Article

Weather–Growth Responses Show Differing Adaptability of
Scots Pine Provenances in the South-Eastern Parts of Baltic
Sea Region
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Abstract: Local adaptation and plasticity of growth play important roles in the adaptability of trees to
changing conditions. Under accelerating climatic changes, the adaptive capacity of metapopulations
can be exceeded, implying a necessity for assisted gene flow to sustain the productivity of forests.
Such management is knowledge intensive, and information on the responsiveness of metapopulations (provenances) across the climatic gradient can aid more comprehensive projections of their
performance. The plasticity of growth responses to weather conditions of five provenances of Scots
pine with differing field performance across the climatic gradient of the south-eastern Baltic Sea
region was assessed using dendrochronological methods and generalized additive models. Weather
conditions related to water availability in summer, as well as during dormancy, were the main
regional drivers of an increment in the provenances. The provenances differed by the plasticity of
responses according to field performance, indicating adaptation in terms of growth sensitivity and
uneven adaptability. The weather–growth responses of the top-performing provenances to summer
weather were more plastic, providing advantages under a changing climate. Accordingly, regional
sensitivity and plasticity of growth responses could be used for the screening of genotypes best suited
for the projected climates. In addition, the estimated growth responses encourage supplementation
of the local breeding populations with the top-performing provenances originating from sites with
the projected climates.
Keywords: Pinus sylvestris; local adaptation; provenance trial; tree-ring width; nonlinear weather–
growth relationships; climatic gradient
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1. Introduction

published maps and institutional affil-

Substantial changes in forest composition are projected in Eastern and Northern Europe by the end of the 21st century [1,2] due to warming, the increasing heterogeneity of the
precipitation regime [3–5], and other weather extremes [2]. This highlights the necessity for
adaptive management to mitigate ecological and economic consequences [6–8]. Assisted
migration/gene flow in combination with breeding have been identified as highly effective
for the coupling of ecological demands of forest reproductive material with the projected
climates [7,9–12]. Such an approach requires comprehensive information on biotic and abiotic factors influencing tree growth [6–8,13]. The ongoing changes in tree growth in Eastern
and Northern Europe [1,2,14], though, are exemplifying differences in the adaptability of
genotypes [10,15,16].
To cope with a wide spectrum of environmental conditions [10,17–19], trees have
evolved considerable phenotypical plasticity [15,16,20,21]. Nevertheless, metapopulations
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of wide-distribution species adapt to local/regional conditions restricting plasticity to
optimize performance/survival [15,16,18,22–24]. For traits of survival/reproductive significance, genetic adaptation occurs, resulting in the heritability of phenotypes [16,20,22,25].
Furthermore, genetic adaptations can persist under intensive gene flow [15,20], which might
also cause natural adaptation to lag behind the accelerating environmental changes [10],
implying provenance–specific environmental optima and plasticity [11,20,24,26,27]. Accordingly, phenotypical plasticity and genetic adaptation indicate the adaptability of genotypes [15,16,21].
Provenance trials have been historically established to screen the performance of
genotypes under common conditions [17,24,28], and parallel traits are sufficient for the
evaluation of assisted gene transfer/migration [11,15,28,29]. Provenance trials are revisited
for assessment of the adaptability of metapopulations [17,24,28,30], screening performance,
and the sensitivity of genotypes under extended ecological gradient(s) [15,17,28,29]. Such
information is crucial for breeding programs [7,13], aiding the development of more
tolerant genotypes [10,28].
A retrospective analysis of increment is efficient for the assessment of the sensitivity of genotypes to weather fluctuations [11,19,31,32] and their conformity with climates [18,25,33]. Under shifting environments, such an approach appears more informative than a comparison of allometric variables, which represent cumulative responses to
past conditions [7,28,31]. Tree-ring width (TRW) and its derivatives (e.g., relative additional increment, etc.) are widely used for such an analysis due to their convenience of
sampling and measurements [19,26,32,34]. Accordingly, sensitivity of growth (TRW) has
been related to the productivity of genotypes [19,27,31,35,36], although xylogenesis is a
continuous process [37,38], and TRW represents the effects of conditions during and prior
to growth [26,34].
Ecological responses across environmental gradients are usually bell-shaped [39,40].
Close-to-linear responses can be observed under a limited part of a gradient [26,41–43],
often implying their biasness [39]. Trees experience a wide spectrum of environmental
(e.g., meteorological) conditions, which can have disproportional effects [26,40,42,44].
Accordingly, assessments of nonlinear responses across spatiotemporal climatic gradient(s)
are essential for growth projections under a shifting climate [18,23,34,42]. This allows
screening of the main regional climatic drivers of growth [14,18,23], which, though, might
be moderated by local adaptation(s) [15,16,25,26].
Scots pine (Pinus sylvestris L.) is a stress-tolerant [45], wide-distributed and economically important species [46]; hence, efforts are made to improve its sustainability [11,47].
The species is genetically diverse [48], yet its populations show varying degrees of local
adaptation [16,24,34,49]. Scots pine is ecologically plastic [46] and can be considered more
resilient to climatic changes than other temperate conifers [1,3]. However, it is also sensitive
to water shortages [3,26,34,50], and its abundance is projected to decrease in the eastern
Baltic region [1,2] due to increasing water stress [3–5] and competition [21,51]. Regional
(eastern Baltic) responses of Scots pine to water-deficit-related conditions are nonlinear [26],
implying disproportional effects of climatic changes [43]. Nevertheless, there is high potential for assisted gene flow to anticipate the shifts in climatic gradient [10–12,15,29] and
improve the tolerance of trees [8,9,52]. Genetic adaptations in terms of weather–growth sensitivity has been suggested for the south-eastern Baltic metapopulations [27,35], supporting
the potential for breeding for climatic tolerance [25,47,53].
The aim of the study was to assess the plasticity of responses of provenances of
Scots pine originating from the south-eastern Baltic Sea region differing by productivity
to weather fluctuations under the regional climatic gradient. Provenances with differing
productivity were selected to screen relationships between their climatic sensitivity and
field performance. We hypothesized growth responses to be nonlinear and their shape
to differ by field performance of the provenances. We also assumed more productive
provenances to have responses with wider optimum intervals, hence, to be more tolerant
to weather fluctuations, suggesting higher sustainability under a shifting climate.
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The climate at the trials can be characterized as temperate moist continental (Dfb; [57]),
yet with explicit coastal features, as preconditioned by the dominating westerlies and
proximity of the Baltic and North Seas. The trials differed by continentality due to varying
distance from sea. During the period 1988–2017, January and July were the coldest and
the warmest months, respectively (Table 1; Supplementary Material, Figure S1). In the
trials in Latvia, the mean annual temperature ranged 6.4–7.5 ◦ C, decreasing with growing
distance from the sea; mean summer (May–September) temperature was higher in ZV trial.
The annual precipitation sum was higher in the coastal (LI) compared to ZV and KA trials.
Summer precipitation, which comprised approximately half of the annual, was similar
among the trials.
In northern Germany, the mean annual temperature was higher, yet the difference
among the trials was smaller compared to Latvia (Figure S1, Table 1). The annual precipitations sums were approximately 20% lower compared to trials in Latvia; the highest
monthly precipitation occurred in the summer months. The vegetation period, when the
mean diurnal temperature > 5 ◦ C, was approximately 3–4 weeks longer compared to Latvia.
The climatic changes are expressed as warming during the dormancy period, extension
of vegetation period (by approximately 10 days during the past 50 years), and increasing
heterogeneity of summer precipitation regime [56,58]. In Germany, a negative trend for
summer precipitation has been estimated [56].
The trials were established by planting one-year-old bare-rooted seedlings raised in
local nurseries on forest land. The studied trails contained common set of provenances. In
trials in Latvia, provenances were represented by six to eight randomly distributed blocks
of 5 × 7 trees planted with 1 × 2 m spacing (5000 trees ha−1 ). At the age of 21 years, the
trials were systematically thinned (from bottom) removing two thirds of the trees, resulting
in stand density of ca. 1800 trees ha−1 [55]. In each trial in Germany, provenances were
represented by four randomly distributed blocks of 100 (5 × 20) trees planted with the
initial spacing of 0.5 × 2 m (10,000 trees ha−1 ). The WS trial has undergone three thinnings
(last in the winter of 2013/2014), reducing stand density to ca. 1400 trees ha−1 . The NL
trial was thinned once directly prior to sampling, reducing stand density from ca. 4200 to
ca. 1300 trees ha−1 .
To assess effect of local (genetic) adaptation on plasticity of metapopulations
of Scots pine in terms of growth responses to regional weather drivers and productivity [14,15,20,26,27,35], five provenances were selected based on their field performance (two top-, two low-performing provenances, and one with intermediate performance). The selection was based on field performance of provenances (according to
tree height and survival) in trials in Latvia according to an inventory conducted in 2016.
Metapopulations Güstrow (GUS) and Rytel (RYT), which originated from lowland
sites (Figure 1) with warmer and drier climate compared to trials in Latvia (Table 2;
Supplementary Material, Figures S1 and S2), were selected for representation of the
top-performing provenances (Supplementary Material, Table S1). Metapopulations
Eibenstock (EBN) and Dippoldiswalde (DIP), which originated from the Orr mountains
(Table 2) where mean annual temperature was similar but precipitation higher compared to Latvia (Table 1; Supplementary Material, Figures S1 and S2), were selected as
the low-performing provenances (Supplementary Material, Table S1). Such selection
represents provenances subjected to decreasing ecological transfer differences [7,11,12]
in the Baltics (Latvia). To assess adaptability of native metapopulations [52,59] (from
Latvia’s perspective), Kalsnava (KAL) provenance representing lowland conditions
in Latvia (Table 2), which showed intermediate field performance (Supplementary
Material, Table S1) but superior stem quality [55], was selected. The performance of
the provenances was consistent across the trials in Latvia [55], although coastal LI trial
was more productive (Supplementary Material, Table S1). The selected provenances
showed comparable rankings also in the trials in Germany [52,54].
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Table 2. Location (in decimal degrees) and general climatic description (mean temperature and precipitation sums for
the period 1946–1975) of the origin of the studied provenances (from southern Poland, Northern Germany, and Latvia) of
Scots pine.

Latitude, ◦ N
Longitude, ◦ E
Elevation, m a.s.l.
Annual temperature, ◦ C
Temperature May–September, ◦ C
Temperature Jan, ◦ C
Temperature Jul, ◦ C
Annual precipitation, mm
Precipitation May–September, mm

Dippoldiswalde
(DIP)

Eibenstock
(EBN)

Kalsnava
(KAL)

Güstrow
(GUS)

Rytel
(RYT)

50.82
13.87
590
6.6
13.1
−2.5
15.3
809
405

50.45
12.43
710
6.0
12.5
−3.1
14.8
993
501

56.7
25.9
190
6.3
14.6
−4.3
18.0
650
340

53.75
12.25
25
8
14.8
−0.9
16.8
586
303

53.67
18.02
130
7.9
15
−1.4
17.2
597
301

In each trial, 9–16 trees per provenance were sampled (Supplementary Material,
Table S2). One to three visually healthy non-leaning (to avoid reaction wood) dominant
trees per block were cored at the breast height using a 5 mm increment corer. Two increment cores from randomly oriented opposite sides of stem were extracted. Samples were
collected in the autumn of 2017 (Latvia) and spring of 2021 (Germany). In a laboratory,
cores were fixed on wooden mounts, and their surface was levelled using the WSL core
microtome [60]. A LINTAB6 measurement table (RinnTech, Heidelberg, Germany) was
used to manually measure TRW. All measurements were carried out by the same person;
the accuracy of measurements was 0.01 mm.
2.2. Data Analysis
The quality of TRW measurements was ensured by graphical and statistical crossdating [61]. The high-frequency variation of TRW datasets was described by the mean
interseries correlation (r-bar), first order autocorrelation (AC1), mean sensitivity (SENS),
signal-to-noise ratio (SNR), and the expressed population signal (EPS; [62]). These metrics
were calculated based on detrended (by a cubic spline with the wavelength of 25 years
and 50% cut-off frequency) time series of trees. To assess local weather–growth relationships, a residual chronology of TRW was developed for each provenance within each
trial. The time series of trees were double detrended by the modified negative exponential
curve and by a flexible cubic spline with the wavelength of 25 years and 50% cut-off
frequency, prewhitened by the first order autoregressive model (0 ar10 ), and averaged by
the biweight robust mean [63,64]. Such detrending was performed to minimize effects of
local conditions.
Considering that each trial represents limited part of the regional climatic gradient [18,23,26,39], bootstrapped Pearson correlation analysis (nonparametric percentile interval bootstrapping with 1000 iterations; [65]) was used to assess local linear relationships
between the residual chronologies and meteorological variables during the common period
of 1985–2017. Such common period was selected to reduce noise associated with juvenile
wood and to ensure sufficient replication of measurements (sample depth). Mean monthly
temperature, precipitation sums, and standardized precipitation-evapotranspiration indices calculated with the respect to preceding three months (SPEI; [66]), arranged into the
time windows from June of the year preceding growth (previous June) to October in the
year of tree-ring formation, were used as the meteorological variables. Gridded climatic
data (CRU TS) were obtained [67].
Generalized additive mixed models [68] were used to assess plasticity of growth
responses of the provenances across the regional (south-eastern Baltic) spatiotemporal
climatic gradient represented by the trials (Table 1, Figure S1). Such models are proven
efficient for the analysis of spatiotemporally heterogeneric ecological data representing
environmental gradient(s) [18,26,41,42]. A model was constructed for each provenance
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for the common period. The models were based on the detrended and prewhitened TRW
time series of individual trees, as produced for calculation of the residual chronologies
(before averaging). For cross-verification (ensuring absence of overfit) of the refined models,
ca. 10% of trees per provenance/trial were randomly excluded from calibration. The index
values of the detrended series, which represent the annual relative additional increment,
were used as the response variable.
Arbitrary combinations of weather variables (based on correlation analyses and presuming conformity with the biological realism) were tested as predictors; model selection
was based on the Akaike Information Criterion. The predictors were tested as a complex,
i.e., commonly for the studied provenances. Collinear predictors were omitted according to
the variance inflation factor. To account for the influence of local conditions and temporal
dependencies of responses, year and tree nested within repetition and trial were used
as the random effects [69,70], and general first order autocorrelation term was included.
The models were fit using the restricted maximum likelihood approach. Smoothening
parameters were estimated by the generalized cross-validation procedure, which avoids
overfit. Regression spline with shrinkage was used to smooth the results. Due to limited
regional climatic gradient, the basis dimension for smoothing splines was restricted to three,
implying responses with up to two inflection points to avoid overfit. Model residuals were
checked for normality and homogeneity by diagnostic plots. Data analysis was conducted
in R v. 4.1.1 [71] using libraries “dplR” [64], “car” [72], and “mgcv” [68].
3. Results
3.1. Local Linear Weather–Growth Relationships
Most of the measured time series of TRW (9–16 trees per provenance per trial; ≥86%
of the measured) showed good agreement, were successfully crossdated, and ensured
sufficient replication during the common period (Supplementary Material, Figure S3).
Wider TRW was measured in the coastal LI trial compared to others, implying generally
comparable productivity. The studied datasets (provenances/trial) contained a common
environmental signal, as EPS exceeded 0.85 (cf. [62]; Table 3). The strength of the common
environmental forcing of the increment did not show explicit geographic tendencies; the
mean r-bar ranged from 0.35 to 0.49 in NL and WS trials, while SNR ranged from ca. 8.55 to
16.21 in LI and WS trials, respectively. Nevertheless, AC1 and GINI were higher in trials in
Latvia compared to Germany (ca. 0.77 vs. 0.51 and ca. 0.26 vs. 0.22, respectively) and SENS
showed the opposite. Across the studied trials, the provenances showed comparable r-bar
and AC1 (ca. 0.40 and 0.67, respectively; Table 3). Nevertheless, the low-performing DIP
and EBN provenances appeared more sensitive to environmental fluctuations, showing
higher GINI and SENS, though lower SNR.
Table 3. Statistics of the crossdated datasets of tree-ring width time series of the studied south-eastern Baltic provenances
of Scots pine (from southern Poland, Northern Germany, and Latvia) by the trials for the period 1985–2017. N—number
of crossdated trees, TRW—mean tree-ring width (±standard deviation), r-bar—mean interseries correlation, GINI—Gini
coefficients, AC1—first order autocorrelation, SENS –mean sensitivity, SNR—signal-to-noise ratio, and EPS—expressed
population signal.
Trial
LI
LI
LI
LI
LI
ZV
ZV
ZV
ZV
ZV
KA

Provenance
DIP
EBN
GUS
KAL
RYT
DIP
EBN
GUS
KAL
RYT
DIP

N

TRW

r-bar

GINI

AC1

SENS

SNR

EPS

12
11
11
12
12
9
9
10
10
10
10

2.58 ± 1.57
2.87 ± 1.32
3.30 ± 1.62
3.07 ± 1.45
3.38 ± 1.74
2.00 ± 1.06
2.11 ± 1.19
2.45 ± 1.11
2.25 ± 1.01
2.86 ± 1.25
2.02 ± 0.94

0.44
0.36
0.36
0.33
0.37
0.43
0.41
0.41
0.41
0.38
0.34

0.34
0.25
0.27
0.25
0.27
0.30
0.31
0.24
0.25
0.23
0.27

0.79
0.80
0.78
0.78
0.82
0.77
0.79
0.80
0.77
0.68
0.77

0.24
0.20
0.19
0.19
0.19
0.23
0.23
0.19
0.21
0.22
0.23

11.36
7.69
7.65
7.28
8.78
9.04
8.39
8.58
9.14
7.84
6.76

0.92
0.88
0.88
0.88
0.90
0.90
0.89
0.90
0.90
0.89
0.87
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Table 3. Cont.
Trial
KA
KA
KA
KA
NL
NL
NL
NL
NL
WS
WS
WS
WS
WS

Provenance
EBN
GUS
KAL
RYT
DIP
EBN
GUS
KAL
RYT
DIP
EBN
GUS
KAL
RYT

N

TRW

r-bar

GINI

AC1

SENS

SNR

EPS

13
12
14
12
12
13
13
13
15
13
12
15
12
16

2.02 ± 1.02
2.37 ± 0.97
2.36 ± 0.90
2.77 ± 1.00
2.21 ± 0.98
2.09 ± 0.84
2.33 ± 0.89
2.07 ± 0.74
2.55 ± 0.75
2.18 ± 1.22
2.22 ± 1.10
2.35 ± 1.04
2.27 ± 1.04
2.36 ± 0.91

0.39
0.42
0.37
0.44
0.30
0.35
0.37
0.37
0.37
0.46
0.44
0.55
0.53
0.48

0.28
0.23
0.22
0.20
0.23
0.21
0.20
0.19
0.16
0.27
0.25
0.22
0.24
0.20

0.78
0.74
0.70
0.75
0.58
0.60
0.59
0.46
0.45
0.52
0.48
0.52
0.49
0.45

0.24
0.22
0.21
0.19
0.26
0.24
0.25
0.27
0.23
0.30
0.31
0.27
0.30
0.26

10.26
10.88
9.87
11.50
6.19
8.48
9.24
9.55
10.60
13.43
11.53
21.88
16.76
17.45

0.91
0.92
0.91
0.92
0.86
0.90
0.90
0.90
0.91
0.93
0.92
0.96
0.94
0.95

The developed chronologies (Figure 2) showed regional and local specifics and the
similarity in growth patterns decreased with distance. Nevertheless, within each trial,
provenance-specific variations, particularly differences in index values (rather than synchrony of chronologies), indicated differing sensitivity to the principal drivers of growth.
A higher correlation among the chronologies was observed within compared with between
the trials (0.71 ≤ r ≤ 0.86 vs. 0.16 ≤ r ≤ 0.23, respectively). The chronologies correlated significantly with 27 (eight common) of the 54 meteorological variables tested; meteorological
variables significant in Latvia and Germany were generally comparable (Figure 3). These
variables were related to the thermal and moisture regime in late summer and the dormant
period preceding the growth, as well as in the current vegetation period. The strength of
the correlations was generally similar, ranging from −0.52 to 0.60 and from −0.44 to 0.60
(absolute means of 0.35 and 0.36) in trials in Latvia and Germany, respectively, indicating
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Figure 2. Residual chronologies of tree-ring width of the studied provenances of Scots pine according to trial. The mean interseries correlation between the chronologies by trial are indicated in the
panels (mean r).

Figure 3. Bootstrapped Pearson correlation coefficients between the time series of annual relative
radial additional increment (represented by the residual chronologies) of the studied south-eastern
Baltic provenance of Scots pine and local (by trial) meteorological variables: mean monthly temperature (Temp.), precipitation (Prec.), and standardized precipitation-evapotranspiration index (SPEI) for
the period 1985–2017. Only the variables showing significant correlations with increment (at α = 0.05)
are shown; the significant correlations are highlighted by asterisks. The results are summarized by
country for clarity. Prev. indicates conditions in the year preceding formation of tree-ring.

Among the meteorological variables showing common correlations with chronologies
in Latvia and Germany, July precipitation and temperature in the previous June showed
positive effects, while temperature in July and SPEI in the previous July, August, and
December showed negative effects (Figure 3). The correlations with temperature in the
previous September were contrasting. Correlations with temperature during the dormancy
period (December and March) and precipitation in the previous vegetation period (August–
October), as well as SPEI in May were specific to trials in Latvia. In Germany, provenances
showed correlations with precipitation in March and May, June–September’s SPEI, and
temperatures in June and the previous August.
The strength of correlations with most of the significant meteorological variables
differed by provenance, indicating local adaptations (Figure 3). In the trials in Latvia, the
differences among the provenances were related to temperatures in the December and
March, to which the top-performing provenances were more sensitive, particularly in LI
and KA trials. The low-performing provenances (DIP and EBN), as well as RYT, appeared
less sensitive to summer precipitation both in the current and preceding years. Correlation
with SPEI in May was significant for DIP, RYT, and GUS under coastal conditions (LI trial).
Stronger (and significant) correlations with SPEI in the previous November and December
were observed for EBN, KAL, and RYT.
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Under the drier and warmer climate in trials in Germany (Table 1), July precipitation
and SPEI showed the strongest correlations with TRW, particularly for the low-performing
provenances (Figure 3). The top-performing provenances showed non-significant correlations with precipitation in March and May but were sensitive to SPEI in the previous
December (in NL trial). In turn, the low-performing provenances, specifically, showed
correlations with SPEI in the previous July and August. Correlations with temperature
in July and the previous August differed among the provenances, irrespective of their
productivity (significant for DIP, EBN, and RYT). In turn, DIP and GUS showed weaker
correlations with September’s temperature and SPEI.
3.2. Regional Nonlinear Responses
The plasticity of responses to the main regional weather drivers of relative radial
additional increments in the studied provenances were estimated by the generalized mixed
additive models. The responses estimated across the regional spatiotemporal gradient
(timespan of 33 years and length of the geographic gradient of 900 km; Figure 1) indicated
climate-dependent sensitivity of TRW to weather conditions (Figure 4). The refined models
were strictly significant (p-value < 0.001) and indicated a complex of nine meteorological
variables as the main regional drivers of radial increment (Table 4). In most cases, the
meteorological variables included in the refined models were significant (p-value < 0.01);
however, their effects differed by provenances considerably (1.69 ≤ F-value ≤ 38.78),
Forests 2021, 12, x FOR PEER REVIEW indicating specific sensitivity. The estimated effective degree of freedom10
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Table 4. The effective degrees of freedom, strength (F-values shown in brackets) and significance of the fixed effects (meteorological variables), variances of random effects, and overall statistics of models of weather–growth relationships for
the studied south-eastern Baltic provenance of Scots pine. The presented meteorological variables are monthly mean temperature (Temp.), precipitation (Prec.), and standardized precipitation-evapotranspiration index (SPEI) for the year of treering formation as well as previous (prev.) year for the period 1985–2017. Significance codes, p-values: * < 0.05, ** < 0.01, ***
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Table 4. The effective degrees of freedom, strength (F-values shown in brackets) and significance of the fixed effects
(meteorological variables), variances of random effects, and overall statistics of models of weather–growth relationships
for the studied south-eastern Baltic provenance of Scots pine. The presented meteorological variables are monthly mean
temperature (Temp.), precipitation (Prec.), and standardized precipitation-evapotranspiration index (SPEI) for the year of
tree-ring formation as well as previous (prev.) year for the period 1985–2017. Significance codes, p-values: * < 0.05, ** < 0.01,
*** < 0.001. For provenance codes see Table 2.
DIP

EBN

KAL

RYT

GUS

Fixed effects, effective degree of freedom and F-value
Temp. prev. June
1.00 (30.6) ***
1.00 (31.2) ***
Temp. March
1.57 (3.1)
1.00 (5.06) *
Temp. May
1.89 (9.29) **
1.94 (14.28) ***
Temp. July
1.35 (10.02) ***
1.91 (8.34) ***
Prec. prev. August
1.27 (20.56) ***
1.63 (8.45) **
Prec. prev. December
1.92 (7.34) **
1.11 (1.32)
SPEI. May
1.90 (12.64) ***
1.28 (9.36) **
SPEI. June
1.69 (1.69)
1.87 (3.38)
SPEI. July
1.51 (8.09) *
1.00 (13.5) ***

1.76 (10.46) ***
1.00 (3.57)
1.94 (17.44) ***
1.62 (5.30) **
1.00 (10.41) **
1.85 (9.49) **
1.00 (15.16) ***
1.92 (6.99) **
1.00 (10.39) **

1.78 (7.5) ***
1.47 (4.78) *
1.93 (11.23) ***
1.89 (10.03) **
1.80 (13.59) ***
1.62 (6.37) *
1.66 (38.78) ***
1.93 (12.99) ***
1.00 (31.23) ***

1.00 (10.45) **
1.00 (7.28) **
1.96 (20.94) ***
1.96 (16.08) ***
1.00 (18.89) ***
1.89 (8.02) **
1.00 (29.02) ***
1.94 (19.08) ***
1.66 (21.33) ***

Random effects, variance
Year
Trial
Replication
Tree
Residual

2.03 × 10−3
7.94 × 10−3
1.00 × 10−6
3.39 × 10−2
3.60 × 10−5

1.00 × 10−6
1.02 × 10−2
1.00 × 10−6
2.92 × 10−2
1.21 × 10−4

3.24 × 10−4
8.× 10 × 10−3
1.00 × 10−6
3.88 × 10−2
2.50 × 10−5

1.21 × 10−4
7.06 × 10−3
1.00 × 10−6
2.13 × 10−2
4.90 × 10−5

6.25 × 10−4
7.92 × 10−3
1.00 × 10−6
2.31 × 10−2
4.00 × 10−6

Model performance
Adjusted R2
RMSE
RMSE (verification)

0.28
0.21
0.19

0.24
0.19
0.18

0.21
0.21
0.18

0.28
0.17
0.17

0.30
0.18
0.18

Among the random effects, tree and trial were estimated with the most random variance (Table 4), indicating individual and local growth specifics. The variance of repetition
was low, implying homogeneous growing conditions within a trial. Variance related to the
year of tree-ring formation indicated slightly higher temporal instability of responses for
DIP and GUS. The adjusted marginal R2 values of the models were intermediate (cf. [18])
ranging from 0.21 to 0.30 for KAL and GUS, respectively, and indicated the lack of overfit;
while conditional R2 exceeded 0.85. The cross-validation of the models based on data
excluded from calibration confirmed the lack of overfit, showing comparable errors.
The estimated regional drivers of radial increment (Table 4) were similar to meteorological variables identified by the local weather–growth relationships (Figure 3). Regarding
the top-performing provenance (RYT and GUS), the strongest effects (highest F-values)
were estimated for SPEI in May and July (Table 4). Temperature and SPEI in May had
the strongest effect on KAL. The low-performing provenances were most affected by temperature in the previous June, as well as precipitation in the previous August (DIP), and
May’s temperature (EBN). The majority of the response curves were nonlinear (quadratic;
Figure 4), confirming the dependence of weather–growth relationships on the intensity
of variables.
The studied provenances differed by plasticity of weather–growth responses, as
shown by the flatness of response curves (Figure 4). The most explicit differences among
the provenances were observed for responses to variables determining the moisture regime,
particularly temperature in July and the previous June, as well as SPEI in May, June,
and July. The response curves to July’s temperature (Figure 4D) showed a clear negative
effect, particularly on the low-performing DIP across the gradient. For other provenances,
particularly GUS, the negative effect was caused by July’s temperature exceeding ca. 19 ◦ C.
All but DIP showed a generally positive response to May’s SPEI across its gradient, though
a flatter curve (at SPEI > 0.5) was estimated for EBN and RYT (Figure 4G); DIP showed an
optimum (−0.5 < SPEI < 2.0), which gained a positive increment.
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The responses to June’s SPEI differed according to the productivity of provenances
(Figure 4H). The top-performing RYT and GUS were irresponsive to SPEI < 0 while producing a positive additional increment; however, excessive moisture (SPEI > 0.5) resulted in a
negative additional increment. The response of KAL indicated a short interval of optimum
with no negative additional increment; the low-performing provenances were irresponsive (Table 4). The responses to July’s SPEI highlighted differences in the provenances’
sensitivity to water shortage (SPEI < −0.5; Figure 4I). The sensitivity to July’s SPEI was
proportional to field performance with more productive provenances being more sensitive,
thus contrasting with the hypothesis.
The low-performing provenances were particularly sensitive to legacy effects of
temperature in the previous June, showing steep linear responses across the gradient
(Figure 4A). The responses of the top-performing provenances were flatter, but intensified
when temperature exceeded ca. 16 ◦ C, particularly for KAL. The responses to precipitation
in the previous December showed a generally negative tendency when monthly precipitation ranged from 10 to 60 mm/month (Figure 4F); DIP showed a local minimum at
ca. 50–90 mm/month, while EBN was irresponsive (Table 4). Although the response curves
to March’s temperature were practically identical (Figure 4B), the effect was not significant
for DIP and KAL (Table 4), implying differing sensitivity. Precipitation in the previous
August (particularly its abundance) had a positive effect on the additional increment,
especially for DIP (Figure 4E). The studied provenances were similarly sensitive to May’s
temperature with responses indicating an optimum of ca. 11–14 ◦ C, although warmer
temperatures reduced growth (Figure 4C).
4. Discussion
4.1. Plasticity of Growth Responses
The geographic differences in correlations (Figure 3) and the regional response curves
of the studied provenances (Figure 4) highlighted the plasticity of weather–growth responses [18,41,42], as observed for native populations within the region [14,26]. Such
responses imply a modulating effect of climate on growth sensitivity [23,34,73,74], projecting disproportional effects of climatic changes [40,42,44]. This subjects trees to novel
conditions [10,23,74] amplifying the effects of local adaptation [15,25,73] and challenging
the adaptability of metapopulations. The nonlinearity of growth responses also relate to spatiotemporal non-stationarity of the local linear weather–growth relationships [39,41,75], as
local climates shift along the regional gradient [26,40,44,56]. Hence, the estimated response
curves (Figure 4) indicate the presence of stationary, yet nonlinear regional weather–growth
relationships [26,39], revealing varying adaptability of metapopulations [11,24,27,52,59].
Accordingly, the assessment of weather–growth relationships at a regional scale aids more
reliable growth projections [14,18,23,32,39].
The differences in growth sensitivity (Figures 3 and 4) suggest genetic adaptation of
metapopulations to local climates, indicating uneven phenotypic plasticity [11,17,24,27,35]
and adaptability to environmental changes [20,30]. The genetic adaptation of traits crucial
for survival and reproduction can persist under high gene flow [15,20], supporting the
evolutionary relevance of weather–growth relationships [19,32,51]. Accordingly, Scots pine
provenances are shown to differ by their tolerance to meteorological conditions and their
extremes [11,24,27,35,44]. This suggests the potential for improvements via targeted supplementation of breeding populations [25,47,52,53]. The estimated local adaptation might
also be linked to the relatively high genetic diversity of populations of Scots pine [48,49].
However, the regional within-population genetic diversity [48], has likely resulted in the
individuality of growth (indicated by the prevailing random variance of trees; Table 4).
The genotype–environment (provenance-by-trial) interaction was characterized by the
second highest variance component related to the trial (Table 4), indicating the adaptability
of genotypes [13,25] and explaining local specifics of weather–growth responses [20,31].
Such effects might also be related to specific interactions of meteorological, as well as
edaphic conditions [27,76]. Accordingly, genotype–environment interactions can moderate
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the effects of meteorological conditions [18,23], explaining the intermediate performance
of models (Table 4). The year of tree-ring formation was, though, estimated with low
variance (Table 4), implying temporally stationary weather–growth relationships [39,42].
Still, a somewhat higher variance of year indicated a higher complexity of weather–growth
relationships [69] for the low-performing DIP (Table 4), suggesting a stronger influence of
micro-site conditions [18,23]. Considering the south-eastern Baltic (southern Poland and
Northern Germany) origin for most of the provenances’ (Figure 1; Table 2) higher diversity
of weather–growth correlations (Figure 3), this might imply the “marginality” of conditions
for the north-transferred genotypes in Latvia.
The regional weather–growth responses generally differed according to the field performance of the provenances (Figure 4), supporting the linkage between sensitivity and
productivity [11,19,27,31,35,44,52]. Although the differences in responses among provenances were mostly small (Figure 4), they can result in substantial ecological effects in
the long-term [43,51,77,78]. In contrast to the hypothesis, the top-performing provenances
were more sensitive to some of the regional weather drivers of growth (Figure 4). This
suggests the ability to rapidly adjust growth-tolerance trade-offs to be highly advantageous under a rapidly changing climate [35,77,79,80], facilitating resilience to ascending
stresses [52,59,81,82]. On the other hand, an increased allocation of resources to stress
tolerance reduces growth [77,80] and competitiveness [21,51], supporting the projected
northward retreat of conifers in the eastern Baltic region [1].
4.2. Regional Weather Drivers of Radial Growth
Meteorological conditions affecting increments in the studied provenances (Table 4,
Figure 4) and native populations within the region [14,26] were similar. However, the
provenances differed by the timing of their responsiveness (Figures 3 and 4) due to local
adaptation [11,15,17,20,21,29,38]. The provenances were prevailingly sensitive to the summer moisture regime (Figures 3 and 4), supporting the intensification of drought effects on
nemoral and hemiboreal forests [4,5,14,34,73]. This raises the management of the moisture
regime as an issue for adaptive, climate-smart management within the region [4,8,69]. The
identified regional weather drivers, though, had a weaker effect on KAL (lower R2 ; Table 4),
probably due to the differing climatype [14,49].
The estimated weather–growth responses (Figures 3 and 4) indicated direct and legacy
effects of meteorological conditions [26,34,37], highlighting the complex climatic influence
on the control of increments [14,26,34]. The responses to temperature in May and July,
as well as May–July’s SPEI (Figure 4C,D,G–I) indicated the direct effect of thermal and
moisture conditions on xylogenesis [37,38,83,84]. The generally positive responses to May
and July’s SPEI (Figure 4G,I) portrayed the limiting effect of water shortage [3–5,38,84],
to which the top-performing provenances were more sensitive, likely due to the higher
plasticity of xylogenesis [27,52] and lower wood density [24,33,35].
Under a temperate climate, June is the time when most of the earlywood is formed [38]
based on current assimilates [83,85,86]. Accordingly, decreased assimilation under rainy
conditions might explain the negative responses to June’s SPEI > 0.5 (Figure 4H), although
the low-performing provenances (DIP and EBN) were less sensitive to June and July’s SPEI
(Table 4, Figure 4H,I), likely due to their higher wood density [24,33,35,38] and/or more
conservative survival strategy common for slower growing genotypes [24,77,79,80,83]. The
responses to May’s SPEI were steeper under drought conditions (SPEI < 0.0; [66]), indicating
the sensitivity of xylogenesis to early drought [38,79,85,87]. Still, the DIP responded
negatively to May’s SPEI > 1.0, probably due to decreased assimilation on rainy days [88].
The responses to summer temperature shaped an arc (Figure 4C,D), suggesting
a trade-off between the rate of assimilation and water deficiency [75,84]. These arcs,
however, were asymmetric, implying the disproportional negative effects of increasing temperature [40–42]. The responses to July’s temperature differed by provenance
(Figure 4D), indicating varying temperature preferences [10,37,52,59]. The low-performing
DIP, which originated from a higher elevation (Table 2), appeared particularly sensitive;
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the top-performing RYT showed a flatter response, suggesting better adaptation to heat
stress [4,36]. The studied provenances showed similar responses to May’s temperature
(Figure 4C), implying the common limitation of early growth [38,84].
Conditions during the dormancy period and previous summer showed significant
legacy effects (Table 4, Figures 3 and 4B,E), as observed for native populations [14,26]. The
positive responses to temperature in the previous June (Figure 4A) might be explained by
the formation of additional nutrient reserves [89] under warmer and drier conditions [88],
which facilitate growth in the following season [69,86,89]. Such an effect was stronger for
the low-performing provenances (Table 4), implying a greater dependence on nutrient
reserves due to their more conservative growth strategy [9,11,24,79]. The top-performing
provenances were less sensitive (showed flatter slopes) to conditions in the previous June
(Figure 4A,H), likely due to their higher plasticity of growth [27,35,77].
Conditions at the end of the growing season, when terminal buds are formed, affect the ratio between vegetative and generative growth initials [90]; hence, the growth–
reproduction trade-offs [91]. Considering sensitivity to water shortage (Figures 3 and 4),
the positive responses to precipitation in the previous August (Figure 4E) might be related
to formation of the vegetative initials and, hence, facilitated growth [91]. This effect was
stronger for the low-performing DIP, probably due to their more conservative growth
strategy [24,35]. Considering their origin from a higher elevation with a harsher climate
(Table 2), the low-performing provenances were less sensitive to conditions during the
dormancy period (Table 4). The positive effect of March’s temperature (Figure 4; Table 4)
might be explained by soil freeze and its impact on root dynamics and water relations
in the following growing season [92], to which fast-growing provenances are more sensitive [24,33]. The negative responses to December’s precipitation (Table 4, Figure 4F),
might be explained by soil moisture excess, which could have negative legacy effects
on xylogenesis [35,93] or on fine root dynamics, hence, water relations in the following
spring [92].
Under accelerating climate change and intensifying droughts [4,5], the observed
responses of the provenances to regional weather drivers (Table 4, Figure 4) support
the genetic adaptation of metapopulations to local climates [15,17,29]. This implies the
possibility of improving the ecological plasticity of forest reproductive material in terms
of growth sensitivity by targeted supplementation of breeding populations [7,25,47] to
improve the climatic tolerance of northern genotypes [3] with the application of a semiconservative management strategy.
5. Conclusions
The studied south-eastern Baltic provenances of Scots pine differed by their plasticity
of responses to regional weather drivers of increment, implying the specific sensitivity of
growth. The observed responses indicate the uneven adaptive significance of sensitivity to
metrological conditions throughout the year, with the conditions related to water availability during the formation of the tree-ring playing the main role under a temperate climate,
although, the top-performing provenances showed higher sensitivity to these conditions,
implying the advantages of more plastic growth regulation under a rapidly changing
climate. Accordingly, the sensitivity and plasticity of increment can be a valuable trait facilitating the selection and breeding of trees better adapted to the future climates. Moreover,
the obtained results encourage supplementation of the local breeding populations with the
top-performing provenances originating from regions with projected climatic conditions.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12121641/s1, Figure S1: Mean monthly temperature (line) and precipitation sums (bars) at
the studied trials during 1997–2017; Figure S2: Mean monthly temperature (lines) and precipitation
sums (bars) at the origin of the studied provenances during 1931–1960; Figure S3: Sample depth
(replication) of the crossdated datasets of tree-ring width of the studied provenance of Scots pine
according to trial; Table S1: Number of surviving trees, overall survival, mean tree height (H), stem
diameter at breast height (DBH), standing volume (M), and ranking (according to tree height) of the
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studied provenances of Scots pine in three trials in hemiboreal zone in Latvia; Table S2: Number of
Scots pine trees cored according to provenances and trials.
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