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Abstract: Information about climate—growth relationships is crucial for predicting the potential
climatic impact on tree species, especially those growing on the edges of their distribution range,
for instance, in high-elevation forests. This study aimed to determine changes in the relationships
between tree-ring widths and daily climatic data in high-elevation forests in the Western Carpathians
over time. Climate—growth relationships were calculated to obtain the TRWI (tree-ring-width index)
chronology (based on 104 trees) and day-wise aggregated data for temperature (mean, minimum,
and maximum) and sums of precipitation. The radial growth of stone pine was mostly determined
by the mean temperature in the period between mid-June (21st) and the beginning of July (4th) for
the critical 14-day window width (r = 0.44). The negative influence of precipitation on the radial
growth occurred in summer (r = —0.35) and overlapped with the period of the positive influence of
temperature. Dendroclimatic studies based on daily data may define the exact periods (expressed in
calendar days) that influence the radial growth of trees much better than the commonly used monthly
means. This is particularly important in analysing the growth of trees at high elevations, where the
climatic factor strongly limits radial growth.
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1. Introduction

Climate change is a phenomenon observed worldwide in recent times. It is related to
increases in annual temperature and the distribution of precipitation [1-3]. Although we
are still far from the Holocene climatic optimum, recent models predict further progress
towards higher temperature and lower precipitation [4-6].

Thus, it is predicted that the distribution range of tree species will be changing parallel
to climate change. The possible delays in tree responses will be minor or the range changes
will be unable to keep up with climate change; therefore, the adaptation of species in
accordance with environmental conditions will significantly worsen [7-11]. The frequency
and intensity of extreme climatically induced events are also expected to change [4,12,13].
Climate change is widespread, affecting forests within a variety of geographical regions
where warmth (e.g., in mountain or boreal ranges) or water availability (e.g., in arid and
Mediterranean areas) are limiting environmental factors [13]. Trees on the edge of their
distribution range are subjected to environmental stress, and their growth response to
climate can reveal ecological thresholds beyond which they may not be able to persist.
This information is critical for predicting the potential impacts of climate change on the
distribution of tree species and the vitality of species populations.
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Moreover, climate impacts on forests range from single extreme events with a difficult-
to-predict time and location, to more obvious gradual changes. Therefore, it is necessary
to conduct research on different spatial scales, from local to global, with the use of data of
varying resolutions and species. Retrospective tree-ring-based studies are a useful tool for
investigating how trees may adapt to forecasted changes [5,14-16]. A long-living organisms
exposed to environmental variability, trees seem to be the best indicators of the reactions of
living organisms to climate change [14,15]. This is especially important for trees growing
on the edge of their distribution range, such as the north and upper timberlines.

High-elevation forests are the sentinels of change due to their location at the edges of
their distribution range. They react quickly and strongly to environmental changes, includ-
ing climate [17]. Extreme weather conditions are common in high-elevation ecosystems,
due to the large amplitude of day-night and seasonal temperatures [17-19]. A low nutrient
supply, as well as significant disruptions produced by gravity—rock and avalanche, snow-
fall and snow accumulation, and winds—contribute to the harsh environment of cliffs [17].
The Swiss stone pine (Pinus cembra L.) is a taxon with scattered populations (the Alps and
Carpathian Mountains), exhibiting the finest adaptations for colonisation and growth in
high-elevation cliffs [9,20-24]. Previous studies from the Alps [9,24-26] and Carpathian
Mountains [20,27,28] have shown that the response of this species to climate changes is not
stable over time.

The analysis of the relationship between radial growth and climate has typically been
carried out using monthly meteorological data, e.g., [25,26,29,30]. Such data can provide
a broader perspective on the long-term relationship between growth and climate, as it
captures seasonal and annual fluctuations in environmental conditions. It is useful to
identify general patterns and trends in growth responses to climate variables over time.
However, it is important to consider the limitations of monthly data and its disadvantage
to miss short-term climatic effects. Nevertheless, most of these studies have used the
mean monthly climatic data when the months are artificially time-compressed [31-33].
Methodological improvements, access to gridded climate datasets and computing power to
manage big databases have allowed for conducting more comprehensive studies with high-
resolution data sets [16]. Daily climatic data offer a more detailed view of environmental
conditions, which can help identify subtle effects of climate on tree growth that may be
missed with monthly data. The daily resolution of climatic data detects the exact days of
the year when temperature and precipitation significantly influence the radial growth of
trees [32,33]. Overall, the use of daily climatic data can be valuable in analysing climate—
growth relationships, but it requires careful consideration of advantages and disadvantages
and the research question addressed.

This study aimed to enhance the precision and temporal resolution of the climate—-
growth correlation for Swiss stone pine in an extreme environment of highly elevated cliff
forests. Specifically, we aimed to (1) examine climate-growth relationships using a daily
response function, (2) determine the exact days of the year in which climatic parameters
significantly affect growth, and (3) explore how the growth response to climate changes
over time (throughout the last 90 years). It was hypothesised that the strength of the
climate-growth relationship decreased in the warming climate over the last decades.

2. Materials and Methods
2.1. Study Area and Climate

The study site was located in the upper treeline ecotone in the Tatras (the Western
Carpathian Mountains) (49°12'54.48" N; 20°4'34.68" E) (Figure 1). The Tatra Mountains,
having classic alpine terrain and elevations of over 2600 m a.s.l., represent the highest
and most rugged Carpathian mountain range [22,34]. The studied stone pines grow in
high-elevation cliff forests on steep, granite slopes (ca. 70-80°) between the subalpine zone
and dwarf pine scrub (Pinus mugo Turra) (ca. 1480 m a.s.l.). The study area was described
in detail in the previous paper analysing the same tree samples [20]. It is a protected area
of the Tatra National Park under a temperate-continental climate zone with significant
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differences between the daily maximum and minimum temperature and large amounts of
precipitation [34]. The annual mean temperature of the sample site was 3.32 °C covering
the period of 1921-2009, and the sum of annual precipitation was 1212 mm (Figure 2a,b).

Bucharest
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Figure 1. Map showing study site location (yellow dot) and the distribution of Pinus cembra in the
Carpathian Mountains (blue areas) [35].
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Figure 2. Climatic diagrams for the analysed period (1921-2009) and two subperiods (1921-1965
and 1966-2009) based on daily data for the study area: (a) Eleven-day running means of the daily
mean, maximum, and minimum temperature; and (b) eleven-day running means of the daily sums
of precipitation.

2.2. Tree-Ring and Climatic Data

The increment cores were extracted at breast height (ca. 1.3 m) from stone pine trees
growing in the study area with a Pressler borer. The cores were labelled, sanded, and then
scanned at a 2400 DPI resolution. The ring widths were measured using the WinDendro
software (https:/ /www.regentinstruments.com/assets/windendro_about.html (accessed
on 21 April 2023)). The accuracy of cross-dating was checked with COFECHA [36,37].
Time series that did not correlate with others were excluded to avoid potential errors in
cross-dating. The diameter at breast height (DBH), height, and age of the studied trees
as well as the tree-ring width (TRW) chronology characteristics were comprehensively
described by Izworska et al. [20].

Daily climatic data: Temperature (mean, maximum, and minimum) and a sum of
precipitation were obtained from the closest grid point for the study site (49°12/54.48" N;
20°4/34.68" E) from the E-OBS gridded climate dataset [38]. E-OBS version 25.0e (0.1-degree
regular grid) covers the time from 1 January 1920 to now.

2.3. Analysis of Daily Climate-Growth Relationships

Climate-growth relationships were calculated using residual chronology (TRWI—tree-
ring-width index) for the 1921-2009 period. To remove the age-related growth trends and
competition effect, detrending was performed using the spline function (frequency response
of 0.50 and cut off at 0.67 series length) in the ‘dpIR’ (in R version 4.0.0) [39,40]. Statistics
of the detrended chronology for the climate analysis (1921-2009), including interseries
correlation (Rbar), expressed population signal (EPS), subsample signal strength (SSS) [41],
and mean sensitivity (MS) [42], were calculated using the ‘dplR’ with the ‘rwi.stats” func-
tions [43].

Climate-growth relationships for the TRWI chronology and day-wise data for temper-
ature (mean, maximum, and minimum) and the sum of precipitation during the 1921-2009
period, and the two subperiods of 1921-1965 and 1966-2009, were analysed. These sub-
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periods were chosen as a comparable length (45 years and 44 years, respectively) series
out of the 89-year climatic data to indicate possible changes in the growth reaction due
to climate change over the last decades. We used the ‘daily_response()’ function from
the ‘dendroTools’ [31,40]. The primary objective of the ‘daily_response()’ function was to
examine changes over time in the relationships between tree rings and daily climatic data.
The function used a moving window through daily data and aggregated data within each
window by calculating its averages and then calculating statistical metrics (i.e., correlation
coefficient). The moving window was based on the window width (number of days) and
daily data within the position of the matrix [31]. The daily correlations were computed by
taking into account all window widths ranging from 7 to 210 consecutive days from July of
the previous year to September of the year of growth. To calculate partial correlations, a
bootstrap procedure was applied within 1000 replicates.

3. Results
3.1. Site-Specific Chronology

The TRWI chronology for the 1921-2009 period covered the available daily climatic
data (Figure 3); the statistical parameters are provided in Table 1. The chronology shows the
EPS value, as well as SSS exceeding the threshold of 0.85, indicating the strong climate signal
in the site chronology and allowing us to conduct further climatic analyses [44,45]. The
relatively low value of Rbar might be because our sampled trees were not a homogenous
group with a large number of samples (104 trees). Alongside that, the trees were of different
ages and growing in various microhabitats, reflecting individual growth conditions in the
cliffs. Rbar values are usually higher in more homogenous groups/areas.
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Figure 3. The TRWI chronology (solid line) and sample depth (dotted line) for 1921-2009 period.

Table 1. Statistics of the detrended chronology for the analysed period (1921-2009) and two subperi-
ods (1921-1965 and 1966-2009).

Subsample

Interseries Expressed . Mean
Number Number . . Signal e
Parameter of Years  of Trees Correlation ~ Population Strength Sensitivity
(Rbar) Signal (EPS) & (MS)
(SSS)
1921-2009 89 104 0.16 0.951 0.998 0.196
1921-1965 45 104 0.17 0.953 0.997 0.187

1966-2009 44 104 0.14 0.942 0.998 0.188
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3.2. Climate—Growth Relationships
3.2.1. Mean Temperature

The highest positive significant correlation coefficient (r = 0.44) between the TRWI
chronology and the mean temperature was found for the 14-day window width between
21 June and 4 July (DOY 172-185) during the year of growth (Figure 4). However, an
important period with a high correlation (r > 0.40) was found for the window width range
between 14 and 50 days, spanning mid-June to the beginning of August (DOY 168-222).
Additionally, tree growth was positively influenced by the mean temperature of autumn
the previous year (0.20 < r < 0.30), and an important period with relatively high correlation
coefficients for this period spanned mid-September to the end of October (DOY 257-306;
39—46-day window width) (Figure 4).
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Figure 4. Correlations between the mean daily temperature and the TRWI chronology for the analysed
periods. The colours show a significant (p < 0.05) correlation coefficient for consecutive window
widths. The given values show the beginning of the specific time window.
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In the first subperiod (1921-1965), the highest positive significant correlation coefficient
(r=0.51) between the TRWI chronology and the mean temperature was found for the 29-day
window width between 21 June and 19 July (DOY 172-200) during the year of growth
(Figure 4). The period with a high correlation (r > 0.40) was found for the window width
range between 10 and 33 days and spanned the end of June to the end of July (DOY 172-211).
Tree growth was positively influenced by the mean temperature of autumn the previous
year (0.30 < r < 0.40), and an important period with relatively high correlation coefficients
was found for the period spanning the end of September to mid-November (DOY 272-316;
35-43-day window width) (Figure 4).

In the second subperiod (1966-2009), the highest positive significant correlation coeffi-
cient (r = 0.44) between the TRWI chronology and the mean temperature was found for
the 14-day window width between 20 June and 3 July (DOY 171-184) during the year of
growth (Figure 4). The period with a high correlation (r > 0.40) was found for the window
width range between 14 and 47 days and spanned mid-June to the beginning of August
(DOY 168-218). Tree growth was positively influenced by the mean temperature of autumn
the previous year (0.30 < r < 0.40), and an important period with relatively high correlation
coefficients was found for the period spanning mid-September to the end of October (DOY
256-300; 23—43-day window width) (Figure 4).

3.2.2. Minimum Temperature

The highest positive significant correlation coefficient (r = 0.37) between the TRWI
chronology and the minimum temperature was found for the 14-day window width
between 21 June and 4 July (DOY 172-185) during the year of growth (Figure 5). However,
an important period with a high correlation (r > 0.35) was found for the window width
range between 14 and 38 days, spanning mid-June to the end of July (173-192). Additionally,
tree growth was positively influenced by the minimum temperature at the end of summer
and autumn the previous year (0.25 < r < 0.30). There were two important periods with
relatively high correlation coefficients (r > 0.25), spanning the end of September to the end
of October (DOY 267-302, 30-35-day window width) and mid-August to the first days of
November (DOY 232-307; 64-70-day window width) (Figure 5).

In the first subperiod (1921-1965), the highest positive significant correlation coefficient
(r = 0.49) between the TRWI chronology and the minimum temperature was found for the
13-day window width between 22 June and 4 July (DOY 173-185) during the year of growth
(Figure 5). However, an important period with a high correlation (r > 0.45) was found for
the window width range between 11 and 23 days, spanning the end of June to the end of
July (DOY 171-202). There were two important periods with relatively high correlation
coefficients (r > 0.33), spanning the end of September to mid-November (DOY 272-324,
7-50-day window width) and mid-August to mid-November (DOY 231-316; 73-83-day
window width) (Figure 5).

No distinct impact of minimum temperature was observed in the second subperiod
(1966-2009) during the year of growth and the previous year (Figure 5).
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Figure 5. Correlations between the minimum daily temperature and the TRWI chronology for the
analysed periods. The colours show a significant (p < 0.05) correlation coefficient for consecutive
window widths. The given values show the beginning of the specific time window.

3.2.3. Maximum Temperature

The highest positive significant correlation coefficient (r = 0.48) between the TRWI
chronology and the maximum temperature was found for the 38-day window width
between 21 June and 28 July (DOY 172-209) during the year of growth (Figure 6). However,
an important period with a high correlation (r > 0.44) was found for the window width
range between 14 and 55 days, spanning mid-June to the beginning of September (DOY
160-250). Additionally, tree growth was positively influenced by the maximum temperature
of autumn the previous year (0.20 < r < 0.26), and an important period with relatively
high correlation coefficients was found for the period spanning mid-September and mid-
November (DOY 256-315; 23-58-day window width) (Figure 6).

In the first subperiod (1921-1965), the highest positive significant correlation coefficient
(r = 0.56) between the TRWI chronology and the maximum temperature was found for
the 39-day window width between 21 June and 29 July (DOY 172-210) during the year of
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growth (Figure 6). However, an important period with a high correlation (r > 0.45) was
found for the window width range between 15 and 45 days, spanning mid-June to the
beginning of August (DOY 169-222). No significant impact of maximum temperature was
observed in the first period of the previous year (Figure 6).

In the second subperiod (1966-2009), the highest positive significant correlation coeffi-
cient (r = 0.45) between the TRWI chronology and the maximum temperature was found
for the 14-day window width between 20 June and 3 July (DOY 171-184) during the year
of growth (Figure 6). However, an important period with a high correlation (r > 0.33) was
found for the window width range between 11 and 55 days, spanning the end of June to
mid-August (DOY 171-225). Additionally, tree growth was positively influenced by the
maximum temperature of autumn the previous year (0.37 < r < 0.46), and an important pe-
riod with relatively high correlation coefficients was found for the period spanning between
mid-September and mid-October (DOY 255-292; 12-36-day window width) (Figure 6).
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Figure 6. Correlations between the maximum daily temperature and the TRWI chronology for the
analysed periods. The colours show a significant (p < 0.05) correlation coefficient for consecutive
window widths. The given values show the beginning of the specific time window.
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3.2.4. Precipitation

The strongest negative significant correlation coefficient (r = —0.35) between the TRWI
chronology and the sum of precipitation was found for the 15-day window width between
19 June and 3 July (DOY 170-184) during the year of growth (Figure 7). An important
period with a strong correlation coefficient (r < —0.33) was found for the window width
range between 13 and 21 days, spanning mid-June to mid-July (DOY 169-192). No distinct
impact of precipitation was observed in the previous year (Figure 7).
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Figure 7. Correlations between daily precipitation and the TRWI chronology for the analysed periods.
The colours show a significant (p < 0.05) correlation coefficient for consecutive window widths. The
given values show the beginning of the specific time window.

In the first subperiod (1921-1965), the strongest negative significant correlation coeffi-
cient (r = —0.38) between the TRWI chronology and the sum of precipitation was found for
the 39-day window width at the turn of the year from 25 December to 2 February (DOY
360-33) (Figure 7). An important period with a strong correlation coefficient (r < —0.30) was
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found for the window width range between 27 and 54 days, spanning the end of December
to mid-February (DOY 358-49) (Figure 7).

In the second subperiod (1966-2009), the strongest negative significant correlation
coefficient (r = —0.53) between the TRWI chronology and the sum of precipitation was
found for the 15-day window width in the period between 19 June and 3 July (DOY
170-184) during the year of growth (Figure 7). An important period with strong correlation
coefficients (r < —0.40) was found for the window width range between 11 and 20 days,
spanning mid-June to mid-July (DOY 168-194). Additionally, the period with significant
correlation coefficients (r > 0.40) was found for the window width range between 52 and
63 days, spanning mid-December to the end of February (DOY 348-54) (Figure 7).

4. Discussion

This is the first study that analyses the potential of applying daily climatic variables to
enhance the precision and temporal resolution of the climate-growth correlation for stone
pine in the Western Carpathians. Most previous dendroclimatic studies about the growth
of Pinus cembra were based on monthly climatic data. Papers about the radial growth of
stone pine discuss higher altitudes of the Alps and Carpathians [20,24-28,46,47]. Only a
few authors used daily data for the dendroclimatic study and mostly with reference to
wood anatomy. Day-wise aggregated climatic data were used by Stirbu et al. [48] for the
South-Western Carpathians and Carrer et al. [23] for the Eastern Alps to analyse xylem
anatomical traits, maximum density (MXD), and the ring widths of stone pine.

From another perespective, summer temperature remains a key limiting factor of stone
pine growth at higher elevations. Our analyses clearly show that the most important period
for radial growth of stone pine is limited to two-three weeks in the second half of June and
the first half of July, when the correlations between the ring widths and temperature are
the strongest. By expanding the number of analysed days (the window width), significant
reactions were found for the period between mid-June and the beginning of August (with
a lower correlation coefficient). A similar pattern was found in the Alps and Carpathians,
where the temperature from mid-June to the beginning of July was the most important
factor for radial growth and explained by favourable conditions for the cell number and
tangential cell-wall thickness. The radial cell-wall thickness was positively correlated with
the temperature of a later period (from mid-July to the beginning of September) [23,48].
The lumen area was negatively correlated with the temperature from the end of June to the
end of August [48]. The TRW analysed in this study was a parameter, which comprised
all anatomical features; thus, the relationship between TRW and daily temperature data is
not so strong. The changes in the growth—temperature relationship over time were more
obvious when analysing the maximum and minimum daily temperatures. The minimum
daily temperature, known as the night-time low, is probably the closest indicator limiting
tree growth at high elevations [42]. The warmer day-time temperature cannot compensate
for the cold nights, and what is more, the low minimum temperature in spring can delay
the growing season [49]. The biggest difference between the subperiods of 1921-1965
and 1966—2009 was obvious for minimum temperatures. In the first period the minimum
temperature of summer positively and significantly influenced the growth; while in the
second subperiod, the minimum temperature lost its relevance. It is possible that the
minimum temperature was greater than the threshold for affecting tree growth in the
second subperiod.

The association between growth and the temperature of autumn the previous year is
also well documented in the literature [25,46,50-52]. Our study allowed us to determine
the period of importance more precisely. The most positive temperature occurred during
the time between mid-September and mid-October of the previous year, but this interval
expanded from the beginning of August to the beginning of November once the minimum
temperature is taken into consideration. The crucial role of the autumn temperature results
from the timing period was the bud set and the accumulation of reserves for building
effective protection against winter frost, drought, or wind [18,53-55]. However, this pattern
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changed over time when considering shorter subperiods and the minimum and maximum
temperatures. For example, this relationship disappeared for maximum temperatures in
the years 1921-1965, which can be related to the cooler autumn during this period; however,
it becomes clear in the second half of the 20th century when the maximum temperatures of
autumn were higher. Our analysis did not reflect the temperature of the soil, which is crucial
for the physiological activity of trees within their distribution limits (upper timberline), as
soil retains heat for several days during unfavourable weather conditions, especially in
autumn when trees enter dormancy [49,56].

Our research confirmed that summer precipitation had a negative influence on tree
growth at high elevations [20,24,26]. In our study, this period of negative correlations almost
completely overlaps with the days with the highest positive influence of the temperature
and lasts between mid-June and the beginning of July. This relationship was not clear
in the first half of the 20th century (1921-1965), which can be attributed to the lower
precipitation during this time (Figure 2b). It is noteworthy that the radial growth of stone
pine was influenced by winter precipitation from the preceding vegetation season during
the shorter analysed periods. Additionally, the negative impact of winter precipitation on
radial growth observed in the first subperiod (1921-1965) became positive in the second
subperiod (1966-2009). The same trend was observed in the Alps [26,50]. This shift may
be due to changes in precipitation patterns, possibly because of the amount and timing of
precipitation having shifted. It is possible that warmer temperature during the dormant
season with higher precipitation results in substantial snow depth, which can help prevent
deep soil frost and mitigate the risk of damage caused by frost drought [17].

The general outcome of our study was that temperature became less important as
a growth factor at high elevations in the Carpathians, which confirmed our hypothesis.
The change in the temperature may potentially promote an upward shift of this species in
the Tatra Mountains. Our study essentially validated the conclusions of Briffa et al. [57],
Paulsen et al. [58], and Korner and Hoch [49]: The climate pattern fluctuates and reflects a
threshold response. As the climate continues to warm, the treeline is also shifting upslope.
One of the biggest challenges is to determine the rate and range at which local tree limits
align with the warming climate [49]. As a result, trees that once grew within the treeline
are now exposed to conditions that no longer resemble their boundary from the past. It
means that stone pine in the Tatras has been growing in better climatic conditions over the
last decades due to the shifting climatic treeline [59]. The warming climate opens space
for the colonisation of higher elevations, and stone pine may benefit from these changes.
As a zoochoric species dispersed by nutcracker (Nucifraga caryocatactes), stone pine can
migrate upslope. This is especially important for the species due to their relatively small
and fragmented, but stable, population with a significant degree of genetic variability in
the Western Carpathians [22,60-62].

5. Conclusions

Our study showed that the temperature between mid-June and the beginning of July
was a key factor for the growth Swiss stone pine in cliffs. The reaction of trees to climate was
not stable over time. The changes in the growth—temperature relationship are the clearest
with the minimum daily temperature. The negative influence of precipitation on growth
almost completely overlaps in time with the highest positive influence of temperature
(mid-June to beginning of July). Therefore, the potential migration of Pinus cembra to higher
elevations is promoted by climate warming.

Dendroclimatic studies based on daily data define the periods (exact calendar days)
that influence the radial growth of trees more precisely than monthly data. This is especially
important in analysing the growth of trees at high elevations, where the vegetation season
is short, and the climate factor strongly limits radial growth. Finally, the forest stands near
the treeline are prone to climate change, and daily climatic data allow us to track these
changes with a higher resolution.
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