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Abstract
The phenomenon of global climate change holds utmost importance in its impact on forest ecosystems. To mitigate 
the effects of this phenomenon, several European countries have introduced non-native tree species into their forests. 
However, comprehensive ecological analysis is needed to assess the suitability of these non-native species. Pinus 
strobus is often considered a potential substitute for native species. Tree-ring analysis is a useful methodology for 
evaluating the relationship between tree growth and meteorological conditions, given the significant impact of these 
conditions on tree development. In this study, 25 core samples were collected from an experimental plantation 
of Pinus strobus located in the western part of Latvia for analysis. The plasticity of the tree-ring width of Pinus 
strobus was evaluated using a multiple additive regression model. The analysis revealed that the previous summer 
precipitation was a significant factor, indicating the drought sensitivity of the increment. Additionally, the temperature 
in the previous July and August was also found to be a significant meteorological parameter, suggesting some trade-
offs between growth and the formation of nutrient reserves. The estimated growth responses suggest that the radial 
increment of Pinus strobus growing outside its native range is highly weather-sensitive, implying uncertainty in 
its growth with anticipated climatic changes. These findings emphasize the need for further ecological analysis to 
determine the suitability of non-native tree species and their ability to withstand the climatic changes.
Key words: climate-growth relationships, growth response, introduced trees, white pine.

Introduction
Global climate change is of paramount 

importance in the current environmental landscape, 
and its ramifications are already being experienced 
worldwide (Allen et al., 2015). Occurrences of severe 
weather events are occurring more frequently and 
with greater intensity (You & Wang, 2021). These 
effects can be exacerbated by increased damage 
caused by insect infestations and wildfires (Spathelf 
et al., 2014). The increased temperatures linked to 
global warming are predicted to cause a lengthened 
growing season, which is expected to benefit the 
growth of plants; therefore, it is likely to affect forests 
(Kirilenko et al., 2007). Although the rate of species 
migration due to climate change can be much more 
rapid than in the past (Clark, 1998), their rates of 
migration may still be too slow to adjust to the speed 
of climate change (Aitken et al., 2013).  

Many European countries are introducing non-
native tree species into their forests as a strategy for 
reducing the effects of climate change (Santopuoli 
et al., 2019). However, the presence of non-native 
species presents both opportunities and potential 
risks (Ricciardi et al., 2009). On the one hand, they 
enhance productivity and biodiversity, yet on the 
other hand, certain species might become invasive 
(Felton et al., 2013). While non-native species may not 
hold the same cultural and historical significance as 
native species, they can serve as viable replacements 
in situations where the benefits are clearly evident 

(Schlaepfer et al., 2011). To assess the suitability 
of non-native species in a particular habitat, a 
comprehensive ecological analysis is necessary (Keča 
et al., 2019). Retrospective analysis of tree increment 
is an important method for evaluating the sensitivity 
and adaptability of trees to various biotic and abiotic 
factors (Speer, 2011).  

Pinus strobus is among the tree species that 
are frequently introduced in Central Europe 
(Pötzelsberger et al., 2020), which is widely distributed 
in its native range of North America (van Arsdel, 
1961). Pinus strobus has been noted for its adaptation 
to hot and dry temperate climates (Davis, 1983) and 
rapid growth and long life expectancy (Hepp et al., 
2015; Klisz et al., 2022). It typically occurs in multiple 
forest types, particularly in areas with sandy soils 
that are moderately to poorly fertile and well-drained 
(Abrams, 2001). The rate of growth for this species 
exceeds that of other pines and hardwoods, with 
increment culminating between 10–20 years of age 
(Burns et al., 1990), yet exhibits a relatively low shade 
tolerance when young (Abrams, 2001). Although in 
its secondary distribution range Pinus strobus shows 
low productivity as a result of its sensitivity to global 
warming and drought (Klisz et al., 2022; Podrázský 
et al., 2020). Pinus strobus is of significant economic 
value, providing lumber, paper, and various wood 
products and its conical form and aesthetic appeal 
make it a favoured choice for landscaping (Krumm 
et al., 2016).
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Given the broad introduction of Pinus strobus 
in Europe because of its ecological adaptability 
(Krumm et al., 2016), the current study aimed to 
evaluate the species sensitivity and growth potential 
to meteorological conditions when grown outside its 
native range in a hemiboreal stand (plantation). The 
study hypothesized that summer precipitation may 
constrain the growth of Pinus strobus.

Materials and Methods
An experimental plantation (1.13 ha) of Pinus 

strobus situated in western Latvia within the 
hemiboreal forest zone of the Eastern Baltic region 
57.24°N; 22.63°E) was studied. The plantation 
was established around 1900, yet seed origin is 
unknown, but likely to be from Northern Germany. 
The initial spacing of the plantation was 4x4m. To 
our knowledge, the plantation has not been fenced. 
Edaphic conditions can be considered mesotrophic, 
the soil was silty and free draining. Around the year 
1950, the plantation was supplemented by planting 
containerized seedlings of local origin. Natural 
admixture of Norway spruce (Pinus sylvestris), silver 
birch (Betula pendula), silver fir (Abies alba), and 
pedunculate oak (Quercus robur) was observed. The 
diameter and height measurements for the sampled 
Pinus strobus trees had an average value of 41.5 ± 
12.7 cm and 25.0 ± 3.1 m respectively. 

The studied site’s climate can be categorized as 
moist-continental with coastal features (Kottek et al., 
2006) Across the months, the average temperature 
fluctuated between -2.2 ± 3.0 °C in February to +17.6 
± 1.6 °C in July. The mean annual temperature from 
1992 to 2021 was +7.1 ± 0.7 °C, mean temperature 
for summer months (June–August) 16.5 ± 1.5 °C. 
The mean annual precipitation was 664 ± 78 mm, 
and the summer months had the greatest monthly 
precipitation, with an average of 72 ± 28 mm. The 
average number of days with rainfall during the 
summer months was 12.4 ± 2 and minimum eight 
days with precipitation. Meteorological data were 
obtained from CRU for grid points situated within 
a 35 km radius of the location being investigated 
(Harris et al., 2020). 

The trial inventory and sample collection were 
conducted in March 2020. Pressler’s increment 
corer was used to collect two cores from opposing 
directions from the stem of each tree; 25 dominant 
healthy trees were cored in total. After drying, the 
cores were placed onto wooden mounts and sanded. 
LINTAB6 was used to measure the width of the tree 
rings (0.01mm precision) (RinnTech, Heidelberg, 
Germany). Using the COFECHA tool, tree-ring 
width (TRW) time series were cross-dated using a 
combination of graphical and statistical methods 
(Grissino-Mayer, 2001). Variability in tree-ring width 

(TRW) series was characterized using the r-bar, 
expressed population signal (EPS), mean sensitivity 
(SENS), first-order autocorrelation (AC1), and signal-
to-noise ratio (SNR), which were estimated from 
detrended data (Wigley et al., 1984). The data was 
detrended using both a negative exponential curve and 
a cubic spline (20 years rigidity, 0.5 cut-off frequency). 
First order autoregressive model (‘AR1’) was used in 
the detrended series to eliminate autocorrelation (von 
Arx et al., 2017), creating a prewhitened dataset. The 
common period 1970–2020 was analyzed. 

A principal component analysis was carried out 
to assess the differences in radial growth patterns 
(Buras et al., 2018). The prewhitened dataset was 
used for the analysis. The residual chronology was 
derived by utilizing a preprocessed dataset that had 
been prewhitened, and then applying a statistical 
method known as a bi-weight robust mean (Bunn, 
2008). The study aimed to determine the association 
between the residual chronology of tree-ring width 
and different meteorological factors. To achieve this 
objective, a non-parametric, stationary bootstrapped 
Pearson correlation analysis was performed (Zang 
& Biondi, 2013). The climatic variables that were 
examined were the mean monthly temperature, the 
total amount of precipitation, and the standardized 
evapotranspiration index (SPEI) (Vincente-Serrano 
et al., 2010). 

The set of meteorological variables influencing 
the radial increment of trees was evaluated using 
multiple additive regression (mixed model) 
(Wood, 2011). Such a model was used as it allows 
the evaluation of non-linear responses of growth 
under a temporal climatic gradient (Wood, 2011). 
Pre-whitened tree-ring width data series of trees 
were used as the response. Arbitrary groups of the 
best meteorological predictors (fixed effects) were 
selected based on the Akaike Information Criterion. 
To evaluate the possibility of collinearity among the 
predictors, the variance inflation factor was used. 
As crossed random intercepts, tree and year were 
considered random effects. Diagnostic plots were 
used to examine the homogeneity and normality 
of the model residuals. The statistical analysis was 
performed using R version 4.1.3 (R Core Team, 2022).

Results and Discussion
From 25 selected trees, the cross-dating of 22 

trees spanning the period 1970–2020 was successful. 
Evaluation of this dataset by the expressed population 
signal (EPS) yielded values of 0.90 or higher for both 
periods, surpassing 0.85 (Wigley et al. 1984) (Table 1), 
implying explicit environmental forcing of increment. 
This was supported by the signal-to-noise ratio (SNR), 
which was intermediate (17.67). Similar growth 
patterns between trees (Figure 2) were detected and 
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The mean tree-ring width time series exhibited 
similar tendencies with several signature years 
coinciding among trees. The studied trees showed 
a decrease in radial growth till 1948 when a growth 
peak occurred (Figure 1A). Negative signature years 
coincided with cold and fluctuating temperatures in 
the early part of the year, as well as warm and dry 
summers (1970, 1976, 1984, 2004, 2007, and 2014), 
indicating that trees under marginal conditions 
(e.g., outside native range) have not been adapted 
to climate fluctuations and do not take advantage 
of favorable conditions when available (Allen et al., 
2015). The presence of positive signature years was 
noted in 1975, 1996, and 2012, and were concurrent 
with warm spring, indicating early commencement is 
beneficial for growth (Chhin et al., 2018).

Figure 1. Pinus strobus tree-ring width time series: 
mean time series (A) and residual chronology (B) 

with sample depth (gray line).

The detrended time series of tree-ring widths 
revealed two principal components, which accounted 
for 51.42% of the variation (Figure 2). No distinct 
grouping was evident, suggesting a continuous 
gradient of responses with no obvious divergence 

despite the differences in the age of trees. Thus, a 
single chronology was built to portray the high-
frequency patterns of variation.

Figure 2. The loadings of the principal 
components of detrended Pinus strobus tree-ring 
width time series for the 1970–2020 period. The 

numbers in parentheses indicate the percentage of 
variance explained by each component.

The developed tree-ring width chronology 
demonstrated a correlation with 12 of the examined 
meteorological factors, with a particular emphasis 
on the temperature and precipitation levels of the 
preceding summer (Figure 3). The strongest positive 
correlations were observed with SPEI of the previous 
July and August, followed by the precipitation of the 
previous June and July, indicating drought sensitivity 
of increment (Chhin et al., 2018; Marchand et al., 
2012). Similarly, summer precipitation significance in 
the current year was highlighted in Estonia and Pinus 
strobus native range (Chhin et al., 2018; Läänelaid 
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mean sensitivity (SENS) of interannual variation of 
tree-ring width was intermediate (Speer, 2011). The 
correlation between the current growth and previous 

growth, as indicated by the first order autocorrelation, 
was moderate, and lower in comparison to Scots pine 
(Matisons et al., 2021).

Time
period

Radial growth (mm/100)
SENS AC1 r-bar EPS SNR

Max Min Mean SD

1907–2020 857 14 265.19 127.9 0.24 0.51 0.419 0.909 10.03

1970–2020 857 16 265.19 121.1 0.25 0.48 0.446 0.946 17.67

Table 1
Descriptive analysis of cross-dated tree-ring width time series for Pinus strobus

SENS – mean sensitivity; AC1 – first order autocorrelation; r-bar – mean interseries correlation; EPS – 
expressed population signal; SNR – signal to noise ratio; SD – standard deviation; Maximal, Minimal, Mean 
tree-ring width.
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et al., 2019; Marchand et al., 2012). Conversely, 
statistically significant negative correlations were 
observed with the temperature of the previous July 
and August (Figure 3). As temperature increases in 
late summer, a shift in the allocation of nutrients 
towards the formation of generative buds occurs, 
resulting in decreased growth in the vegetative effort 
(Hacket-Pain et al., 2018).

Figure 3. Statistically significant bootstrapped 
Pearson correlation coefficients (with confidence 
intervals) between residual chronology of tree-

ring and meteorological variables for time period: 
1970–2020.

A set of 10 meteorological factors were identified 
as the primary factors contributing to the high-
frequency variations in tree-ring width, accounting 
for 32% of the overall variation (Table 2). SPEI in 
the previous July was estimated as the main limiting 
effect (the highest F-value), followed by precipitation 
previous February and SPEI in the previous June, 
indicating principle sensitivity to drought. All of the 
significant variables were estimated with quadratic or 
cubic effects on tree-ring width (Figure 4), implying 
that the studied temporal climatic gradient has 
been comparable to that genotypes have adapted 
(Wilmking et al., 2020). This suggests high climatic 
sensitivity of the species outside its native range. 
However, the findings also indicated the flexibility 
of the relationship between weather patterns and tree 
growth (Matisons et al., 2021). SPEI in the previous 
July (Figure 4G), which had the most significant effect 
was estimated to cause a response with an explicit 
threshold (SPEI=0.0), indicating drought sensitivity 
of growth (Harvey et al., 2020). Moisture balance in 
May (Figure 4H), when rapid cell expansion occurs 
increasing water demand (Muller et al., 2011), had 
a sigmoid response, indicating a positive effect of 

excessive moisture availability. Contrastingly, SPEI 
of the previous June (Figure 4F) was estimated with 
a sigmoid response with local maxima and minima 
around 0.7 and -0.7, respectively. This probably 
indicates relationships with the amount of solar 
radiation, as the water table most likely is still high 
(Strand et al., 2006). The influence of precipitation 
during the preceding February (Figure 4E) was 
generally positive (except in low snow conditions), 
possibly associated with the insulating characteristics 
of the snow layer (prevention of cold temperature 
caused root injury) as well as the replenishment of 
the water table in spring (Chhin et al., 2018; Tierney 
et al., 2001). The reactions to temperature during the 
preceding June and July (Figure 4A; 4B) indicated an 
optimum for radial growth of approximately 14–17 
°C, as indicated by the response curves, suggesting 
a balance between adequate xylogenesis and drought 
conditions (Muller et al., 2011). Additionally, a 
positive effect was estimated for temperature in the 
previous July exceeding 18 °C (Figure 4B). This could 
potentially be associated with an elevated level of 
solar radiation (Strand et al., 2006).  The temperature 
in August had both immediate and lasting impacts on 
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Figure 4. Smoothing spline estimates with 95% 
confidence intervals of tree-ring width response 
to meteorological variables (1970–2020) of Pinus 

strobus.
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growth, yet the responses were contrasting (Figure 
4D). The temperature in the preceding August had 
a mostly unfavourable impact (Figure 4C), with an 
interval of irresponsiveness of 16–18 °C, implying 
some trade-offs between growth and formation of 

nutrient reserves. In contrast, low temperatures in 
current August (<16 °C) had a positive effect, which 
might be related to the initiation of cold hardening 
(Beck et al., 2004).

The estimated responses imply that the radial 
increment of Pinus strobus growing outside the 
native range is highly weather sensitive, suggesting 
that uncertainty of its growth would increase with 
anticipated climatic changes. This contradicts 
with extended ecological plasticity of the species, 
compared to native populations (Brier et al., 
2020), likely as narrowly specialized genotypes 
(provenance) have been studied. Nevertheless, the 
plasticity and genetic adaptation of the responses 
indicate the adaptability of the species to a broader 
climatic gradient, particularly if enhanced by 
breeding (Burns et al., 1990).
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