢).
Trees that experienced severe early droughts were 10 % from full
resilience (estimated distance for an SPEI = —2), while trees that
experienced late or whole season droughts were on average 2 % and
—2 %, respectively, from achieving full resilience for the same drought
intensity. The distance to full resilience for early droughts tended to
decrease as drought intensity decreased, with a distance of 4 % for an
SPEI value of —1. The consecutiveness of drought events also affects the
ability of trees to fully recover, in interaction with drought intensity (p <
0.001). Consecutive droughts always lead to a negative distance from
full resilience. However, for non-consecutive droughts, trees could reach
full resilience if the drought is of low intensity (mean distance of +3 % at
SPEI = —1).

Regarding site and stand characteristics, CWB influenced the dis-
tance to full resilience in interaction with the consecutive occurrence of
droughts (p < 0.01). Trees on the driest sites were able to reach full
resilience when droughts were not consecutive (distance of +1 % for
CWB = 400 mm). For trees on the wettest sites, the distance to full
resilience remained negative for both consecutive and non-consecutive
droughts (—3 and —4 % for CWB = 700 mm). Finally, stand density
(SBA) had no significant effect on the distance to full resilience.
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4. Discussion

To investigate Douglas fir response to climatic droughts, we relied on
radial growth data from 360 trees sampled from 24 study sites in Wal-
lonia (Belgium). Drought response was studied through the computation
of resistance, recovery and resilience (Lloret et al., 2011). We also
applied an integrative approach using the concept of full resilience
proposed by Schwarz et al. (2020). The influence of drought charac-
teristics (timing, intensity, consecutive occurrence), site, and stand
characteristics (average local climate, maximal extractable soil water,
stand density) was investigated using linear mixed models. Overall,
drought characteristics appeared to have a stronger influence than site
and stand characteristics on Douglas fir radial growth response to
droughts (Fig. 3). On average, Douglas fir trees did not reach full resil-
ience, as the curve fitted to our data was below the theoretical full
resilience curve (Fig. 6a). This means that the trees could not fully
recover from the drought events studied between 1964 and 2018.

4.1. Drought characteristics significantly influence Douglas fir response

In line with our first hypothesis (H1), early droughts had a stronger
negative effect than late droughts on resistance, recovery, and resilience,
as well as on the distance to full resilience (Fig. 4; Fig. 6¢). This was
particularly the case when the droughts were more intense (SPEI <
—1.5) and, in the case of recovery, when they were consecutive. Simi-
larly, D'Orangeville et al. (2018) identified drought timing as a strong
driver of drought sensitivity in temperate forests of Eastern North
America, with early droughts having the strongest effect. For Douglas
fir, Sergent et al. (2012) also showed a greater negative impact on radial
growth when water deficits occurred early in the season, but Vitali et al.
(2018a) highlighted a stronger impact of summer droughts. In contrast
to the results obtained for Douglas fir in our study, Aldea et al. (2022)
showed a greater sensitivity to summer droughts for Norway spruce, and
no variation between seasons for Scots Pine (Pinus sylvestris L.). Differ-
ences in sensitivity to early and late droughts result from the cambial
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phenology, carbon allocation strategy and wood anatomy of the species
(Schwarz et al., 2020). Low sensitivity to late droughts could be related
to species having already achieved most of their annual radial growth
before drought occurs (D’Orangeville et al., 2018; Rossi et al., 2006). It
would indeed mitigate the effects of early growth cessation that can be
induced by very high temperatures associated with summer droughts
(Ford et al., 2017). Another explanation for the stronger impact of early
droughts could be related to adaptative changes in wood anatomy
during drought events. Water shortages during the early growing season
induce a decrease in the lumen-to-wall thickness ratio which results in
an increase in the minimum wood density (Camarero et al., 2017). An
increase in wood density make trees less vulnerable to xylem cavitation,
but at the cost of a reduction in ring width (Gazol et al., 2022).

We considered a relatively wide range of drought intensities, starting
from SPEI < —1, which allowed us to investigate Douglas fir drought
response not only to exceptional drought events with return periods of
several decades, but also to moderate drought events that occur much
more regularly. Instead of focusing on extreme drought events as most
researchers have done, we included a range of drought intensities that
allowed us to test for a drought intensity effect in our model. As we
hypothesized (H1), our results show that the effects of climatic drought
increased with increasing drought intensity, particularly on resistance,
resilience, and distance to full resilience for the early droughts (Fig. 4;
Fig. 6¢). This is consistent with the results of Bohner and Diez (2021) for
other conifers in the native range of Douglas fir in North America, and
with the results of Sergent et al. (2012), who identified drought in-
tensity, assessed in terms of soil water deficit, as an important driver of
Douglas fir growth.

Consecutive occurrence of droughts had a significant negative effect
on the resistance and resilience of Douglas fir (Fig. 4), supporting our

first hypothesis (H1). Consecutiveness are defined here as the occur-
rence of another drought year within the two years before a drought
event for the resistance, and within the two years before or after the
drought for the recovery and resilience. When a drought is preceded by
another drought, the negative effect on growth could be related to the
legacy effect of the first drought, leading to delayed onset of growth and
a reduced growth rate in the years following the drought (Miller et al.,
2023). Indeed, recurring droughts can reduce the amount of carbohy-
drates stored by the tree, which can have a negative effect on growth, as
the tree has to use available stored reserves for repair, maintenance, and
defense in addition to growth (Bréda et al., 2006). Regarding the effects
of dry conditions in the years following the drought, it can have the
effect of reducing and delaying recovery (Serra-Maluquer et al., 2018;
Thurm et al., 2016). Schmied et al. (2023) confirmed the influence of
climatic conditions in the years preceding and following the droughts,
showing increased recovery and resilience under wetter climatic con-
ditions for Picea abies and Fagus sylvatica L.

4.2. Site conditions have a minor influence on radial growth response to
drought

In line with our second hypothesis (H2), the drought resistance of
Douglas fir was slightly higher on wetter sites, i.e., presenting a higher
mean climatic water balance (CWB; Fig. 5a). Other studies have shown
similar results for Douglas fir in Europe (Thom et al., 2023) and in its
native range in North America (Carnwath et al., 2012). However, this is
not always the case as Martinez-Vilalta et al. (2012), Lévesque et al.
(2014) and Serra-Maluquer et al. (2018) showed little or no effect of the
local mean climate on growth sensitivity. These divergent results could
be due to a difference in the indicator used (CWB, ratio between
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precipitation and evapotranspiration), in the time scale considered
(annual or seasonal), or in the type of growth data (basal area increment
instead of ring width index; Schwarz et al., 2020) used to calculate the
resilience indices. Moreover, annual indicators may mask seasonal dif-
ferences (Schmied et al., 2023).

In our study, the observed positive effect of CWB on resistance was
consistent with the slightly higher resistance to the most intense
droughts observed for the sites with a higher maximal extractable soil
water (MEW; Fig. 5b). The higher resistance of Douglas fir on wetter
sites and sites with higher MEW may be related to the trees being
exposted to a lower level of water stress. As pointed out by Jarecke et al.
(2024), it seems important to further investigate the effect of soil water
storage on drought sensitivity of Douglas fir. We estimated MEW using
simple soil descriptors (stoniness and soil depth) as proxies of soil water
availability. A promising avenue for future research could be to better
characterize the water stress experienced by trees by quantifying the soil
water reserve based on soil and stand characteristics (e.g., texture, root
depth, leaf area index). Sergent et al. (2012) used the Biljou © daily
water balance model (Granier et al., 1999) for this purpose. However,
estimating soil water reserves on stony soils remains quite challenging.

Drought recovery tended to be higher on sites with lower CWB and
lower MEW, especially for the more intense droughts (SPEI < —1.5). As
for resilience, it was higher (and above 100 %) for the sites with low
CWB when the droughts were not consecutive (Fig. 5). This higher re-
covery could be explained by the fact that trees with lower resistance
also have higher recovery potential. Sergent et al. (2012) and Thurm
et al. (2016) also showed higher recovery for Douglas fir in Europe on

10

sites with higher water constraints. Pardos et al. (2021), who studied
other species along a wide ecological gradient across Europe, showed
the same effect for resilience. A possible explanation is that the trees on
wetter sites are less acclimated to droughts, because they have allocated
fewer resources to root growth and non-structural carbon storage (Ser-
gent et al., 2012). Favorable climate conditions in the past can also
stimulate growth, leading trees to develop beyond what they can sustain
when conditions become more challenging. This phenomenon, known as
“structural overshoot”, increases ecosystem vulnerability to climate
stress (Zhang et al., 2021).

Our third hypothesis (H3) was not verified, as we did not detect any
significant effect of stand basal area on any of the indicators studied
(Fig. 3; Fig. 6b). This is consistent with the results of Charlet de Sauvage
et al. (2023), who found no impact of competition on the resilience of
Douglas fir. As summarized in the meta-analysis of Castagneri et al.
(2022), the effect of competition on drought response is not systematic
and can be diverse. Some studies have shown an overall positive impact
of reduced stand density and competition on the drought response of
Douglas fir (Carnwath and Nelson, 2017; Dagley et al., 2023). However,
in other studies on coniferous species, this positive effect was limited to
recovery and/or resilience, but didn’t affect resistance (Serra-Maluquer
etal., 2018; Sohn et al., 2016). This positive effect can be explained by a
greater availability of resources due to a higher access to light, nutrients,
and especially water (Aussenac and Granier, 1988; Rais et al., 2014).
The absence of effects in our study could indicate that the density
gradient sampled (30-53 m?/ha) is not limiting in our study area. Other
possible explanations are that these densities were measured at the time
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of sampling and therefore may not accurately represent the actual
density experienced by the trees at the time of the drought, or that the
sampled trees, being dominant or co-dominant, might be less affected by
stand density.

The overall weaker impact of site and stand characteristics (CWB,
MEW, stand density) compared to drought characteristics (timing, in-
tensity, consecutive occurrence) must be put into perspective with the
use of standardized growth data instead of raw tree ring widths to
calculate the resilience indices. Indeed, the detrending procedure aims
to maximize the climatic response of the trees, which in turn may reduce
some site and stand effects. For example, Rais et al. (2014) showed a less
important impact of thinning on resistance and resilience when calcu-
lated from detrended growth data.

4.3. Is Douglas fir radial growth resilient to droughts?

Our study showed that Douglas fir was always susceptible to being
affected by drought as the predicted resistance was less than 100 %
regardless of the consecutive occurrence, timing, or intensity of the
drought (Fig. 4; Fig. 5). The trees generally manage to recover some
growth, as the predicted recovery is always greater than 100 %. How-
ever, this level of growth does not systematically reach the reference
growth level, as the predicted resilience is not always above 100 %. This
result is confirmed by the full resilience analysis (Fig. 6), which shows
that on average when the trees are affected by drought, the level of re-
covery is not sufficient to reach full resilience. In our study, Douglas fir
has the best chances of reaching full resilience when droughts occur
later in the season, are not consecutive, are not very intense and when
trees are located on more water-limited sites.

This pattern (lower resistance, higher recovery) can be partly
explained by the isohydric behavior of Douglas fir (Thurm et al., 2016),
which is characterized by a strict stomatal control (McDowell et al.,
2008). Stomatal closure under unfavorable conditions limits photosyn-
thetic activity, leading to low carbon availability and allocation for cell
division (Eilmann et al., 2011). Growth is therefore lower during
droughts, but trees are able to better recover when the conditions
become favorable again. The trade-off between resistance and recovery
is a generally observed trend (Gazol et al., 2017; Hoffmann et al., 2018),
which was highlighted in our study by the full resilience analysis
(Fig. 6a). The limit of the isohydric strategy is that repeated or prolonged
droughts can lead to carbon starvation and other effects such as reduced
resistance to biotic agents (McDowell et al., 2008). The recent reports of
significant biotic attacks on Douglas fir in Wallonia (André et al., 2023)
may be a symptom of the increased vulnerability of the species.

4.4. Implications for forest management

Although Douglas fir is often cited as a promising alternative to
Norway spruce due to its higher drought resistance (e.g., Eilmann and
Rigling, 2012; Lévesque et al., 2014), our study has shown that it is
nevertheless sensitive to droughts in Wallonia, a region so far identified
as providing optimal climatic conditions for Douglas fir in Europe
(Eckhart et al., 2019; Nicolescu, 2019). Moreover, this sensitivity is
likely to increase as droughts become more frequent and more intense
(IPCC, 2021). Our results confirmed that these two drought character-
istics had a negative effect overall on the radial growth response of
Douglas fir to droughts. In addition, the increase in the synchrony of the
tree ring chronologies from the early 2000’s (Fig. 2a) suggests a stronger
dependence on climate, which could be related to the increase in
drought events (del Rio et al., 2021).

Given the observed sensitivity of Douglas fir to drought, it seems
advisable to minimize the risk of generalized forest decline by increasing
diversity (e.g., in terms of species, origin, age) at both stand and land-
scape scales rather than relying solely on Douglas fir in monoculture
stands (Messier et al., 2022). Mixing species can have various effects
depending on the species and the context (Grossiord, 2020). For Douglas
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fir, Charlet de Sauvage et al. (2023) and Thurm et al. (2016) showed a
positive effect of mixed-species under dry conditions while Vitali et al.
(2018b) showed the opposite. Combining species with different
drought-related functional traits could still ensure a better stability and
improve adaptive potential of forest ecosystems (Schnabel et al., 2021).
For example, Douglas fir in our study area could be mixed with a species
which does not present the same higher sensitivity to early droughts.

Reducing competition by reducing stand density is another
frequently suggested measure to mitigate the effects of drought (Bottero
et al., 2017; Sohn et al., 2016). However, the absence of effect of stand
basal area on Douglas fir response to drought questions the efficiency of
this stand management option where average climatic conditions are at
the species optimum, as in Wallonia. Regarding climate and soil, our
study showed that on the sites with higher CWB and MEW, resistance to
droughts was slightly higher. These situations should therefore be
favored to minimize drought impact, yet this should be balanced with
the slightly higher resilience observed on sites with lower CWB.

5. Conclusion

Overall, we have shown that drought characteristics have a stronger
influence on drought response than site and stand characteristics. This
highlights the importance of taking timing, intensity, and consecutive
occurence into account when studying drought response. On average,
Douglas fir was affected by drought regardless of drought, site, and stand
characteristics. Trees didn’t systematically fully recover but had the best
chances of doing so when droughts occurred in the second half of the
growing season, were not very intense, were not consecutive, and when
trees were located on more water-limited sites (within the range of
conditions in our study area). Stand density had no significant impact on
any of the indicators studied (resistance, recovery, resilience, and dis-
tance to full resilience).

Douglas fir has generally been considered a promising alternative for
drought-sensitive species, but in the context of increasing drought in-
tensity and frequency, our results raise concerns about the future of the
species. However, it remains difficult to assess the extent to which the
response of Douglas fir differs from that of other species. Further studies
comparing the drought response of Douglas fir to the response of other
species in the same context would therefore be an interesting comple-
ment to this study.

Another perspective could be to perform microdensity or seasonal
wood measurements in order to get a complementary insight into the
effects of drought on carbon allocation (Schwarz et al., 2020). Micro-
density can also be linked to the hydraulic properties of Douglas fir
wood (Dalla-Salda et al., 2011), allowing for a better understanding and
prediction of its response to drought (Martinez-Meier et al., 2008; Ruiz
Diaz Britez et al., 2014).
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