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Abstract: Research Highlights: This study used a 99-year time-series of daily climatic data to
determine the climate-growth relationship for Scots Pine (Pinus sylvestris L.) growing in Northern
Poland. The use of daily climatic data improved the calculated climatic response of the trees.
Background and Objectives: It was hypothesised that daily temperature and precipitation data would
more precisely identify climate-growth relationships than monthly data. We compared our results
to a previous study conducted in the 1990s that utilised monthly precipitation and temperature
data. Materials and Methods: The chronology construction and data analyses were performed using
CooRecorder, CDendro and R packages (dpIR, treeclim, dendrotools). Forty-nine cores from 31 trees
were included in the final chronology. Results: The precipitation and temperature of March had the
strongest influence upon ring-widths. Despite a statistically significant correlation between monthly
temperature and ring-widths, reduction of error (RE) and coefficient of efficiency (CE) statistics
confirmed that daily data better describe the effect of climate on tree rings width than monthly data.
Conclusions: At this site, the growing season of Scots pine has changed with the observed association
with precipitation now starting as early as February-March and extending to June—July.

Keywords: dendroclimatology; daily climate data; monthly climate data; tree rings

1. Introduction

Scots pine (Pinus sylvestris L.) is one of the common tree species found in Central and
Eastern Europe and is often used in dendroclimatological studies [1-4]. It is also found
growing in the upland and mountainous areas of Western Europe [5], and its wider dis-
tribution extends to Northern Europe [6-8] and Eastern Siberia [9]. Dendroclimatological
research in Poland using the ring-widths of Scots pine has been widely reported [4,10-15].
Several long-term pine chronologies were constructed for Poland [16-22] and for the
neighbouring countries of Germany, Estonia and Lithuania [23-25]. The wide spatial
distribution and existing ring-width chronologies highlight the potential for future re-
search on this species. Tree rings in Poland can be a source of information about both
hydroclimatic events, such as droughts and air temperature [2,13,15,26-30]. Some factors,
such as frost or summer drought may have an immediate effect on ring width, whereas
other factors, such as winter drought, may have a delayed effect on ring widths. The
effect of different factors is seen as variations in ring size and structure [31] with droughts
causing narrow rings [2,15,30]. Droughts are considered to be one of the most stressful
factors for trees [32-34]. Research on the influence of different climatic factors on changes
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in the tree-ring widths in conifers has been carried out since the mid-20th century [35].
The observation of changes in annual tree growth under the influence of the climate, and
the response of trees to a range of extreme climatic conditions in specific years is an in-
creasingly widespread branch of science [36-38]. The widely observed climate changes
in recent decades [39] incline us to undertake a deeper analysis and a closer look at the
reactions of individual tree species to changes in pluvial and thermal conditions. The
analysis of changes in annual tree growth in the context of past climatic events allows us to
predict how current tree stands may react in the future [40]. In order to analyse changes
in tree growth in relation to climate over the last one hundred and fifty years, records of
meteorological data from weather stations are required. Such data are available, among
others, in the format of daily and monthly observations. Due to the wide availability of
monthly data, they are commonly used in dendroclimatological analyses [8,15], both for
deciduous and coniferous species worldwide. Nowadays, daily data are used more often in
such kind of analysis [41-44]. Daily data can explain climate-growth relations better than
monthly data as tree growth does not take place at a monthly scale as it is a living organism
in which life processes are constantly taking place [45]. While daily data can describe
climate—growth relations more precisely, it was decided to compare the climate-growth
responses using daily and monthly data. We used a continuous series of daily and monthly
data from nearby meteorological stations for our study. Daily climatic data are much more
challenging to access but are often considered a better option than gridded daily [46] and
monthly data for dendroclimatological analysis [46—48].

The main aim of this paper was to study the relationships between the tree ring
width index, called tree rings in the following text, and monthly and daily climatic data.
Due to the fact that monthly data are the mean values of the daily data from 28-31 days
and artificially divide the vegetation period into smaller time spans, daily data have the
potential to be more reliable for reconstructing past climates. To investigate the potential
for climatic reconstruction, the data set was divided into two periods: the calibration and
verification periods. The use daily/monthly climate data with appropriate statistical tests
allowed for more precise analyses of the potential for climatic reconstruction. Having
long-time daily climatic data from meteorological stations, we have the exceptional chance
for a more precise study of climate growth relationships on tree rings of Scots pine growing
in the neighbourhoods of the meteorological station. We also hypothesised that daily air
temperature and precipitation data are better for identifying climate—growth relationships
and can also be used to reconstruct past climates. For this purpose, we used one of the
longest daily climate data series for Poland, covering the period 1740-2019, together with
long-living Scots pine located about 3 kilometres from the existing meteorological station.
In this location, instrumental observations were initiated in 1740 with homogenous monthly
series available since 1871 and continuous daily data since 1921. The results of this research
could be applicable to the long chronologies constructed from historical buildings in the
Torur region [15].

As droughts are considered to be one of the most stressful factors for trees [32-34] and
the extreme drought events and extreme drought years are becoming more frequent we
hypothesised that the daily climatic data are better at identifying shorter duration extreme
events. We determined the presence of extreme years from daily resolution data wherever
they were available. We wanted to establish if the extreme years calculated from daily data
differed from those based on monthly data. In our research, extreme years are defined as
years in which extremely wide or narrow tree rings, late or early wood layers, were created.

2. Materials and Methods
2.1. Study Area

The study area covers a region located in the eastern part of Toruri Basin [49], 53°3/18.68" N;
18°32/30.26"" E, in the Kuyavian-Pomeranian region, in Northern Poland, with a mean
altitude of 65 m. The area is part of the Chelmno Lakeland Region and is located less
than 5 km from the Vistula River. Water flows into the Vistula river system and further
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downstream into the Gulf of Gdansk in the Baltic Sea. The study site is located in the
northern part of the city of Toruri, covered by a fresh mixed forest dominated by Scots
pine (Pinus sylvestris L.) and Pedunculate oak (Quercus robur L.). The site is a moderately
fertile habitat, rather humid, with a low groundwater level and a relatively low sum of
precipitation (the mean sum of annual precipitation for years 1961-2004 was 536 mm).

2.2. Climate Data, Sampling, Tree Rings Measuring

Climate data with daily and monthly resolution are available for Torun for different
periods, since 1740 (see [50]). The location of weather stations covering the years 1871-2019
in Torun is shown in Figure 1. The changes in the location of the weather stations were the
results of historical changes, including two World Wars as well as an urban expansion [49].
The earliest available continuous homogenised series of monthly precipitation and mean
monthly temperature starts in the year 1871 (for details see [50]). Continuous series of
both variables with a daily resolution are available since 1921. For this reason, tree growth-
climate relationships, were studied using both daily and monthly data taken from the
common period 1921-2019. For the period 1921-2019, the data were provided by the
Institute of Meteorology and the Water Management-National Research Institute in Poland.
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Figure 1. General location of the study area in Poland (A), location of meteorological stations in
Toruni over the years 1871-2010 (dots, for more details see [50], location of the research site in
the forest (triangle). Basic map and data from OpenStreetMap and OpenStreetMap Foundation ©
autorsOpenStreetMap.

In order to assess whether daily or monthly meteorological data were better at charac-
terising the relationship with ring-widths, the sums of precipitation and average temper-
atures from the same meteorological station located in Northern Poland were compared.
Tree cores were collected from about 175 years old Scots pines, with the oldest tree-ring
dated to 1847. The tree ring width chronology was constructed with minimum samples
depth of 20 over the period 1856-2019 (Figure 2). Samples were taken after the end of the
growing season, during the late autumn and winter months in 2019. The trees selected
for sampling were healthy, with a straight trunk and a regular crown. Some of the trees
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showed traces of resin extraction 50 years ago; however, it was still decided to utilise these
samples due to their age and healthy appearance. Two samples were taken from each tree
at breast height with a 5 mm diameter increment borer using standard techniques. In total
100 samples were taken from 50 trees. The cores were prepared for measurement using
standard dendrochronological procedures [16]. All of the samples were air-dried, prepared
with a sharp knife and scanned with 1200 dpi resolution using a standard scanner (Epson
Perfection V700 Photo) to enhance the tree ring structure. CooRecorder 9.3.1 and the re-
lated CDendro 9.3.1 software (http://www.cybis.se; Accessed on 10 December 2021) were
used to measure tree-ring widths to the nearest 0.01 mm. COFECHA 6.06P software [51]
was used to check series intercorrelation, missing rings and detect possible dating errors.
A smoothing cubic spline curve with a 50% wavelength frequency cut-off and response
period of 32 years was fitted to each individual tree-ring widths series. Segments were
examined in value of 50 years lagged successively by 25 years. The autoregressive model
was applied to the time-series.
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Figure 2. The tree ring width chronology and sample depth for years 1856-2019.

2.3. Chronology Building and Climatic Calibrations

A ring-width chronology was constructed from living trees covering the period
1856-2019. The tree ring widths of 49 cores from 31 trees were included in the final chronol-
ogy. Some of the samples were rejected due to the presence of wood decay. Dendrochrono-
logical and statistical calculations were performed using R [52] with the application of
selected packages: (i) the “dpIR” [53] package was used to detrend the series by remov-
ing age-related growth trends and competition effects using Spline detrending method,
(ii) the “treeclim” software [54] used a classical bootstrapped and Pearson correlation to
calibrate the proxy—climate relationships and (iii) the “dendroTools” [55,56] package was
used determine the optimal proxy—climate response window. Based upon the Pearson
correlations over the period 1921-2019, a 30-60 day window was selected to study the
relationship with daily temperature and a 60-180 day window was selected to study the
relationship with precipitation (Table 1). Daily data rather than monthly data were used,
which allowed a more accurate time intervals to be determined. The “daily response”
function from “dendroTools” [55] R package was used, in which calculations are based
on moving window which is defined with two arguments: window width (e.g., 30 days,
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60 days and 180 days) and a location in a matrix of daily sequences of environmental data
(precipitation, temperatures). The time intervals of 30 days, 60 days and 180 days were
separated to obtain comparable information.

Table 1. The time intervals and calendar dates selected due to observed statistical significance of
monthly values used to investigate the tree-climate growth responses.

Precipitation Temperature
Time Interval Period Time Interval Period
60 days 22 May-20 July 30 days 21 February—22 March
180 days 7 February-5 August 60 days 21 January-21 March

For the analysis with daily precipitation values, periods of 60 and 180 days were
selected due to observed statistical significance of monthly values, e.g., June-July or
September-October for 60 days’ time span each. Analyses performed on daily data were
based on specific time intervals shown in Table 1 (e.g., 60 days: 22 May-20 July), which
was selected on the basis of the dendrotools: daily response function [55] with the highest
statistical significance. Analyses conducted on monthly data were based on the same time
interval as for daily data, and those months were selected that coincided most closely
with the dates of the daily data. So, for example, if the interval chosen for the daily data
was 60 days: 22 May—20 July, then the interval was chosen for the monthly data was June
and July. Using the same approach for temperatures, 30 and 60 day periods were selected
(Figure 3). The chosen number of days were compared with the results of previous research
conducted in this region [10-12].

- Precipitation
|:| Temperature
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Figure 3. The relationships between the ring widths of Scots pine and climatic data over the period 1921-2019. Statistically
significant months are marked with an asterisk * (p < 0.05).

The data were subjected to selected statistical tests, such as the Pearson correlation
coefficient (r), reduction of error (RE), coefficient of efficiency (CE) and root-mean-square
error (RMSE) tests, which were then compared with each other. The extreme years were
selected and compared with extreme meteorological events in the last century. A cross-
calibration and verification method [57,58] was carried out to test the regression equations.
Both the independent and dependent variables, tree rings, precipitation and temperature
series were divided into two groups of equal length (1921-1970 and 1971-2019). The time
series was divided in two periods; one period was used for calibration with the other was
used for verification. This approach enabled continuous data to be selected covering a long
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period without any gaps dividing the verification and calibration periods. As the selected
time intervals were superior in calibration performance (Table 1), the relationship was
calibrated and verified over two periods of equal length in order to examine the temporal
stability [8]. For the calibration period, the Pearson correlation coefficient together with a
statistical significance check (p-value) of 0.05 and 0.01 was performed. For the verification
period several statistics were used including the reduction of error (RE), coefficient of error
(CE) and root mean square error (RMSE) [31,59-61].

2.4. Extremely Narrow and Wide Tree Rings

The use of daily climatic data, gave the unique chance to check if extreme years calcu-
lated using daily data differ from those calculated using monthly data. The identification
of extreme years using daily data enables an investigation as to whether the magnitude of
results obtained from monthly data was diminished. The daily resolution climatic data
records the exact days on which extreme weather events occurred. If they occur on the bor-
der of two months, they can be averaged and flattened during the analysis of monthly data.
The aim of the analysis of extreme years was to find those years in which extremely narrow
or wide tree rings were detected. The extreme years were selected and compared with
meteorological data in the last century. Extreme years were determined with COFECHA
6.06P software using a procedure that averages the values inside the 50 year time window
and 25 years lag time window [62]. The series reflects a residual time series that has been
standardized to a mean of zero and a standard deviation of 1.0. Narrow rings are indicated
by negative values and wide rings are indicated by positive values. Because values of
—2.0 and +2.0 indicate departures from the mean by two standard deviations or greater,
values of this magnitude are rare in the series and indicate very narrow and very wide
rings, which are useful to confirm the independent cross-dating of the time-series.

3. Results
3.1. Daily and Monthly Data Comparison: Correlation of Tree Ring width Index to Climate Data

In order to check the association between tree-ring widths and both types of meteoro-
logical data (i.e., daily and monthly sums of precipitation and, daily and monthly average
air temperatures), the same statistical tests (see Section 3.2) were used to investigate the
correlation using data from period 1921-2019. Monthly data shows significant, positive
correlations with precipitation in March (r = 0.22, p < 0.05), April (r = 0.16, p < 0.05) and
June (r = 0.26, p < 0.05), while for temperature in February (r = 0.40, p < 0.05) and March
(r =0.35, p < 0.05) and negative effect in previous September (r = —0.33, p < 0.05) (Figure 3).
Using daily data, for precipitation 60 days period the highest positive correlation was noted
between 22nd of May and 20th of July (r = 0.329, p < 0.05) for 180 days between 7th and
between February and 5th of the August (r = 0.386, p < 0.05). For temperature for 30 days
between 21st of February and 22nd of March (r = 0.413, p < 0.05), for 60 days between 21st
of January and 21st of March (r = 0.414, p < 0.05) (Table 1).

3.2. Monthly Climate Data

All time intervals (30, 60 and 180 days) for calibration period A (1921-1970), yielded
significant (p < 0.02) reconstruction skills both for precipitation and temperature (Table 2).
For calibration period B (1971-2019) only temperature data yielded significant (p < 0.01)
reconstruction skill (Table 3). For precipitation data, both 60 days and 180 days intervals
appeared to be insignificant but also resulted in the lowest correlation r < 0.22. For
calibration period A (1921-1970), RE and CE verification statistics yielded negative values
for precipitation and acceptable RMSE values [57]. Both 30 days and 60 days’ time intervals
for temperature data showed acceptable results for the RE statistic and slightly negative
values for CE, the RMSE test was very good with values below 1 [63]. For calibration
period B (1971-2019), verification statistics of RE and CE tests yielded a reasonable model
for precipitation data but poor results for the RMSE test. For temperature values, the RE
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test yielded a reasonable model, but the CE test results yielded negative values. The RMSE
test yielded low values, below 1.3.

Table 2. Results of statistical tests for daily and monthly data in calibration period A: calibration period:
1921-1970 and verification period: 1971-2019. Statistical significance at level * p < 0.02, ** p < 0.01.

Calibration Period A Verification Period
1921-1970 1971-2019
r RE CE RMSE
precipitation
daily 60 days 0.54 ** 0.07 0.01 1.24
monthly 0.52 ** —0.04 —0.04 8.49
daily 180 days 0.47 ** 0.07 0.05 0.44
monthly 0.50 ** —0.04 —0.04 5.19
temperature
daily 30 days 0.52 ** 0.04 —0.39 3.14
monthly 0.54 % 0.17 —0.01 0.81
daily 60 days 0.42 ** 0.17 —0.23 1.11
monthly 0.44* 0.15 0 0.75

Table 3. Results of statistical tests for daily and monthly data in calibration period B: calibration period:
1971-2019 and verification period: 1921-1970. Statistical significance at level * p < 0.02, ** p < 0.01.

Calibration Period B Verification Period
1971-2019 1921-1970
r RE CE RMSE
precipitation
daily 0.25 0.27 0.08 0.58
_— 60 days
monthly 0.20 0.10 0 17.38
daily 0.33* 0.20 0.17 0.35
—  180days
monthly 0.22 0.10 0.07 10.97
temperature
daily 0.33* 0.17 -0.16 3.05
_— 30 days
monthly 0.38 ** 0.21 —0.06 1.28
daily 0.42 ** 0.16 —0.16 1.08
_— 60 days
monthly 0.30 ** 0.16 —-0.15 1.28

3.3. Daily Climate Data

All time intervals (30, 60 and 180 days) for calibration period A (1921-1970) yielded
significant (p < 0.01) reconstruction models both for precipitation and temperature. Addi-
tionally, almost all-time intervals for calibration period B (1971-2019) yielded significant
(p < 0.02) reconstruction models besides the 60 day interval for precipitation which ap-
peared to be insignificant but also resulted in the lowest correlation r = 0.25. Verification
statistics were performed resulting in a reasonable model for RE test for both types of mete-
orological data. CE test yielded reasonable models in 1921-1970 and 1971-2019 calibration
periods for precipitations but had a slightly negative value in 1921-1970 and 1971-2019
calibration periods for temperature. For both 1921-1970 and 1971-2019 verification periods,
RMSE value was low and close to null for precipitation showing even values below 0.6.
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3.4. Daily Climate Data vs. Monthly Climate Data

During the calibration period 1921-1970, the association between ring widths and,
daily and monthly data were similar. The precipitation data showed a similar correlation
with the width of tree rings as the temperature data. However, the situation was very
different when the RE, CE and RMSE statistics were calculated. Analysing the results based
on monthly precipitation data, the calculated RE and CE values were slightly negative, and
the RMSE indicator was far higher than the results based on daily data. For temperature,
the results were comparable, which means that results for RE were positive numbers both
for daily and monthly data, while for the CE values were negative numbers both for daily
and monthly data and, RMSE values were similar.

During the calibration period 1971-2019, the association between ring widths and,
daily and monthly data, were not similar. In most cases, the association between ring
widths and precipitation was not significant (p > 0.05). For temperature, the results of RE,
CE and RMSE tests were comparable, which means that results for RE were positive both
for daily and monthly data, for CE were negative numbers both for daily and monthly data
and the RMSE values were similar.

3.5. Extremely Narrow and Wide Tree Rings

Extreme years analysis was performed on time span of 172 years, from 1856 to 2019.
Six years with extreme rings width were found. Analysis of extreme ring widths revealed
the occurrence of extremely narrow rings in 1871, 1901, 1940, 1956, 1964 and 2006. In these
years, the residual values of the master dating series were, at least, below —2.0. There were
no results higher than +2.0. The highest result of ring width occurred in 1997 and achieved
a value of 1.981, which showed that there were no extreme positive years interpreted as
exceptionally wide rings. Extreme years were compared with climatic data and it was
observed that the main factors limiting growth were low temperature at the end of winter
and a low sum of precipitation during the vegetation season. For example, in the year 2006
mean temperature from 21 January to 21 March was —4.3 °C and the sum of precipitation
from 22 May to 20 July was 56.5 mm (Table 4). Climatic data showed extreme values
for both temperature and precipitation, presenting exceptionally cold winters as well as
droughts in the vegetation period of the plants. Years of extremely low growth rate were
analysed and these pointer years were attributed to cases in which severe winters were
followed by spring-early summer droughts. However, the question arises: were there other
years with similar weather conditions which were not associated with significant growth
reduction? There was not observed similar weather conditions in other years, when both
temperatures at the end of winter and sum of precipitation during the vegetation season
were low. The plot of minimum winter temperatures (December-February) and May-July
precipitation constructed for the whole period (1921-2019), based on daily data, answer
this question (Figure S1 in Supplementary Materials; Accessed on 14 December 2021). No
other extremely narrow or wide annual increments were noted.

Comparing mean temperature and precipitation in extreme years obtained from daily
and monthly data, the difference in values obtained is clearly visible (Table 4). In each
case, the values differ significantly and are over- or underestimated irrespective of the
selected period. These results demonstrate that daily data are more precise indicators for
extreme weather events, such as periods of drought or extremely low temperatures, than
monthly data.
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Table 4. Climate conditions in the extreme years. In years with missing daily data, monthly data were used. Grey
fields-monthly data. White fields- daily data.

Extreme Mean Temperature (°C) Precipitation Total (mm)
Yo
ear 30 Days 60 Days 60 Days 180 Days
—2.3 (February-March,
1871 2.8 (March) extreme February = —7.4) 230.8 (June-July) 292.2 (February—July)
22 May-20 551
1901 1.0 (March) —92.7 (Februarv—March) July ’ 186.9 (February—July)
May-July 60.7
21 February-22 22 May-20 7 February-5
—24 69.8 183.7
1940 March —6.0 (Februarv-March) July August
F?\?[S:_?;y_ —6.0 May-July 105.9 February-August 2253
21 February-22 _ 21 January-21 _ 22 May-20 7 February-5
1956 March 3.2 March 66 July 102.3 August 201.4
February— . January— .
March 5.6 March 4.0 May-July 282.9 February-August 306.3
21 February-22 _ 21 January-21 _ 22 May-20 7 February-5
1964 March 47 March 37 July 792 August 160.3
February— anuary—
v -33 I v -33 May-July 1118 February—August ~ 251.1
21 February-22 _ 21 January-21 _ 22 May-20 7 February-5
2006 March 34 March 43 July 565 August 198.3
February— . January— .
March 14 March 3.6 May-July 95.4 February-August 335.9
1871-2019 0.3 (February-March) —0.6 (January-March) 190.1 May—-July) 275.2 (February—July)

4. Discussion

One of the aims of this paper was to re-investigate the observed relationship between
ring widths with monthly and daily climatic data for the Toruri region [10]. We constructed
a ring-width chronology and updated the daily and monthly climate data [50]. In Poland,
the relationship between monthly climate data and the ring-widths from the long Scots
pine chronologies has already been established at several locations. For stands in Southern
Poland in the Dabrowa Tarnowska Forest Distinct, Feliksik 1988 [64] reported that the trees
responded to winter temperatures, which was confirmed by stands in the Swietokrzyski
National Park that were influenced by the temperatures of January to March and precipita-
tion from April to August [65]. Analyzing Scots pine stands in South-Western Poland in
the lowlands [66], and the Sudety Mountains [67,68] it was found that the temperatures for
February-March and summer precipitation influenced growth. Many dendroclimatological
analyses with chronologies of more than 100 years have been made for Northern [10,11]
and North-Western Poland [69] where they found that February—April temperature and
June-July and December precipitation primarily influenced ring widths. By analysing new
material, we found a significant climate signal for February—March and previous September
temperatures, as well as March—April and June precipitation (Figure 3). In the case of
monthly temperatures, the results confirm previous studies [10], as well as the relationships
observed for pine stands in southern Poland [66-68]. In these studies the significance of the
effect of precipitation on growth was determined for the summer months, June-July, both
in the south and north of Poland [10,11,65,66,68]; only for the Swietokrzyski National Park
was the relationship with precipitation from April to August significant [66]. Repeating
the tree rings width-climate correlation study after 20 years, we find a significant climate
signal for precipitation for March, April and June (Figure 3). At the same time, the value
of the correlation coefficient for precipitation is similar for February and July. A previous
study revealed the significance of precipitation in February, which is reported elsewhere for
other conifer species, spruce and larch in Northern Poland [70]. Cedro and Lamentowicz
2011 [71] analysed the increment-climate correlation for pines growing on the edge of a
swamp, in Northern Poland, defining their climate signal as typical for this species, indicat-
ing the significance of the effect of precipitation in February. Our results confirm previous
studies, but it is worth noting the influence of both March precipitation and temperature.
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In Northern Poland, with the current climatic changes, warmer winters and earlier spring,
intensive potential thaw and rainfall begin as early as February-March resulting in a more
intensive substrate water supply than before [72]. The change in climatic conditions may
cause a change in growing conditions, accelerating the period of rainfall significance and
starting as early as February—March and extending to June—July. Due to rising winter
temperatures and changes in evapotranspiration pattern the effect of climate change on
individual species can be either positive or negative, depending on the site conditions and
regional climate changes [73]. Responses simulated with 70 different models of climate
change variations vary considerably, which is adding considerable uncertainty [74]. It
is crucial due to the fact that Scots pine trees are the main forest-forming species in the
European lowlands, Northern Europe, and Northern Asia.

Using daily measurement data from the nearby meteorological station we eluci-
dated a clear relationship between ring widths and climate. It is the first time for North-
ern Poland that the proxy—climate relationship has been investigated with daily climate
data. In general, we found in the years 1921-2019 the highest correlation for temper-
ature between 21 February to 22 March and 21 January to 21 March depending on a
time span. For precipitation, we found the highest correlation from 22 May—-20 July and
7 February-5 August (Table 1). The comparable results were presented by Liang et al.
2013 [75], who analysed Scots pine in North-Eastern Germany. The results are comparable
for precipitation, where the authors indicate the period with the highest climate—growth
correlation on 26 May-18 June and 29 June-25 July, which is in agreement almost every
day with our results falling on 22 May—20 July. However, in the case of temperature
influence the results differ considerably, as Liang et al. 2013 [75] indicates the interval
24 March—-23 May, while in the case of the site analysed by us, in Northern Poland, it is
the period 21 January—21 March or 21 February—-22 March depending on the selected time
interval. It is worth noting, however, that the sites, although quite similar, are under the
influence of different climatic conditions, with the German site under the influence of an
oceanic climate, characterised by milder climatic conditions, and the Polish site under
the influence of a transitional climate with a colder winter and more variable climate. In
addition, the study is separated by a period of almost 10 years, during which a number
of warm winters occurred. This may partly explain the discrepancy in results, but fur-
ther research into this phenomenon is needed. Studies using daily data have also been
performed by Pritzkow et al. 2014 [76] on Scots pine in Northern Sweden, at the Arctic
Circle, and by Kaczka et al. 2017 [44] on Norway spruce in the Tatra Mountains in Southern
Poland. Kaczka et al. 2017 [44] indicates that the highest temperature relevance for tree
growth occurs between Jun 9th and Jul 19th while Pritzkow et al. 2014 [76] determines
it between Jul 7th and Jul 29th, which in both cases highlights the relevance of summer
temperatures on tree growth, where in Northern Poland we define the early spring period
as thermally relevant.

Seo et al. 2008 [77], Kaczka et al. 2017 [44], Nagavciuc et al. 2019 [78] reported
that the use of daily climatic data was more reliable as there was a higher correlation
with ring-widths. Moreover, they found that the flexible time interval based upon days
rather than months adapted to the vegetation period of plants better. In our paper, we
expanded upon this initial research and used additional statistical tests, such as RE, CE
and RSME, to investigate the temporal stability of this relationship. The data presented
in Tables 2 and 3 demonstrate that the correlation coefficient (r) alone is not sufficient
to conclude that there is a stable association between the ring widths of Scots pine and
precipitation at this site. Even though the correlation (r) with ring-widths was sometimes
lower for daily data (r = 0.47) than for monthly data (r = 0.50) it yielded, significant RE and
CE values (>0) and a very accurate RSME response (<1) (Table 2). The equivalent tests using
monthly precipitation data were not temporally stable (Table 2). These results highlight the
importance of calculating RE, CE and RSME values to investigate the temporal stability
of the climate response [63]. Consequently, existing dendroclimatological research based
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solely upon p-values may not be as reliable as once thought. It is recommended that the
temporal stability of tree-climate growth responses should always be investigated [61].

Moreover, it was found that daily climatic data were statistically more reliable, al-
though they may have a slightly lower correlation coefficient compared to monthly data.
In some cases, results based on monthly data, despite a high correlation coefficient r > 0.50
and a statistical significance at p-value <0.01, RE and CE values demonstrated the lack of
temporal stability. For daily data during the calibration period 1921-1970, the value of the
correlation coefficient was similar for temperature and precipitation data, but the value of
the correlation coefficient was higher for precipitation. In addition, for precipitation, the
other statistical tests are better because both RE and CE values were positive. During the
calibration period 1971-2019 the correlation coefficient was higher for temperature data
with r = 0.42; however, the results of RE, CE, RMSE tests are more reliable for precipitation
data for a six-month period (180 days). For monthly data, the precipitation results for the
calibration period 1971-2019 were statistically insignificant (p > 0.05), so the analysis of the
other statistical tests was futile. For the calibration period 1921-1970, the results for the
precipitation data had a high correlation coefficient r > 0.50 but were statistically unreliable
because the results of RE and CE tests were negative. The interpretation of these results
was based upon previous research in life sciences [63,79,80].

In addition, it was noted that regardless of whether daily or monthly data were used
for the analysis, the correlation between the annual tree rings width and temperatures or
precipitation is significantly lower 0.20 < r < 0.38 in calibration period B (1971-2019) than in
calibration period A (1921-1970) where it is in the range 0.44 <r < 0.54. A similar correlation
has been observed among other conifers in the northern hemisphere, also since 1970, and
has been described as the ‘divergence problem’ [81]. The ‘divergence problem’ was also
observed in other tree ring proxies such as blue intensity [82] and stable isotopes [83].

Extreme Years

Analysis of extreme ring widths revealed the occurrence of extremely narrow rings in
1871, 1901, 1940, 1956, 1964 and 2006. A negative effect of cold winters in 1940 and 1956
was observed in southern Germany [84]. Neuwirth et al. 2007 [85] noticed the year 1956 as
a strong negative effect in fields of Central Europe lowlands, including northern areas in
Poland due to a very warm spring combined with below average rainfall in at least one
month in the first half of the growing season. They also point the year 1964, as a negative
for tree stands in Northern and Northern-East Germany. Since the results of our research
showed that daily data are better suited for dendroclimatological analyses (Tables 2 and 3),
daily resolution data were used to analyse extreme years wherever they were available
(Table 4). Where daily data were not available or did not cover the whole range of time
intervals, monthly data were used. It turns out that in the case of temperature data, in all
cases, the average temperature values for the winter months (60 days) differed significantly
from the multi-annual average (—0.6 °C), reaching the average temperature value for that
period even —6.6 °C. In the case of precipitation data, in all years except 1871, the average
sum of precipitation for the selected periods in each case was significantly lower than the
multi-annual average over the 1871-2019 time period. Although 1871 had a higher than the
average sum of precipitation, the record low temperatures of February had an extremely
negative impact on the formation of the annual tree ring and caused its exceptionally low
growth. For each of the five next extreme years there was an exceptional combination of
high frosts in winter and drought in the growing season. The combination of these two
climatic factors in the indicated years significantly influenced the formation of exceptionally
narrow tree rings in the examined Scots pine trees in Northern Poland. All the extreme
years are confirmed by Pospieszyriska et al. 2013 [86], who, on the basis of instrumental
measurements, analysed the extreme climatic conditions in the years 1871-2010 in the
research region. They confirm the occurrence of exceptionally low air temperatures and
exceptionally small amounts of precipitation in those extreme years (Table 5). Przybylak
et al. 2020 [30] discussing the occurrence of droughts in Poland, lists the years 1956, 1964
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and 2006 as years with low annual rainfall. Zielski 1997 [10] indicates the occurrence of
a very cold winter in 1940 and a combination of harsh winter and very dry year in 1956
and 1964. Koprowski et al. 2012 [15] also mention these years as indicator years for Scots’
pine. Based upon this evidence, we conclude that the extreme years’ analyses conducted
from daily climatological measurements do not differ from the results based on monthly
data and gives typical results for the area of Poland. Furthermore, all of the above extreme
years are confirmed by specific climate events recorded in the instrumental measurements.

Table 5. Pointer years and their explanations.

Pointer Years

Pospieszyriska and Przybylak,

Zielski et al., 1997 [10] Przybylak et al., 2020 [30]

2013 [86]
1871 very cold year
1901 very dry year
1940 very cold winter very cold year
1956 harsh winter, very dry year very cold year low precipitation
1964 harsh winter, very dry year very dry year low precipitation
2006 very warm summer and autumn low precipitation

5. Conclusions

In the study, the growing season of Scots pine has changed with the observed associa-
tion with precipitation now starting as early as February—March and extending to June—July.
These phenological changes indicate that the climate-growth response of Scots pine is
not stable in this region. Despite a statistically significant correlation between monthly
temperature and ring-widths, reduction of error (RE) and coefficient of efficiency (CE)
statistics confirmed that daily data better describe the effect of climate on tree rings width
than monthly data. A change in growth patterns can cause far-reaching changes in the
structure of tree-stands and affect the economic market, which has serious implications as
Scots pine trees are the main forest-forming species in the European lowlands, Northern
Europe, and Northern Asia.
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