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A B S T R A C T

The southern Baltic region spans a significant part of the European continent with its forests under significant 
pressure due to climate changes. The implications of these changes are crucial for both native and non-native tree 
species. Under future climate scenarios, most native conifer populations might lose their climatic optima in the 
region. In contrast, for non-native Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), climatic conditions are 
expected to become optimal in the Baltic Sea region. Therefore, understanding the acclimatisation trajectory of 
Douglas-fir over the last century is essential to assess its potential to supplement retreating species and reduce 
pressure on local habitats. To study the region-wide acclimatisation in the secondary distribution, we established 
a network of 27 Douglas-fir tree-ring chronologies along the south Baltic Sea. We determined the spatio-temporal 
stability of the climate signal in tree rings and the potential coastal effect on the plasticity of the growth response. 
We found a region-wide trend of climate-growth relationships, with a dominant effect of the early-growth season 
temperatures being more pronounced for mature than young stands. Sites with higher mean annual temperatures 
exhibit a stronger positive temperature–growth correlation, demonstrating the sensitivity of Douglas-fir to 
climate warming. Douglas-fir could serve as a more heat-tolerant alternative to the declining European species of 
the Pinaceae family and contribute to the preservation of functionally comparable coniferous forest communities. 
However, forest practitioners should be aware that Douglas-fir may alter habitat conditions affecting microcli
mate and influencing species diversity.
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1. Introduction

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), is the most com
mon non-native conifer in the entire Europe introduced from North 
America (Pötzelsberger et al., 2020). Still, it is unclear, how this species 
might be able to adapt to Europe’s changing climate (Lévesque et al., 
2014), how it potentially outcompetes native tree species (Miller et al., 
2022), thereby changing local habitats (Podrázský et al., 2014; Schmid 
et al., 2014). The future of Douglas-fir in Europe is of great interest, since 
it is a very valuable, fast growing, and well-adapted tree to the climatic 
conditions in Europe. However, in the near future (2014-2060) this 
species may lose potential climate niches in western and central Europe 
regardless of whether the optimistic (SSP126) or pessimistic (SSP485) 
climate change scenario comes true while persisting in the southern and 
extending into the eastern and northern Baltic regions (Dyderski et al., 
2018; Puchałka et al., 2023). In their natural range in North America, 
coastal and interior Douglas-fir populations show local adaptations that 
are expressed in different growth performance under changing climatic 
conditions (Klesse et al., 2020). Given the incomplete information on the 
genetic origin of trees (e.g. interior or coastal) growing today under 
non-analogue conditions in Europe (Fontes et al., 2003; Hintsteiner 
et al., 2018), other studies mainly focus on European provenance ex
periments (Chakraborty et al., 2018; Chakraborty et al., 2015; Krajnc 
et al., 2023) or recommend native provenances for planting in selected 
areas of Europe (Isaac-Renton et al., 2014). However, neither approach 
solves the acclimatisation of mature, old stands already growing in the 
species’ secondary distribution. Therefore, numerous independent 
studies have attempted to assess the sensitivity of Douglas-fir to local 
climatic and habitat conditions (Enderle et al., 2024; Lassoie and Salo, 
1981; Levanic and Straus, 2022) and its resilience to climate anomalies 
(Klisz et al., 2022; Sergent et al., 2014; Wrzesiński et al., 2024).

Studies on the climate sensitivity of Douglas-fir across various re
gions of Europe report the predominantly growth-accelerating effect of 
warm winters (Castaldi et al., 2020; Lévesque et al., 2014; Wrzesiński 
et al., 2024), suggesting an earlier onset of secondary meristem activity 
(Kriegel et al., 2021) or photosynthetic activity in winter, leading to a 
higher storage of non-structural carbohydrates (Wiley et al., 2018). With 
earlier growth activity, exposure of trees to climatic anomalies, partic
ularly late frosts (Ma et al., 2019), can lead to injury and, consequently, 
to dysfunction of the xylem tissue (Klisz et al., 2022). Although the risk 
of damage to the vascular tissue is highest in juvenile trees (Arco Molina 
et al., 2016), as their bark layer does not insulate them sufficiently 
against low temperatures, frost-induced dysfunction of the tracheids in 
earlywood can effectively offset the positive effects of a longer growing 
season (Glerum and Farrar, 1966). A temporary dysfunction of the 
conductive tissue, after which the tracheids only regain their conductive 
capacity in the following season, may potentially lead to temporal 
changes in climate sensitivity (Zhirnova et al., 2022). Consequently, the 
stationarity of the climate signal can reflect both intrinsic and extrinsic 
factors, given a complex pattern of a species’ acclimatisation at the local 
scale. To date, there are no region-wide studies in Europe that go beyond 
locally specific conditions on climate-growth relationships, especially in 
areas where Douglas-fir is expected to thrive under optimal climatic 
niches (Puchałka et al., 2023). Such a region-wide approach enables 
more reliable conclusions as it facilitates the study of spatial variability 
within geographically diverse area (Klesse et al., 2024; Leifsson et al., 
2024; Martinez Del Castillo et al., 2024). One of the regions of Europe 
insufficiently explored in terms of climatic sensitivity is the southern 
Baltic coast with pronounced climatic gradient (Harvey et al., 2019; 
Weigel et al., 2018). The climatic conditions specific to the south Baltic 
Sea region were likely favorable for the growth of Douglas-fir in the last 
century (Feliksik and Wilczynski, 2004; Wilczynski and Feliksik, 2007). 
However, these findings have not been verified for the entire region 
under the changing climatic conditions of the first two decades of the 
21st century. Over the past decades, Douglas-fir, like other trees, has 
experienced changes in climatic conditions, but its sensitivity to 

changing growth conditions has been attributed to its ontogenetic 
development (Trouillier et al., 2018). Unstable environmental condi
tions in conjunction with species-specific, variable climate sensitivity 
were thus expressed by the non-linear relationship (hereinafter 
non-stationarity) of the climate signal (Gribbe et al., 2024). For central 
Europe, there is clear evidence of a changing climate-growth relation
ship in the late 20th and early 21st centuries, although the character of 
this change as well as the interplay with the developmental stage of the 
trees has so far only been explored locally (Cavelier et al., 2025; Klisz 
et al., 2022; Wrzesiński et al., 2024).

Thus, assuming that the non-linear relationship between the growth 
of trees and their external factors is an ecological attribute of long-lived 
plants (Wilmking et al., 2020), it must be assumed that multiple 
co-occurring factors are responsible for the non-stationarity of the 
growth pattern. One of the main causes of non-stationarity in growth 
patterns is varying climatic conditions (Peltier and Ogle, 2020) and 
ontogenetic development, though in recent decades, trees have tended 
to change sensitivity from one environmental factor to another (Leifsson 
et al., 2024). This phenomenon is considered to be the result of an 
adaptation lag to rapid climate change (Frejaville et al., 2020). On the 
one hand, this phenomenon poses a challenge to climate reconstruction, 
carbon cycle, water cycle and future forest management (Buras et al., 
2017; Jevšenak et al., 2024; Tumajer et al., 2023). However, it offers 
unique opportunities to study the plasticity and (mal)adaptation of trees 
in response to recent climate change (Matisons et al., 2021). With 
increasing interest in the non-stationarity of the relationships between 
tree growth and climatic conditions, methods for testing the temporal 
stability of climatic sensitivity have been developed (Beck et al., 2013; 
Jevšenak and Levanič, 2018; Zang and Biondi, 2015). The so-called 
running correlation approach for monthly and daily climate variables 
has become widely used (Leifsson et al., 2024; Tumajer et al., 2023). The 
successive advancement of analyses using high temporal resolution of 
climate variables now allows bootstrapped and partial correlation to be 
calculated (Jevšenak, 2020). In this study, we propose a further step in 
assessing the non-stationary correlations by calculating correlation 
patterns across various seasons and subsequently deriving parameters 
describing temporal trends, i.e., linear beta coefficients, for all seasonal 
combinations. The advantage of this approach lies in providing more 
detailed insights into changing climate sensitivity, which allows for the 
evaluation of the interdependency of different climatic parameters, as 
well as the identification of shifts in seasonal patterns. By analyzing 
these relationships over time, it becomes possible to identify how vari
ations in one climatic factor influence others, revealing complex in
teractions that might otherwise go unnoticed. We established a tree-ring 
network of monospecific Douglas-fir stands, introduced in the late 19th 

and early 20th centuries across the southern Baltic coast to explore the 
effects of local climatic conditions on climate-growth correlations and 
their temporal stability at the regional scale over its century-long 
acclimatisation history.

We hypothesise that (i) the south Baltic Sea region generally pro
vides favorable conditions for Douglas-fir growth, (ii) these conditions 
vary spatially and temporally leading to distinct variations in the sta
bility of the climate signal, and (iii) spatial variation of climate sensi
tivity is driven by regional climate patterns in the Southern Baltic Sea.

2. Materials and methods

2.1. Study region

The study focused on the southern Baltic Sea region, spanning from 
~ 52 to 59◦N and 10 to 27◦E, an area where Douglas-fir has been 
introduced over the last two centuries (Table A1, Fig. A1) (Brus et al., 
2019). The western and central part of this region (northern Germany 
and Poland), are located in Pleistocene lowlands shaped by the last 
glaciation. These areas feature relatively uniform forest complexes, 
primarily located on ground and terminal moraines. In the northeastern 
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part of the region (Latvia, Lithuania, Estonia), on the other hand, the 
relief is flatter, with a high proportion of wetlands within the glacial 
depressions. According to the Köppen-Geiger classification, the growing 
conditions in the western part of the region are shaped by a temperate 
humid climate (Cfb), while the eastern part experiences a more conti
nental humid climate with cold, moist winters and warm, wet summers 
(Dfb) (Kottek et al., 2006; Peel et al., 2007). Mean annual temperatures 
range from 5.4 – 9.1◦C, and annual precipitation ranges from 556 – 839 
mm (Table A1, period 1979–2013 CHELSA Bioclim database) (Karger 
et al., 2017). Over the past century, the southern Baltic Sea region has 
experienced a warming of the summer season, although the increased 
temperatures in winter have led to reduced snow cover and partially 
decreasing soil temperatures (Weigel et al., 2021). The increase in 
annual temperature has been more pronounced in the eastern and 
northern latitudes, while precipitation has shown a decreasing trend in 
the south-western part of the region. Despite this overall pattern, there 
have been some hotspots with increased precipitation of up to 60 mm 
per year (Fig. 1). In the Baltic Sea region, the heterogeneity of summer 
precipitation has the tendency to increase, hence the incidence of pro
longed hot droughts increases (Meier et al., 2022).

2.2. Study sites

In selecting the study sites, our primary aim was to select the oldest 
existing Douglas-fir pure stands in the region. Younger developmental 
stages were only considered as acceptable alternatives when this 

criterion could not be met (i.e. in north-eastern Poland and eastern 
Lithuania). The second criterion in selecting the study sites was to 
ensure the study sites represented the diverse climatic conditions of the 
South Baltic Sea region, aiming to capture the most comprehensive 
climatic range (Fig. 1). In order to achieve the most complete climate 
coverage possible for the region, 27 study sites were selected, with a 
mean age ranging from 49 to 130 years (mean age of 90 years), located 
at elevations up to 231 m above sea level (Fig. A1; Table A1).

2.3. Tree-ring data

At each of the 27 selected study sites, 20 to 25 sample trees were 
chosen from among the dominant and visually healthy individuals. Two 
increment cores were collected from each tree using an increment borer 
from random directions perpendicular to each other at a height of 
approximately 1.3 meters above the ground (Gut et al., 2019), the 
fieldwork was conducted between 2019 and 2021. The wood samples 
were processed by a standard sample preparation procedure, sanded 
with progressively finer sandpaper to ensure ring border identification, 
and digitized at 2400 dpi (Epson Expression XL12000). Subsequently, 
ring width measurements with an accuracy of 0.01 mm and cross-dating 
were performed using digital measuring software (CooRecorder and 
CDendro v.9.0, respectively). Two growth series per tree were only 
averaged to create individual tree-ring series if the minimum Pearson 
correlation criterion of 0.20 was met. Growth series that did not meet 
this criterion were excluded from further analyses. Consequently, each 

Fig. 1. Climatic conditions of the South Baltic region for mean annual temperature (upper left panel) and growing season precipitation sums (upper right panel) for 
the period 1950–2020. Changes in climatic conditions of the study region calculated as a difference between the early (1950–1985) and late (1986–2021) periods for 
mean annual temperature (bottom left panel) and growing season precipitation sums (bottom right panel). Size of black circles indicates the mean age of Douglas-fir 
stands, while the symbol indicates the cluster group.
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study site was represented by 14 to 23 trees (Table A2). To exclude 
age-related trends and other non-climatic influences on growth, the raw 
growth series were detrended using a cubic smoothing spline with a 
cut-off of 50 % of the frequency at a wavelength of 32 years (Cook and 
Peters, 1981; Speer, 2010). In the next step, pre-weighting was applied 
with the first-order autoregressive model to remove autocorrelation and 
emphasize the high-frequency signal in growth (Cook and Kairiukstis, 
2013). Finally, to create residual chronologies, bi-weighted robust 
means were used (Table A2). The quality of the established chronologies 
was verified with Gleichläufigkeit (Glk, i.e. the coherence coefficient) 
(Buras and Wilmking, 2015; Eckstein and Bauch, 1969) and the mean 
correlation between individual tree ring series (mean rbt, an indicator of 
the strength of the common signal) (Cook and Kairiukstis, 2013; Wigley 
et al., 1984). To test the suitability of the created chronologies for 
climate-growth analyses, we applied the sub-sample signal strength 
(SSS), first-order autocorrelation (AR1, an indicator of the effect of the 
previous year’s conditions on the current year’s growth) and 
signal-to-noise ratio (SNR, the proportion of the explainable variation of 
the chronology due to climate divided by the unexplainable variation) 
(Wilczyński and Kulej, 2013). A threshold value greater than 0.95 was 
used as an entry criterion for the SSS (Table A2).

2.4. Spatial variation of radial growth pattern

We applied hierarchical clustering to detrended site chronologies to 
assess similarities in radial growth patterns. The analysis covered the 
period 1975–2019, the common timeframe with available data for all 27 
sites. A Euclidean distance matrix was computed to quantify pairwise 
dissimilarities between observations. We considered five different 
clustering methods, single and complete linkage, average, weighted and 
Ward’s method were tested according to their clustering structure of the 
dataset (Kaufman and Rousseeuw, 2009). Finally, we chose Ward’s 
method, since it expressed the highest value of the agglomerative co
efficient. The Ward method minimizes the total variance within clusters.

2.5. Climate data

Given the broad geographic coverage of the study sites and the 
variation in quality among instrumental climate data from five countries 
in the southern Baltic Sea region, we utilized uniform daily climate data 
from the E-OBS version 24.0e with a 0.1◦ × 0.1◦ spatial resolution 
(Haylock et al., 2008). More specifically, we used the mean daily air 
temperatures and daily precipitation sums for the period 1920-2022. To 
verify the climatic niches of Douglas-fir across its native North American 
range and its secondary distribution in Europe, we used two bioclimatic 
variables, BIO7 – Annual range of air temperature and BIO18 – Precip
itation of warmest quarter (Fig. A2B). These variables were obtained 
from CHELSA Bioclim database, which provides high resolution climate 
data for Earth’s land surface areas at a spatial resolution of 30 arcsec 
from 1979-2013 (Karger et al., 2017), allowing unbiased comparison of 
areas with different annual temperature and precipitation distributions 
(Klisz et al., 2022; Puchałka et al., 2023).

2.6. Tree growth responses to climate

To assess the site-specific climate sensitivity of the Douglas-fir pop
ulation, we calculated climate-growth correlation coefficients using day- 
wise aggregated climate variables (mean temperature and precipita
tion), considering all season lengths (aggregation windows) between 21 
and 180 days, from April of the previous year to October of the current 
year. Specifically, we used the daily_response() function implemented in 
the latest version of the R package dendroTools for this purpose 
(Jevšenak, 2020; Jevšenak and Levanič, 2018). We ran a large number 
of correlation tests, which could result in increased type I error 
(Torbenson et al., 2024). To avoid drawing conclusions solely based on 
p-values, we have removed all weaker correlations and retained only 

those exceeding the 75th percentile of the absolute correlation values for 
each site. In addition, the timings and seasons of the most significant 
correlations are all well-within the expected seasons, and we thus argue 
that they can be trusted. To avoid any spurious correlations related to 
temporal trends in the climatic series, each climate series was detrended 
before the calculation of the correlation series (Ols et al., 2023). To do 
so, we used linear detrending, which involves fitting a linear regression 
model to represent the long-term trend across the climate series and 
subsequently subtracting this trend component from the original ob
servations. In addition to the site-specific climate sensitivity analyses, 
we also aimed at identifying a general trend of climate-growth corre
lations through all combinations of season lengths for all study sites and 
calculated average correlation coefficients.

2.7. Temporal stability of climate–growth relationships

To derive site-specific temporal trends of the relationships between 
tree rings and climate, we first subdivided each chronology and corre
sponding climate data into 30-year time windows and calculated cor
relation coefficients for each season, defined as a combination of season 
length (from 21 to 180 days) and season start (from 150 DOY of the 
previous year to 360 DOY of the current year). We then repeated these 
calculations using a moving window that was successively shifted by one 
year at a time for the entire period 1950 – 2021.

This process resulted in period-specific correlation coefficient 
matrices (heatmaps) for each site, with each pixel representing a specific 
season. These matrices were ordered by time, and the beta coefficients 
from pixel-wise linear models were extracted (Eq. 1), representing 
increasing or decreasing climate sensitivity across the seasons (Popa 
et al., 2024). 

ρi(t) = βit + αi (1) 

where: ρi(t) represents the correlation coefficient for the i-th seasonal 
combination at time t, βi is the slope, indicating the rate of change of 
correlation over time for the i-th seasonal combination, αi is the intercept 
for the i-th seasonal combination (the expected ρi when t = 0), t is the 
time variable (year in our study).

These calculations were performed independently for each climate 
variable (mean temperature and precipitation) and study site. As a 
result, we obtained a heatmap of beta coefficients for each combination 
of site chronology and climate variable, indicating climate-growth cor
relation stability over time. Finally, to obtain a general trend for 
Douglas-fir in the temporal stability of climate sensitivity, we averaged 
site-specific heatmaps of beta coefficients for each climate variable, 
while results for individual sites are reported in Appendix A (Figs. A5 
and A6). Finally, we produced seasonal heatmaps of mean beta co
efficients (βi). A positive βi denotes growing climate sensitivity for var
iables with positive effects and diminishing sensitivity for those with 
negative effects, whereas a negative βi denotes the opposite – decreasing 
sensitivity for positive-effect variables and increasing climate sensitivity 
for negative-effect variables, relative to the climate factor under study. 
To further elaborate on spatial variations in the obtained beta co
efficients, we modeled them as a function of long-term annual temper
ature data from 1950 to 2022, which exhibited a distinct gradient across 
the study sites (Fig. 1). Although we also evaluated other variables, such 
as annual and growing season precipitation, longitude, latitude, and 
distance to the Baltic Sea, they were less significant in explaining the 
variability in beta coefficients and, therefore, not used in the final 
models. Thus, in the results section, we present the models for the sea
sons with the highest explained variance, highlighting the main trends 
in climate sensitivity across the study region, while additional results 
showing consistency across similar seasons can be found in the Appendix 
A.
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3. Results

3.1. Chronology statistics and growth pattern

The NRA and ELK chronologies demonstrated the strongest common 
signal in radial growth patterns (rbar > 0.65), while the RAM and SLA 
chronologies exhibited the weakest signal (rbar < 0.40; Table A2). 
However, this pattern is not evident in either the coherence coefficient 
(Glk) or the first-order autocorrelation (AR1, inverse trend). The RAM, 
SLA and ROK had a significantly weaker environmental signature in 
radial increment (SNR < 10) among site chronologies than the ELK and 
NRA populations (SNR > 30; Table A2). All the chronologies showed 
relatively high site-specific growth patterns (SSS > 0.95), yet the DRA 
chronology had a slightly lower subsample signal strength (0.93; Table 
A2).

Three distinct clusters were identified: 1) The first cluster comprised 
two younger sites from Lithuania and one younger northeastern site 
from Poland. 2) The second cluster included all Baltic sites from Estonia 
and Latvia. 3) The third and largest cluster contained the remaining 19 
chronologies, which could be further divided into two subclusters. One 
subcluster primarily consisted of northeastern Polish sites and one 
Lithuanian site (RAM), while the other included sites from northwestern 
Poland and northern Germany. These results reveal distinct spatial 
radial growth patterns, with notable differences between mature and 
younger forest stands (Fig. 2).

3.2. Climate–growth relationships

Climate sensitivity analyses across the study sites, situated along a 
temperature gradient (Fig. A3), revealed a predominant positive influ
ence of early season temperatures on the radial growth of Douglas-fir 
(Fig. 3). This pattern intensifies with higher annual temperatures, 
where the selected youngest sites (ELK, ROK) represent the only and the 
most significant outlier to this pattern (Fig. A3). The growth reaction to 
precipitation, while less marked, was also noteworthy, but was rela
tively uniform across the sites without significant precipitation pattern. 
High precipitation from early spring to late summer, generally had a 

positive effect on the Douglas-fir trees across all sites, with the exception 
of the youngest site (ROK) in Lithuania, where a negative relationship 
with previous years’ precipitation was observed. Warmer sites showed 
slightly stronger correlation with both the previous and current season 
rainfall, while cooler sites responded positively solely to precipitation in 
the current year. Notably, some sites exhibited a substantially weaker 
precipitation signal (ROK, KAM, OI, BYT and IDPM, Fig. A4).

3.3. Temporal stability of climate-growth relationships

The temporal stability analysis of climate signals revealed distinct, 
climate variable-specific patterns. From 1950 to 2021, the positive effect 
of the current summer temperature decreased, while the influence of the 
previous autumn temperature increased. This trend, observed within the 
30-year moving window, coincided with a weakening effect of the late 
summer temperatures (Fig. 4). During the current summer, we generally 
observe a reduced climate sensitivity to precipitation, while beta co
efficients for temperature remain close to zero, indicating no significant 
change. However, we also detected decreasing negative correlation 
trends for temperature in late summer to early autumn. Regarding the 
previous growing season, we observed more site-specific responses 
related to changes in climate sensitivity. At a few sites, growth showed 
negative correlations with previous summer temperatures (Fig. A3) and 
correspondingly significant negative beta coefficients (Fig. A5), indi
cating intensified adverse temperature effects. However, most sites 
exhibited non-significant correlations with previous-summer tempera
tures, suggesting that this season is not critical for tree growth. During 
the same period, precipitation also showed a general increase in its 
correlation strength (Fig. 3), but variability among sites was relatively 
pronounced (Fig. A6). Finally, temperature effects from the previous late 
autumn indicate heightened temperature sensitivity, whereas precipi
tation exhibited the opposite trend, suggesting reduced influence. 
Concurrently, changes in the effects of previous season temperature 
were associated with an inverse relationship with precipitation, con
firming an interdependency between temperature and precipitation 
trends. However, other environmental factors could also explain this 
apparent interdependency, such as soil moisture availability, drought 

Fig. 2. Hierarchical clustering of the RWI mean site chronologies, using the Euclidean distance and Ward’s minimum variance clustering method. Numbers in circles 
denote cluster groups. For chronology IDs, see Table A1.
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legacy effects, or large-scale atmospheric event.
Regarding site-specific temporal stability, the temperature signal 

was linked to the mean annual temperature across the study sites. Cooler 
sites exhibited a weakening of the temperature effect, whereas warmer 
sites demonstrated an amplification of this effect (Fig. A5). However, a 
similar relationship between the stability of the climate signal and the 
temperature gradient was not observed for precipitation (Fig. A6). 
Nonetheless, signal weakening was observed for the two youngest 
stands, ROK and KAM.

3.4. Spatial patterns in non-stationarity of climate-growth correlations

Trends in temporal stability of climate signal were strongly related to 
annual climate patterns (Fig. A7), however distance from Baltic Sea 
coast also appears to play a role (Fig. A8). More specifically, temporal 
trends in temperature correlations were mainly explained by the annual 
temperature pattern for both the current and the previous season (R2 

0.67 and 0.57, respectively, Fig. 5), and less by the distance to the coast 
(R2 0.37 and 0.17, respectively, Fig. A8). Models explaining precipita
tion correlation’s temporal stability for the current and previous 
growing season showed slightly less pronounced temperature gradient, 
but still highly significant (R2 0.56 and 0.53, respectively, Fig. 5). In 
contrast, for distance to the coast, the model for precipitation correla
tion’s temporal stability showed a similar gradient for both current and 
previous seasons (R2 0.30 and 0.36, respectively, Fig. A8). Here we 
show the models that exhibited the strongest temperature gradient (see 
Table A3 for detailed season description). However, in Figure A7 we 
show that the obtained patterns are strongly consistent across related 
seasons.

4. Discussion

The growth of Douglas-fir in the southern Baltic Sea region is mainly 
controlled by the temperature at the beginning of the growing season 
and, to a much lesser extent, by the precipitation of the previous and 
current seasons (Fig. 3). This trend can also be observed in other parts of 
Europe, regardless of the climate zone (Castaldi et al., 2020; Cavelier 
et al., 2025; Feliksik and Wilczynski, 2004; Levanic and Straus, 2022), 
and the elevation (Lévesque et al., 2014; Song et al., 2021). This finding 
aligns with observations for native Douglas-fir populations in North 
America (Chen et al., 2010). Although more favourable pluvial condi
tions prevail in the coastal region of Central Europe (Meier et al., 2022), 
a weakening of the precipitation signal may be observed regardless of 
the distance to the sea (e.g., IDPM, BYT, KAM; see Figs. A4 and A8). The 
growth of Douglas-fir in areas with a negative water balance are strongly 
controlled by summer season precipitation (Gazol et al., 2022; Sergent 
et al., 2014). The potentially suitable growing conditions in the South 
Baltic Sea can therefore be limiting for Douglas-fir to a certain extent 
due to deficient precipitation. Due to the temporal and spatial variability 
of the climate sensitivity of Douglas-fir across the study area, it is crucial 
to consider the entire region rather than focusing solely on selected 
study sites when assessing the performance of this non-native tree spe
cies in Europe. Over recent decades, the effect of temperatures on tree 
growth in the preceding end-of-summer and autumn has increased, 
while the significance of the winter and end-of-summer precipitation has 
decreased (Fig. 4). The amplifying effect of temperature on growth in
creases with higher site-specific mean annual temperatures (Fig. 5). 
Douglas-fir has so far benefited from warming in a region where 
end-of-winter temperatures have so far been limiting for the species’ 
growth (Wilczynski and Feliksik, 2007). While in regions that are 
already warm and dry, warming during the growing season impairs the 

Fig. 3. Pearson correlation coefficients exceeding the 75th percentile for each site, averaged across study sites, between Douglas-fir ring-width index chronologies 
and aggregated (over specified season) daily variables: precipitation (upper panel) and temperature (bottom panel). Dashed vertical line marks the border between 
previous and current year. The position of each correlation coefficient corresponds to the end of season window, used for the calculation. Results for individual sites 
are shown in Fig. A3 and A4.
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growth of Douglas-fir stands (Eckhart et al., 2019). Furthermore, under 
temperate climate warming during the dormant season can disrupt the 
reproductive processes of this species (Jastrzębowski et al., 2021) and 
thereby contribute to secondary growth as a result of resource relocation 
(Hacket-Pain et al., 2018).

4.1. Climate sensitivity evidence supports current and future potential 
distribution

The consequences of projected climate change will be particularly 
profound for long-lived organisms such as trees due to their relatively 
slow migration rates and high maturation age for generative reproduc
tion (Aitken et al., 2008). Species distribution models (SDM) support 
delineating potential areas of range expansion and contraction (Booth, 
2018; Dolos et al., 2015). However, the climate or site suitability for tree 
species, as defined by SDMs, may not align with their optimal growth 
conditions. This is because the fundamental niche reflects trade-offs 
between environmental factors necessary for completing the full life 
cycle of trees and establishing stable populations. Our study provides an 
opportunity to access growth responses of the mature Douglas-firs in 
northeastern Europe, an area where this species can still maintain or 
even expand its potential ranges in the south and southeast Baltic Sea 
region (Dyderski et al., 2025; Puchałka et al., 2023). Given the observed 
climate warming, particularly evident with increased annual tempera
tures in the western sites (Table A1, Fig. 1), the temperatures in the early 
growing season might favour Douglas-fir growth (Fig. 3). On the other 
hand, a warming climate in Europe is expected to lead to a higher fre
quency of late spring frost (Zohner et al., 2020). This can potentially 
damage young Douglas-fir trees, which are sensitive to low temperatures 
at the beginning of the growing season (Chakraborty et al., 2019; 
Malmqvist et al., 2018). However, this pattern is not as pronounced for 
the precipitation effect of the summer season (Fig. 4), as some of the 

warm sites (SWI, IDPM) were characterised by only a weak climate 
signal (Fig. A4). We can, therefore, speculate that the predicted persis
tence of the potential range in the southern Baltic Sea region will likely 
result from the favourable thermal conditions at the onset of the growing 
season, with summer precipitation playing a secondary role. Differences 
in the strength of the climate-growth relationships for precipitation 
(current season) and temperature (previous season) between warm and 
cold sites (Fig. 5) indicates that SDM predictions need to take into ac
count the peculiarities of the south Baltic coast (Harvey et al., 2019), 
adjacent to the shallow, often frozen inner sea (Meier et al., 2022), and 
local climatic conditions (Klisz et al., 2023). Interestingly, studies on the 
European Douglas-fir tree stands growing under mountain climate 
conditions have shown a remarkably consistent growth pattern, 
regardless of the mountain range, with a strong influence of maximum 
winter temperature and much weaker summer precipitation signal 
(Castaldi et al., 2020; Levanic and Straus, 2022; Lévesque et al., 2014; 
Wrzesiński et al., 2024). In contrast, lowland stands of this species 
manifest a site-specific response to climatic conditions, particularly to 
climate extremes such as droughts (Cavelier et al., 2025; Klisz et al., 
2022; Sergent et al., 2014; Vejpustková and Čihák, 2019). Soil sorption 
properties, fertility and mycorrhiza likely play an important role here 
(Lassoie and Salo, 1981; Pickles et al., 2015; Sergent et al., 2014). Un
fortunately, due to data availability limitations of overly complex 
models, current predictions of potential ecological niches of woody 
species usually do not consider soil properties as variables (Brun et al., 
2019). Although an earlier and warmer spring with a warming climate 
should be favourable for Douglas-fir in southern Baltic Sea region (Fig. 
A3), younger stands in our network do not appear to be benefiting from 
climate warming. Therefore, regions with a projected persistence of the 
species (e.g. the southern Baltic Sea region) (Puchałka et al., 2023) may, 
in the future, offer conditions that are favourable for growth of old 
stands but not necessarily for newly planted stands (Fig. 2).

Fig. 4. Mean beta coefficients, indicating trends in climate sensitivity of study sites for temperature (bottom panel) and precipitation (upper panel). A positive beta 
coefficient indicates an increase in climate sensitivity towards present for positive correlations, while a negative coefficient indicates a decrease. The position of each 
beta coefficient corresponds to the end of season window, used for the model calculation. Trends for individual sites are shown in Figs. A5 and A6.
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4.2. West Coast conifer can benefit from South Baltic climate

Among the most commonly introduced conifers from North America 
to Europe, species from the West Coast dominate, with P. menziesii 
undisputedly leading the way (Brus et al., 2019; Dimitrova et al., 2022). 
Conifers originating from the east coast of North America are less 
common on the European continent. The selection of sites and climatic 
conditions for introduction was based on their similarity to the native 
conditions of the non-native species. West coast species were introduced 
to the European Atlantic coast, while species from the east coast, as well 
as from the interior, were introduced to eastern and central Europe 
(Nyssen et al., 2016). When introduced to Europe, interspecies compe
tition with co-occurring species in their native habitats was removed for 
these North American conifer species (Bianchi et al., 2018; He and 
Duncan, 2003). This may have accounted for their divergent growth 
strategy and different climate sensitivity compared to their native range 
(Thurm et al., 2016). Our studies have clearly demonstrated that 
Douglas-fir growth under the temperate climate of Central Europe with 
the moderating influence of the Baltic Sea is mainly determined by the 
temperatures at the beginning of the growing season and not by a 
moisture deficit as in British Columbia (Fig. 3) (Griesbauer and Green, 
2010; Griesbauer et al., 2019). Variations in growth reaction may be due 
to the different distribution of annual precipitation over the two 

continents (Fig. A2B) as well as specific competitive constraints, inter
specific in native populations and intraspecific in introduced pop
ulations (Finkelstein and Truppi, 1991; Zveryaev, 2004). In general, 
Douglas-fir stands were plastic enough under secondary range condi
tions to adapt their growth to the climate of Central Europe (Figs. 3 and 
4). Looking in more detail, the western populations from Germany and 
Poland, growing under a moist temperate climate, seem to have an 
advantage over the northeastern populations from the Baltic countries, 
growing under a moist continental climate (Fig. 2, A3 and A4). On the 
other hand, the growth response to temperatures of the current season 
seems to be less stable with increasing distance from the Baltic Sea (Fig. 
A8). Thus, in the first hundred years of growth since its introduction, the 
climate of the western part of the South Baltic region appeared to be 
more favourable for Douglas-fir. However, this trend could change with 
the projected warming in Europe. In the next 20–60 years, this species 
may find suitable fundamental niches in the eastern and even northern 
parts of the Baltic Sea region (Puchałka et al., 2023). In contrast, eastern 
North American P. strobus appeared drought-sensitive under moist 
continental climate conditions of eastern part of the southern Baltic 
region (Jansone et al., 2023; Läänelaid and Helama, 2020). With the 
scarcity of dendroclimatic studies from this region of Europe, definite 
conclusions cannot be drawn on the advantage of western over eastern 
conifers in acclimatisation to a humid temperate climate. However, it is 

Fig. 5. Effect of long-term annual temperature patterns on the temporal stability of growth response to precipitation (upper panels) and temperature (bottom panels) 
correlations (beta coefficient) of the current (right panels) and previous (left panels) growing seasons. Stationarity of climate-growth relationship is expressed by beta 
coefficients. Here we highlight trends for seasons with the highest explained variance (see Table A3 for more detailed season definitions), but we show that the trends 
are strongly consistent across related seasons (see Fig. A9).
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evident that Douglas-fir finds the conditions in the western part of the 
study region suitable for growth. With projected climate change, the 
eastern part of the region may also become favourable for this species.

4.3. Potential benefits and risks of Douglas-fir introductions

Recent studies suggest that European conifers, which are currently 
important in the southern Baltic region may lose their climatic optima in 
the near future (Bombi et al., 2017; Dyderski et al., 2018). The negative 
effects of a warming climate on the growth and vitality of spruce and 
pine stands (Diers et al., 2024; Kharuk et al., 2016), are already evident. 
This means a loss of the most economically valuable native species 
suitable for cultivation on poor sandy soils. It is also a loss of dominant 
species that shape the habitat conditions for Vaccinium spp. and fungi 
and many others. One way to preserve the proximal ecosystem services 
provided by pine and spruce stands may be to introduce species that are 
phylogenetically and functionally close to native conifers, and that have 
similar interspecific interactions. Unfortunately, two potential alterna
tives from drier and hotter regions, P. nigra and P. rigida appear to 
respond similarly to P. sylvestris to extreme droughts and heat waves 
(Klisz et al., 2023). Moreover, they provide less valuable woody material 
(Bellon, 1977), making them of less economic value. The cultivation of 
P. strobus, which is the only coniferous species benefiting from climate 
change, is nevertheless risky because of its susceptibility to fungal in
fections (Puchałka et al., 2023; Radu, 2008). Therefore, an alternative 
species for the southern Baltic Sea region could be P. menziesii and Abies 
alba, which are expected to maintain its climatic niches in the coming 
decades (Dyderski et al., 2025; Puchałka et al., 2023). Douglas-fir has 
similar interspecific interactions and similarly affects soil conditions in 
similar way to native conifers (Wohlgemuth et al., 2022), suggesting 
that it could replace them in the event of a large-scale decline. On the 
other hand, it is also a host to many common pests and pathogens for the 
members of the Pinaceae family (Potzelsberger et al., 2021), which 
could pose further risks for native conifers. In general, most ecological 
studies have shown more negative impacts on soil properties and 
biodiversity (Wohlgemuth et al., 2022). The observed differences in 
effects of Douglas-fir may be due to the habitat properties into which the 
species was introduced. For example, in deciduous forests, Douglas-fir 
has strong negative effects on forest specialists (Bärmann et al., 2023; 
Viewegh et al., 2014). It is associated with soil acidification and altered 
light regimes, which are detrimental to the understory plants. Therefore, 
Douglas-fir should only be considered for habitat introduction in 
nutrient-poor habitats where its presence does not alter the species 
composition of natural coniferous forests. Furthermore, it should be 
planted in a mixture with other species and at a density that prevents 
excessive shading of the forest understorey. Its cultivation should also 
take into account the risk of uncontrolled spread, which undoubtedly 
poses a threat to biodiversity (Wohlgemuth et al., 2022).

5. Conclusions

Our study reveals a region-wide trend in climate-growth relation
ships, particularly the influence of early-growing-season temperature 
and previous-year precipitation. However, across 30-year intervals from 
1950 to 2022, this relationship is temporally and spatially unstable, 
suggesting an increasing dependence on temperature as warming con
tinues. Older stands of Douglas-fir in the western part of the southern 
Baltic region appear to be well-acclimated and plastically adapted to 
recent climate changes. However, this area may not be equally suitable 
for young trees, which showed weaker or even negative correlations 
with temperature in our study. Although the potential range of Douglas- 
fir in Europe is expected to decline significantly, stable climatic niches 
are likely to persist in the Baltic region. As a close relative of the 
declining European species within the Pinaceae family and functionally 
similar to them, the Douglas-fir could serve as a more heat-tolerant 
alternative. With the expected turnover of native conifers by both 

native and introduced broadleaved species, Douglas-fir may help to 
maintain functionally comparable conifer forest communities. It pro
motes species interactions and creates light and soil conditions similar to 
those of native conifers. To maintain forest ecosystem services, forestry 
practices should take into account the ecological influence of Douglas- 
fir, particularly its ability to modify habitat conditions, alter microcli
matic regimes, and affect biodiversity.
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Srokowo, Świdno, Trzebnica Forest Districts for granting access and 
assistance with site selection and sample collection. We thank Urszula 
Wojciechowska for assistance with field and laboratory and help with 
graphical abstract preparation.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.agrformet.2025.110628.

References

Aitken, S.N., Yeaman, S., Holliday, J.A., Wang, T., Curtis-McLane, S., 2008. Adaptation, 
migration or extirpation: climate change outcomes for tree populations. Evolution. 
Appl. 1 (1), 95–111.

Arco Molina, J.G., Hadad, M.A., Patón Domínguez, D., Roig, F.A., 2016. Tree age and 
bark thickness as traits linked to frost ring probability on Araucaria araucana trees in 
northern Patagonia. Dendrochronologia 37, 116–125.
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Popa, A., Jevšenak, J., Popa, I., Badea, O., Buras, A., 2024. In pursuit of change: 
Divergent temporal shifts in climate sensitivity of Norway spruce along an 
elevational and continentality gradient in the Carpathians. Agric. For. Meteorol. 358.

Potzelsberger, E., et al., 2021. Biotic threats for 23 major non-native tree species in. 
Europe. Scientific Data 8 (1), 210.
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