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Abstract

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) has been introduced in Europe due to its high productivity. Although it is considered a
relatively drought tolerant species, its ability to cope with climate change remains uncertain. This study aims to investigate the growth
response of Douglas-fir to climate under European temperate conditions. A total of 720 bore cores were taken from 360 trees in 24 mature
Douglas-fir stands in the Belgian Ardennes, spanning a range of annual climatic water balance (368-700 mm), estimated maximal soil
extractable water reserve, and stand basal area (30-53 m?/ha). Climate-growth relationships over the period 1976-2020 were investigated
by calculating Bootstrapped Correlation Coefficients (BCCs) on detrended chronologies. Principal Component Analysis was computed on
the BCCs to explore how growth response might be modulated according to the site and stand characteristics mentioned above. The results
revealed (i) a consistent positive effect of higher February temperatures and precipitation on radial growth; (ii) a consistent negative effect
of higher maximum temperatures in October of the current year; and (iii) a consistent positive effect of prior-year October minimum
temperatures on radial growth, with these last two relationships becoming stronger in recent decades. These findings suggest that in
these environments, Douglas-fir likely photosynthesizes through the winter period, and its growing season extends into October. The
general lack of significant correlations between growth and precipitation except in February also suggests that temperatures are a more
important driver than precipitation in influencing Douglas-fir productivity in this region. The site and stand conditions studied did not

significantly influence these climate-growth relationships.
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Introduction

Temperatures in Europe are projected to keep rising rapidly, while
summer precipitation is expected to decrease globally (IPCC 2021).
These changes, accompanied by an increase in the frequency and
intensity of extreme events such as droughts and heatwaves, could
threaten the growth and survival of forest ecosystems as we know
them today (Lindner et al. 2014). In this context, P menziesii (Mirb.)
Franco or Douglas-fir is regularly cited as a species that could help
sustain forest ecosystems services (e.g. Eilmann and Rigling 2012,
Vitali et al. 2017, Mihai et al. 2022). Indeed, its high growth rate,
valuable wood, high ecological plasticity, and lower susceptibility to
pathogens and droughts than spruce (Thomas et al. 2022) are at the
basis of its still growing economic success.

Douglas-fir is a species native to North America that was first intro-
duced in Europe for its exceptional productivity. The species includes
a coastal variety (var. menziesii) and a Rocky Mountain variety (var.
glauca). The coastal variety, from the area between Washington and
Oregon, has been most widely introduced in Europe (Lavender and
Hermann 2014, Thomas et al. 2022). In its native range, this variety can

grow under a wide range of climatic conditions. Average temperatures
vary between 20 and 30°C in July and between —9 and 2.5°C in
January. Mean annual precipitation is between 600 and 3000 mm,
most of which occurs during winter (Lavender and Hermann 2014).
In Europe, Douglas-fir covers more than 820000 ha, representing
0.4 per cent of the European forest area. It is best adapted to the
temperate oceanic climate which is characterized by milder winters
and wetter summer months than in its native region (Nicolescu 2019).
The species is most productive when the mean annual temperature is
between 7 and 11°C and when annual precipitation exceeds 750 mm
(Nicolescu et al. 2023). Growth is limited when the average summer
temperature (June to August) exceeds 18°C, and precipitation during
the same period drops below 270 mm (Eckhart et al. 2019).
Douglas-fir grows best in deep, well-drained, silty to sandy-silty soils
with a pH (H20) of 4.5-7.2 (Eckhart et al. 2019). Its wide trophic range
and its ability to cope with dry conditions also allow it to adapt very
well to shallow, sandy or stony soils with lower water and nutrient
reserves (Thomas et al. 2022). On the other hand, it is quite sensitive
to anaerobiosis and soil compactness (Lavender and Hermann 2014).
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Even in sites where Douglas-fir has so far benefited from optimal
climatic and edaphic conditions, the ongoing changes in Europe’s
climate may have an impact on the growth and vitality of the species.
Some studies have revealed that the species has become more sensi-
tive to hot and dry summer conditions and that it has experienced a
recent growth decline (Gauli et al. 2022, Gribbe et al. 2024, Vejpustkova
and Cihadk 2019). Moreover, significant biotic attacks on Douglas-fir
have been reported in the past few years in regions that were part
of the optimal climatic zone for Douglas-fir up to now, such as the
Belgian Ardennes. These attacks have been observed primarily in
young stands and are mainly associated with the insect Contarinia
pseudotsugae Condrashoff, and two fungal pathogens: the Swiss needle
cast (Phaeocryptopus gaeumannii (T.Rohde) Videira, C.Nakash., U.Braun
& Crous) and Sirococcus conigenus (Pers.) PF.Cannon & Minter (André
et al. 2023). These biotic attacks may be related to an increased
sensitivity of the trees to the changing climate. Therefore, questions
remain as to how Douglas-fir will respond to climate in the future.

In its native range, the climatic drivers of Douglas-fir growth
(coastal variety) depend on elevation: at low and mid elevations,
higher precipitation and lower temperatures during summer promote
growth (Dagley et al. 2023, Lee et al. 2016, Restaino et al. 2016),
whereas at higher elevation, warmer winter conditions becomes
increasingly beneficial (Lee et al. 2016). Precipitation seems to
positively influence growth even at the northernmost and highest sites
(Griesbauer and Scott Green 2010). In the European temperate oceanic
climate (Beck et al. 2018), similar patterns to those at low and mid
elevation in the native range have been observed (Castaldi et al. 2019,
Gauli et al. 2022, Vitali et al. 2018). Milder winter and early spring
temperatures can also have a positive influence on growth (Castaldi
et al. 2019, Chen et al. 2010). The negative influence of drier and
warmer summer conditions was found to increase over time (Enderle
et al. 2024, Gauli et al. 2022) while the influence of other climatic
variables overall remains stable (Vejpustkova and Cihék 2019).

Several factors are likely to influence the growth response of
Douglas-fir to climate. One important factor is a given site’s water
availability shaped by local climate and soil characteristics (Carnwath
et al. 2012). Some studies showed indeed an increased climate
sensitivity on sites with low water availability, due to an exacerbated
water deficit (Carnwath et al. 2012, Gazol et al. 2022, Griesbauer
et al. 2019). Other studies have shown the opposite effect, which was
explained by the possible local acclimation of the trees to the site’s
low water availability (Castaldi et al. 2019; Chen et al. 2010). Lévesque
et al. (2014) found no significant effect of climatic water balance.

Stand density may also impact the relationship between growth
and climate through its effects on water availability (Aussenac 2000).
Ford et al. (2016) showed that climate sensitivity is lower at higher
densities and hypothesized that competition limits the ability of trees
to take advantage of favourable climatic conditions. Lebourgeois et al.
(2014) showed that sensitivity to dry conditions tends to increase with
density. Carnwath and Nelson (2016) further showed that competition
increases climate sensitivity in wet years, but has no effect when water
availability is below average.

The aim of this study is to characterize the radial growth responses
of Douglas-fir to climate in the Belgian Ardennes, taking into
account environmental factors that may influence climate-growth
relationships and recent drought events such as the one that occurred
in central Europe in 2018. Up to now, the climate of the Belgian
Ardennes has been among the most favourable in Europe for Douglas-
fir growth (Nicolescu et al. 2023). However, recent declines in growth
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Figure 1 Location of the 24 study sites in Belgium. In grey the Walloon
region and in hatched lines the Belgian Ardennes. The labels indicate the
site code (see Table 1 for details).

and increased sensitivity to dry conditions suggest that these optimal
conditions may be changing (Gauli et al. 2022, Gribbe et al. 2024). In
this context, we want to answer the following questions: (i) What
are the main climatic drivers of Douglas-fir radial growth in the
Belgian Ardennes? (ii) How do site water availability and stand density
modulate growth response to climate? (iii) Are the climate-growth
relationships stable over time? We assumed that Douglas-fir radial
growth would be poorly responsive to hot and dry conditions on
average (H1), but that it might be more sensitive on drier sites (climate
x soil water reserve) and under conditions of higher stand density
(H2). Given ongoing climate change, we also expected climate-growth
relationships to evolve over time (H3). To verify these hypotheses, we
applied a dendrochronological approach to wood cores extracted from
dominant and co-dominant trees located in stands covering a wide
range of site water availabilities and densities found in the Belgian
Ardennes.

Material and methods
Study sites and sampling design

We selected 24 study sites in the Belgian Ardennes (Fig. 1). The climate
in this region is well representative of the temperate oceanic climate
i.e. most favourable for Douglas-fir growth in Europe: mean annual
temperature between 7 and 9°C (14-16°C for the summer), and mean
annual precipitation between 980 and 1300 mm (240-300 mm in
summer) for the period 1961-2020 (data from Royal Meteorological
Institute of Belgium—RMI, described in the following section). Over
this period, the mean annual temperature increased by 1.8°C and the
mean summer temperature by 2.0°C (average climatic data for all
sites). Annual and summer precipitation have tended to decrease in
recent years, but these changes are not significant for the period 1961-
2020 (Supplementary Material Fig. S1; Table S1).

All sites are located on a plateau, at an elevation between 340
and 600 m and on well drained stony loam soils (Cambisols in the
WRB classification), like most of the Douglas-fir stands in Wallonia
(more than 90 per cent of the area) (Alderweireld et al. 2015). The 24
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selected sites are equally distributed into two zones with contrasting
climatic water balance (CWB), crossed by two groups of soils differing
in their maximal extractable soil water (MEW) (Table 1). CWB, defined
as P-ETO, the difference between precipitation and reference poten-
tial evapotranspiration, was calculated from the daily climatic data
described in the following section. When P-ETO is <575 mm per year
in average (median for all sites), the CWB is referred to as ‘Low P-
ETO, and when it is >575 mm as ‘High P-ET0.” Two MEW groups were
delimited based on soil depth and stoniness derived from the detailed
1:20000 scale Belgian soil map (Dudal et al. 2005), and further checked
in the field: more than 80 cm deep with stoniness below 15 per cent
for high MEW, and less than 80 cm deep with stoniness greater than
15 per cent for low MEW. Based on detailed assessment carried out
in similar soils in Wallonia, our sampling is expected to cover a range
of MEW between 65 and 205 mm (Manise and Vincke 2014, Renard
2023).

The stands are even-aged, ranging from 48 to 67 years old at the
time of sampling (2021). They cover a broad density gradient with a
stand basal area (SBA) between 30 and 53 m?/ha, of which at least
80 per cent is Douglas-fir (Table 1). The SBA corresponds to the basal
area (BA) at half of the silvicultural thinning interval, computed from
the BA measured at the sampling time, the average annual increment
(Perin et al. 2016), and the year of the last thinning. For the analyses
that follow, the stands are classified into three groups of contrasting
densities: high (H) when SBA is greater than 44 m2/ha, medium (M)
when it is between 38 and 44 m?/ha, and low (L) when it is below
38 m?/ha. Stand density, mean diameter, and dominant height were
obtained from measurements in 4 circular sample plots per stand.
Most stands belong to the average yield class with a site index (SI,
ie. dominant height at some reference age) of 36 m at 50 years old,
except SUX, COU and SIB which show higher productivity (SI=40 m
at 50 years old), and TI2, GOU and SEV which show lower productivity
(SI=32 m at 50 years old) (Perin et al. 2016).

Climatic data and indicators

Daily climatic data were obtained from the Royal Meteorological
Institute of Belgium (RMI, https://opendata.meteo.be/) for the period
1961-2020. RMI provides gridded data with a spatial resolution
of 5 x 5 km from which we selected the geographically closest
point for each site. The data consist of daily minimum, maximum
and mean temperatures, cumulative daily precipitation, and daily
reference evapotranspiration (ET0). ETO was calculated from radia-
tion, air temperature, air humidity and wind speed data using the
FAO Penman-Monteith method (Allen et al. 1998) and mean daily
temperature from the average of daily minimum and maximum
temperatures.

These data were aggregated into monthly and seasonal variables.
Seasons were defined by three calendar months (i.e. winter = previous
year Dec.—current year Feb., spring = Mar.—May, summer = June-Aug.,
autumn = Sept.—Nov.), or by eight calendar months for the growing
season (Mar.-Oct.). Monthly/seasonal precipitation and evapotranspi-
ration were calculated by summing daily data. Monthly minimum and
maximum temperatures were defined as the absolute minimum and
maximum of daily temperatures.

Drought and temperature stress indicators were also calculated:
(1) the seasonal climatic water balance in mm (Wb) as the differ-
ence between precipitation and reference evapotranspiration over
the corresponding period; (ii) the number of days with a minimum

temperature below zero between April and June (late frost days) and
between September and October (early frost days); (iii) the absolute
value of the sum of daily minimum temperatures below zero between
April and June (Late frost temperatures) and between September and
October (early frost temperatures); (iv) the number of days with a
mean temperature below —5°C (cold days); (v) the number of days
with a maximum temperature above 30°C (hot days) (Raspe et al.
2020).

Dendroecological approach

Sampling and crossdating

In each of the 24 stands, 15 dominant or co-dominant trees were
selected for sampling from May to November 2021. These trees were
dominant in diameter (diameter greater than the minimum diameter
of the 6 largest trees measured in each sample plot), and spaced at least
10 m apart, with independent crowns. Heavily defoliated trees (>20
per cent defoliation), and trees at the edge of the stand were avoided.
Two cores per tree were taken at 1.3 m height with a 5 mm Pressler
borer, from both the eastern and northern side of the selected trees,
resulting in a total of 720 cores. The height and the circumference at
1.3 m of each sampled tree was also measured.

The wood cores were cut with a microtome along the transverse
plane and air-dried before being scanned at 2400 dpi. Ring widths
were then measured using CooRecorder (Maxwell and Larsson 2021).
The last ring measured was the 2020 ring because the 2021 ring was
not yet fully formed at the time of sampling. The chronologies were
visually cross dated and then statistically checked using the COFECHA
programme (Holmes 1983).

Average chronologies, standardization, and statistics

Individual tree-ring series were obtained by averaging the ring width
of the two cores of each tree. These individual tree-ring series were
then aggregated into site-level chronologies (master series) by calculat-
ing a bi-weighted robust mean for each site (Fig. S2). The study period
(1976-2020; 44 years) was chosen to have a common interval for at
least six trees per chronology (Cook and Kairiukstis 1991). Because our
focus is on the short-term response of growth to interannual climate
variations, individual tree-ring series were detrended using first a
negative exponential, and then a 20 years cubic smoothing spline with
a 50 per cent frequency response cut-off (Cook and Peters 1981). This
method was chosen over the Regional Standardization Curve (RSC)
method (Becker 1989, Esper et al. 2003), which selectively removes the
age-related low-frequency signal, since our sampling targets only one
age class. We did not remove the residual first-order autocorrelation
from the obtained standardized chronologies, as it was low (<0.3) for
almost all study sites.

Several statistics were calculated to characterize the ring width
chronologies at each site: (i) mean ring width and standard devia-
tion; (ii) coefficient of variation (ratio between the mean ring width
and its standard deviation); (iii) mean sensitivity, which quantifies
the interannual variability in the width of consecutive rings (Biondi
and Qeadan 2008); (iv) first order serial autocorrelation, which mea-
sures the influence of previous year’s conditions on ring formation
(Lebourgeois and Mérian 2012). To assess the signal strength, two
additional statistics were calculated from the detrended chronologies:
(1) the inter-series correlation which is the mean of the correlation
between each individual tree ring series and a master series calculated
by averaging all individual series except the one under study; (i)
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the expressed population signal, which indicates the strength of the
common signal compared to the total signal.

The calculation of average chronologies and dendrochronological
statistics, as well as the standardisation procedure, was carried out
using the dpIR package (Bunn 2008) in R software (R Core Team 2022).

Climate-growth relationships

Climate-growth relationships over the 44-years common period for all
sites (1976-2020) were investigated through the calculation of Boot-
strapped Correlation Coefficients (BCCs; Guiot 1991) with the treeclim
R package (Zang and Biondi 2015). Detrended master chronologies
per site were used as dependent variable. Climatic explanatory vari-
ables were of three types: () monthly indicators: average temperature
(Tavg), minimal minimum temperature (Tmin), maximum tempera-
ture (Tmax), and precipitation sum (P) organized from March of the
previous growing season, to October of the current growing year; (ii)
water stress indicators: seasonal climatic water balance (Wb) from the
spring of the previous growing season to the autumn of the current
growing year; (iii) temperature related indicators: late and early frosts
days (FrostD), late and early frosts temperatures (FrostT), cold days
(ColdD), and hot days (HotD). The significance of the coefficients was
evaluated by generating 1000 bootstrap resamples of the data and
calculating the confidence level at 95 per cent.

Principal Component Analysis (PCA) was computed on the BCCs
for P and Tavg obtained for each site for the whole period (1976-
2020) to evaluate the influence of three environmental factors on the
growth response to climate: the mean climatic water balance (P-ET0; <
575 mm vs > 575 mm), the maximal extractable soil water (low, high),
and the stand density (SBA; > 44 m?/ha, between 38 and 44 m?/ha,
< 38 m?/ha). These factors were introduced in the PCA as additional
qualitative variables. The PCA was performed with the ‘FactoMineR’
package (Lé et al. 2008), using the variance—covariance matrix since
the descriptors (the BCCs) were of the same type and had similar
magnitudes.

Correlation functions on 30-years moving windows were also com-
puted with the same climatic regressors to assess the change in growth
response through time. This window length corresponds to at least
1.5 times the number of predictors tested, which makes it possible to
maintain sufficient degrees of freedom (Biondi 1997). Each moving
window is offset by one year from the previous one. Two successive
windows are therefore overlapping over 29 years. Since no major
differences were found when calculating BCC per site over the entire
period, this analysis was realized with a master chronology calculated
for all sites together and with climatic data and indicators averaged for
all sites.

Results
Characteristics of tree-ring chronologies

Mean annual radial growth (RW) ranged from 4.54 to 6.24 mm per
year, with values between 5 and 6 mm/year for most of the study
sites regardless of stand basal area level. The coefficient of variation
which allows the comparison of the dispersion of ring width values
varied between 0.11 and 0.25. Mean sensitivity (MS) varied between
0.12 and 0.20. The four highest values were observed for sites with a
low climatic water balance (TI1, TI2, SEV and SIB). No major difference
in MS values was observed between sites with low and high maxi-
mal extractable soil water. First order autocorrelation (AC1) ranged
between 0.56 and 0.78. The interseries correlation (cor.ser) varied

between 0.49 and 0.73, which indicates a correct crossdating. All
chronologies had EPS values above 0.85, indicating a strong common
signal ie. presumably climate signal (Wigley et al. 1984). All the
dendrochronological statistics are listed in Table 2.

Effect of climate on Douglas-fir growth

In general, more significant correlations were observed for a larger
number of sites in the current year than in the year preceding ring
formation, and for temperatures rather than precipitation (Fig. 2). The
correlations with temperature and precipitation were mostly positive,
except for the maximum temperature in October of the current year
for which negative correlations were observed for most of the sites (17
out of 24). Late winter-early spring (February-March) of the current
year seemed to be a crucial period for growth, with many positive
correlations observed for precipitation, mean temperature and min-
imum temperature. The end of the growing season of the previous
year (September—October), and the month of December also seemed
to affect growth with the positive influence of the temperatures. To
a lesser extent, precipitation in early summer of the current year
(June and July) influenced Douglas-fir growth with significant positive
correlations for 7 (June) and 9 (July) out of 24 sites.

The temperature-related indicators that most negatively influence
growth were the cold days of February and the early frosts (days
and temperatures) of the current year (22, 16 and 15 sites out of
24, respectively). Late frosts and hot summer temperatures had no
significant influence. Concerning the water balance, most positive
correlations were observed for the current growing season and the
current summer. Some correlations were also observed with the
winter water balance, but no significant correlations were observed
for the spring.

Effect of climatic water balance, maximal extractable
soil water and density on climate—growth
relationships

The first two axes of the Principal Component Analysis (PC1 and PC2)
performed on the bootstrapped correlation coefficients (BCCs) for the
monthly precipitation sum (P) and mean temperature (T) explained
25.1 per cent and 15.2 per cent of the total variance, respectively
(Fig. 3a). The BCCs for late winter-early spring precipitation (Decem-
ber of the previous year, January and March of the current year), and
of the end of the growing season (September and October) showed
strong correlations with PC1 scores. PC2 scores were mainly positively
correlated with the BCCs for temperatures of the previous and current
summer (June, July and August), and negatively correlated with the
BCCs for precipitation of the current summer (June, July and August).

PC1 and PC2 did not allow a clear separation of sites according to
the level of climatic water balance (low and high P-ET0), maximal
extractable soil water (low and high MEW) and stand density (low,
medium and high BAs) (Figs 3b-d).

Temporal evolution of climate-growth relationships
and climate

The positive correlations observed with precipitation (P), mean tem-
perature (Tavg) and minimum temperature (Tmin) during late winter-
early spring remained stable over time (Fig. 4). This is not the case
for the positive influence of Tmin at the end of the growing season of
the previous year (September—October) which became significant only
from the 1982-2011 window. Positive correlations with precipitation
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Table 2 Chronologies statistics for the common period 1976-2020.

RW +

Low P-ETO  Low MEW H Ly 4.54 +
M VIE 5.67 +

RE2 4.96 +

L RE1 5.45 +

TI2 5.35 +

cou 6.24 +

High MEW H FRE 5.23 +
SEV 5.64 +

SIB 5.00 +

M MOI 5.56 +

L GOU 5.81 +

SVI 5.23 +

High P-ETO  Low MEW H VIV 5.32 +
ROS 5.46 +

M MOG 5.63 +

ELS 5.69 +

L BEL 5.46 +

SUX 5.81 +

High MEW H LAM 5.09 +
BER 4.87 +

BAI 5.59 +

M LOU 5.10 +

BIE 5.59 +

L MEN 5.82 +

sd cv MS AC1 cor.ser EPS
1.10 0.24 0.19 0.62 0.71 0.94
1.44 0.25 0.13 0.78 0.68 0.94
0.62 0.13 0.15 0.58 0.60 0.91
0.78 0.14 0.14 0.66 0.52 0.87
1.15 0.21 0.20 0.58 0.71 0.95
1.56 0.25 0.16 0.70 0.73 0.95
0.71 0.14 0.14 0.56 0.67 0.93
1.32 0.23 0.17 0.70 0.68 0.94
1.10 0.22 0.17 0.63 0.51 0.87
0.80 0.14 0.15 0.58 0.65 0.92
1.48 0.25 0.14 0.78 0.55 0.89
0.91 0.17 0.16 0.66 0.64 0.92
0.93 0.17 0.14 0.67 0.54 0.88
1.15 0.21 0.16 0.65 0.62 0.92
1.34 0.24 0.14 0.73 0.54 0.88
0.83 0.15 0.14 0.63 0.65 0.93
0.75 0.14 0.12 0.65 0.60 0.91
0.99 0.17 0.14 0.68 0.67 0.94
0.92 0.18 0.15 0.66 0.65 0.93
0.78 0.16 0.16 0.67 0.62 0.92
1.11 0.20 0.14 0.68 0.68 0.94
0.56 0.1 0.12 0.69 0.51 0.86
1.30 0.23 0.16 0.71 0.52 0.88
0.71 0.12 0.15 0.62 0.49 0.85

The study sites are classified according to climatic water balance (P-ET0), maximal extractable soil water (MEW) and stand density (H=high, M=medium and L =low).
RW =mean ring width in millimeters, sd =standard deviation, CV = coeff. of variation (sd/RW), MS = mean Sensitivity, AC1 =first autocorrelation, cor.ser = interseries cor.,

EPS =Expressed Population Signal.

during the early summer of the current year (June and July) were only
significant for a few time windows from 1983 onwards. The negative
correlation with Tmax in October of the current year observed for
most of the sites increased with time and became significant only for
the last time windows (1991-2020).

Concerning the stress indicators, the positive correlations with sum-
mer and growing season water balance (Wh) for the current year were
significant starting from the 1980s. The same was true for the neg-
ative correlation with early frosts (FrostT and FrostD in September—
October). In contrast, the correlation with the cold days in February
(ColdD.FEB) remained stable throughout the whole period studied).
This is consistent with the results obtained for Tmin in February of
the current year.

The temporal evolution of the climatic regressors (P, Tmin, Tmax
and Tavg) was calculated by season for the period 1961-2020
(Supplementary Material Fig. S1; Table S1) to understand the temporal
evolution of the climate-growth relationships. Spring and autumn
were the periods during which all the climatic regressors were
the most stable. Only the mean temperature increased significantly
during these seasons (+1.93 and + 1.12°C respectively). In winter, in
addition to the increase in temperature (+3.68, +2.43 and +2.13 for
Tmin, Tmax and Tavg respectively), precipitation rose by 113 mm.
In summer, precipitation seemed to be decreasing since the 2000s,
but this decrease was not significant. The summer temperature
increased significantly (+1.84, +3.56 and + 2.04 for Tmin, Tmax and
Tavg respectively).

Discussion
Maijor climatic drivers of Douglas-fir radial growth

The results indicate that late winter to early spring (February-
March) plays a key role in the radial growth dynamics of Douglas-fir.

Warmer and wetter conditions during this period favoured current
year’s growth, irrespective of the climatic water balance, maximal
extractable soil water and stand density level. Similar positive effects
of spring temperatures have been reported by other European studies
in temperate oceanic climates (Castaldi et al. 2019, Gauli et al. 2022,
Gazol et al. 2017). The importance of this period has also been
highlighted in Central Europe (Charlet de Sauvage et al. 2023, Feliksik
and Wilezynski 2009, Levani¢ and Straus 2022, Vejpustkova and Cihdk
2019), as well as in the native range of Douglas-fir in the United States
(Chen et al. 2010).

One possible explanation is linked to the early start of cambial
activity when conditions are favourable (Begum et al. 2013, Rossi et al.
2016). On average, Douglas-fir growth starts in mid-April (Miller et al.
2022), but it can start sooner when temperature rises (Huang et al.
2020, Miller et al. 2022). This was indeed the case in the study area
over the period 1961-2020.

Like other evergreen conifers, Douglas-fir can show photosynthetic
activity under mild winter conditions (>5°C) (Guehl et al. 1985),
leading to improved growth and carbon storage for the following
year (Chen et al. 2010, Lebourgeois et al. 2010). Indeed, in Wallonia,
eddy covariance measurements showed that, on average, Douglas-fir
trees start their main period of photosynthetic activity in February
and end it in November (Aubinet et al. 2016). The positive corre-
lations with the maximum temperature in December of the previ-
ous year could therefore also be explained by the extension of the
period with favourable conditions (temperature, radiation) for winter
photosynthesis.

Another possible explanation for the positive influence of warmer
temperatures in winter and early spring could be the reduced expo-
sure to late frost and winter desiccation (Vejpustkova and Cihdk 2019).
Low night temperatures, large short-term temperature fluctuations,
and high irradiation can together induce drought stress in trees that
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Figure 2 Significant bootstrapped correlation coefficients (BCCs) with
balance (P-ET0), maximal extractable soil water (MEW), and stand dens

radial growth for the 24 study sites classified according to climatic water
ity (H=high, M=medium and L=low). The significant correlations (P < .05)

are represented with coloured squares. P =monthly precipitation sum, Tavg =monthly mean temperature, Tmax and Tmin = maximum and minimum
temperatures. Months in full caps refer to current year (previous year otherwise). ColdD = cold days, FrostD =frost days, HotD = hot days, Wb =water

balance.

can no longer meet the evaporative demand (Malmqvist et al. 2018).
This phenomenon is often observed on Douglas-fir in France, mainly
in young individuals (less than 15 years) (Saintonge et al. 2023).
Radial growth of Douglas-fir was enhanced by warmer tempera-
tures and the absence of frost at the end of the previous growing
season (September—October). Similar results were obtained in west-
ern Romania with a positive effect of warmer autumn temperatures
(Mihai et al. 2022). This may be related to a delayed growth cessa-
tion, allowing the trees to improve carbon storage and growth for
the following year (Ford et al. 2017). Douglas-fir dormancy can be
induced by cool autumn temperatures where temperature is a limiting
factor, while it is more controlled by the photoperiod where it is
warmer (Ford et al. 2017). The positive correlations observed with the
minimum temperatures at the end of the previous growing season
suggest that temperature is indeed a limiting factor. Vejpustkova and

Cihak (2019) observed the opposite relationships with temperatures
in September of the previous year, and explained it by the possible
delay in cold hardening which increases cold injury (Bansal et al.
2015). The study by Bansal et al. (2015) focused on young trees,
which may therefore be more sensitive to this phenomenon. However,
Noordermeer et al. (2021) also studied young trees and showed no
disruption in cold acclimation for the coastal variety of Douglas-fir
when the carbon uptake period was extended by autumn warming.
In our study, Douglas-fir appears sensitive to early frost (September—
October), but the effect of warmer temperatures during this period
remains positive.

As we expected, Douglas-fir radial growth was not very sensitive
to hot and dry summer conditions (H1). It did not respond to
summer temperatures (Tavg, Tmax, hot days) despite their significant
increase during the studied period. Positive effects on growth were

920z 1dy 20 Uo Jasn [NOYIN Ined Aq 820.2098/.206ed0/g/66/9191LE/A11S8104/109"dNO"01WLSPEDE//:SA)Y WO PapEOjuMOd



8 |

(a)
0.050
< 0.025
N
0
(o]
= 0.000
a
-0.025
-0.050
-0.05 0.00 0.05 0.10
Dim1 (25.1%)
(c)
MEW : @ High A Lo
®BIE Vi AELS
®
VIE,"
R cou V'\go
S T LOU, BEL
N o
S 0,00 =~ im—f—mi- GOU—Ii'-.BE-—é—M—OI
= ! RE2 o
< & SEV BER
~ A 1
8 525 MOG TI1A SIB LAM
1 A A
, ROS -
TI2 :
-0.50 A :
-0.50 -0.25 0.00 0.25 0.50

Dim1 (25.1%)

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 3

(b)

(d)

P-ETO: @ High A Low
° SV °
BIE A | ELS
VIE,
0.25 FERCTY
- cou %
< ven LOY BEL
o A RE 3¢ MO|
5 0,00 ——t==p=—t- Gou-R-g" ------
. I RE2 o
< MOG AASEV BER
a o A SB ' LAM
-0.25 TH , e ‘.
:ROS 1T
-0.50 AT :
-0.50 -0.25 0.00 0.25 0.50
Dim1 (25.1%)
Density : @ High Medium A\ Low
: SVii S
\/ - I
1
0.25 1
R COUA Q/NI‘.BAI -
& AMEN e
© 0.00------- Gou- g!-—= 8- U5
= E2
= .t&v BER
~ 1
8 505 e SB LAM
TI1 |_lo ®,
:ROS =
-0.50 ATI2 :
-0.50 -0.25 0.00 0.25 0.50

Dim1 (25.1%)

Figure 3 Principal component analysis of the bootstrapped response coefficients between the standardized ring-width chronologies and the monthly
mean temperatures (T) and precipitation sums (P). (a) The 20 most influential climate variables. Months in full caps refer to the current year (previous
year otherwise). Vectors pointing in the same direction indicate a high positive correlation, whereas opposite direction indicates negative correlation. (b)
the 24 sites are coloured according to the climatic water balance (high and low P-ETO); (c) according to the maximal extractable soil water; (d) according
to the stand density level. For each group, in the same colour but larger size, the centre of gravity of the ellipses of point concentration (ellipses not

shown because too much overlap).

nevertheless observed at a limited number of study sites when
early summer precipitation was higher, and the water balance was
favourable. This positive effects of wetter summer conditions is
frequently observed both in the native range of Douglas-fir (e.g. Littell
et al. 2008, Chen et al. 2010, Jarecke et al. 2024) and in Europe (e.g.
Vejpustkova and Cihak 2019, Levani¢ and Straus 2022, Charlet de
Sauvage et al. 2023), but unlike what we observed in our study, it is
often associated with a reduction in growth when summer conditions
are warmer (Castaldi et al. 2019, Gauli et al. 2022, Mihai et al. 2022,
Trouvé et al. 2014, Vitali et al. 2018). These effects on radial growth can
be explained by the fact that a lack of water or very high temperatures
in summer can induce an early cessation of cambial cell division

(Eilmann et al. 2011, Ford et al. 2017, Miller et al. 2022), which slows
down on average in the first half of September (Miller et al. 2022).
Warmer summer temperatures can also have an indirect effect on
growth by favouring the development of pathogens such as Swiss
needle cast (Nothophaeocryptopus gaeumannii) when combined with
wet conditions (Lee et al. 2013).

An increase in maximum temperatures in October of the year of
ring formation resulted in radial growth reduction of Douglas-fir for
most of the study sites. This result does not appear in other studies,
which generally investigate the relationship between growth and
climate until September (e.g. Vitali et al. 2018, Castaldi et al. 2019,
Levanic¢ and Straus 2022, Charlet de Sauvage et al. 2023). It suggests
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Figure 4 Moving correlations with radial growth on 30-year moving windows at regional level (all sites together). The monthly climatic variables P,
Tavg, Tmin and Tmax correspond respectively to precipitation sum, average temperature, minimum temperature, and maximal temperature. Months
in full caps refer to the current year (previous year otherwise). Significant correlations (P < .05) are marked with black asterisks.

that Douglas-fir growth can continue beyond September in the Belgian
Ardennes. Emmingham (1977) also observed cambial growth until the
end of October in western Oregon (USA). An increase in temperature
during this period could reduce growth by increasing the vapour
pressure deficit which could affect growth even in the presence of
sufficient soil moisture (Jarecke et al. 2023, Restaino et al. 2016). This
could also exacerbate the effects of water shortages in soils that have
not yet been recharged by winter precipitation. The few positive
correlations observed with October precipitation support this hypoth-
esis. Another possible explanation is related to respiration which, like
water availability, limits the net primary productivity (NPP) (Girardin
et al. 2016). Both photosynthesis and respiration increase during
autumn warming, but the increase in respiration is greater (Krishnan
et al. 2009, Piao et al. 2008).

Environmental factors influence on climate-growth
relationships

Contrary to our expectations (H2), principal component analysis
shows no clear differences in response to climate as a function of

the mean climatic water balances (P-ET0), maximal soil extractable
water (MEW) and stand densities covered by the study sites.

The lack of P-ETO effect is consistent with the good adaptation of
Douglas-fir to the temperate oceanic climate of the Belgian Ardennes.
Even the study site with the most restrictive climatic conditions (SEV,
Table 1) remains within the range of optimal growing conditions for
Douglas-fir (Nicolescu et al. 2023). Lévesque et al. (2014) studied the
influence of the same factor over a wider climatic gradient in Central
Europe. They did not detect any effect on climate growth sensitivity
and explained it by the buffering role played by the soil at the site
level.

Concerning the influence of soil on the growth-climate relationship,
we might have expected an increase in climate sensitivity, especially
to dry conditions, at low MEW (Lebourgeois et al. 2010, Weber et al.
2013). Here the lack of effect of MEW could be related to its use as a
qualitative variable, estimated using simple soil descriptors (stoniness
and depth) as proxies for water availability. This could have resulted in
insufficient contrast between MEW groups. A more precise measure-
ment of the MEW at a greater depth would be required to confirm
or not its influence. Douglas-fir is indeed able to extend its roots into
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rock crevices deep in the soil, and has a root biomass mostly located
between 0 and 125 cm depth (Thomas et al. 2015).

Higher stand density implies higher competition for nutrient, water
and light resources (Aussenac 2000). This can have an influence on
climate sensitivity, which can be positive or negative depending on
the context (Carnwath and Nelson 2016, Ford et al. 2016). The results
here did not show any differences in climate response according to
this parameter. This may indicate that, on average, water availability
was sufficient regardless the stand density in the range sampled (SBA
between 30 and 53 m?/ha). It should also be remembered that SBA was
defined here as the stand basal area at half the silvicultural thinning
interval estimated at the time of sampling. However, we have very
little information on the management history of the stands.

Despite the wide range of stands sampled in terms of average
climatic water balance, maximum water reserve and stand density
within the study area, the response of Douglas-fir to climate appears
to be relatively homogeneous. This may suggest that under the optimal
growing conditions of the temperate oceanic climate, radial growth is
more influenced by the climatic sensitivity of the Douglas-fir species
than by site-specific characteristics such as stand density modulated
by the silviculture interventions. This may also suggest that the study
did not span a sufficiently wide gradient of ecological and stand
conditions to identify patterns in BCC variability. However, differences
in growth response could appear during extreme climatic events such
as drought. This issue was addressed in a complementary study based
on the same data (Guisset et al. 2024) and in several other studies,
which produced divergent results (e.g. Sergent et al. 2012, Carnwath
and Nelson 2017, Charlet de Sauvage et al. 2023).

Climate-growth relationships stability through time

Moving correlation functions (MCFs) were calculated at the regional
level which is justified by the homogeneity of the growth response
to climate across the study sites. Although the influence of some
climatic parameters remained stable over the study period, the
MCFs confirmed that Douglas-fir’s sensitivity to climate evolved over
time (H3).

The positive influence of mild, wet late winters-early springs
remained stable over the whole period studied (1976-2020). The
stability of the temperature influence over the same period has been
shown in another study in a temperate oceanic climate (Gauli et al.
2022). In contrast, the influence of temperatures in winter (December),
and at the end of the growing season (September and October)
tended to increase. This could be related to the significant increase
in temperature in the study area for all seasons, and particularly
in winter which shows the strongest increase in the minimum
temperature (+3.7°C over the period 1961-2020, Table S1 in the
Supplementary Material).

As in several other studies (e.g. Castaldi et al. 2019, Gribbe et al.
2024, Levani¢ and Straus 2022, Vejpustkova and Cihak 2019), the
influence of summer water availability (P and Wb) was increasing,
with significant correlations only for the last decades. This increase
may be related to the decrease in summer precipitation since the early
2000s, although this increase was not significant when considering the
whole study period. We might have expected a similar increase in the
influence of summer temperatures, since they can have an impact on
soil water and are also rising, but this has not been observed. Their
influence remained insignificant throughout the study period.

It has been assumed here that the relationship between growth and
climate does not vary with age once the low-frequency signal has been

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 3

removed with standardisation. However, several authors have shown
that age can have an influence on the sensitivity of growth to climate,
and that this can vary between species (Carrer and Urbinati 2004,
Konter et al. 2016, Masek et al. 2021). The age effect could therefore be
another explanation for the observed change in the growth-climate
relationships. However, these studies generally show an effect at a
much older ages (>200 years) than the Douglas-fir trees studied here
(max 67 years at the time of sampling).

Conclusion

We investigated the radial growth response of Douglas-fir in the
Belgian Ardennes, under European temperate oceanic climate. Our
study showed that radial growth of Douglas-fir is favoured by mild
and wet late winters-early springs, warmer temperatures at the end
of the previous growing season and in winter, and lower maximal
temperatures during October of the current year. Temperatures had
an overall dominant role in influencing radial growth compared to
precipitation.

Despite the diversity of climatic water balance, estimated soil water
reserve, and stand basal area covered by the study sites, these factors
did not significantly modulate climate-growth relationships, indicat-
ing a broadly uniform response of Douglas-fir within this temperate
environment.

Over the next few decades, the global increase in temperatures
could have a positive effect on Douglas-fir growth due to its ability
to take advantage of higher late growing season and winter tempera-
tures. This effect could be offset by a decrease in summer precipitation
as our study showed a recent increase in the sensitivity of Douglas-fir
to summer water deficits. However, the lack of influence of summer
temperatures despite their increase suggests that this result should be
interpreted with caution.

Further studies exploring additional indicators of growth sensitivity
to climate, such as wood anatomical traits, and comparing the climatic
responses of Douglas-fir with those of other native and non-native tree
species established in Europe, would provide deeper insights into the
adaptability of Douglas-fir to the ongoing climate change.
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