Article

Synchronous Growth Releases in Peatland Pine
Chronologies as an Indicator for Regional Climate
Dynamics—A Multi-Site Study Including Estonia,
Belarus and Sweden
Aleksei Potapov 1,*, Sandra Toomik 2, Maxim Yermokhin 3, Johannes Edvardsson 4,
Ando Lilleleht 1, Andres Kiviste 1, Tanel Kaart 5, Sandra Metslaid 1, Arvo Järvet 2 and Maris Hordo 1
Institute of Forestry and Rural Engineering, Estonian University of Life Sciences, Kreutzwaldi 5,
51006 Tartu, Estonia; ando.lilleleht@emu.ee (A.L.); andres.kiviste@emu.ee (A.K.); Sandra.Metslaid@emu.ee (S.M.);
Maris.Hordo@emu.ee (M.H.)
2 Institute of Ecology and Earth Sciences, University of Tartu, Vanemuise 46, 51003 Tartu, Estonia;
sandra.toomik@ut.ee (S.T.); arvo.jarvet@ut.ee (A.J.)
3 Institute of Experimental Botany of the National Academy of Science of Belarus, Academicheskaya 27,
220072 Minsk, Belarus; yermaxim@yahoo.com
4 Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden; johannes.edvardsson@geol.lu.se
5 Institute of Veterinary Medicine and Animal Sciences, Estonian University of Life Sciences, Kreutzwaldi 62,
51006 Tartu, Estonia; Tanel.Kaart@emu.ee
* Correspondence: aleksei.potapov@emu.ee
1

Received: 7 October 2019; Accepted: 27 November 2019; Published: 2 December 2019

Abstract: Fourteen tree-ring chronologies developed from 788 peatland Scots pines sampled at sites
in Estonia, Belarus and Sweden were compared for common growth trends and possible links to
regional climate dynamics. Several synchronous growth release events were detected, especially
during the 1910s, 1930s, and around 1970 and 1990, indicating that hydrological shifts and
associated tree growth responses have been governed by similar forcing mechanisms, at least during
the 20th century. In general, the best agreements were observed between the tree populations from
Estonia and Belarus, but synchronous growth changes could also be detected between the Swedish
and Estonian material. Trends detected in single tree-ring chronologies may be linked to local
peatland management or land-use changes, whereas common variations detected at multiple sites
are more likely linked to hydrological changes in the peatlands associated with regional climate
dynamics. Understanding the links between climate and processes that involve peatland hydrology
and vegetation responses is important since peatland ecosystems are key players in the global
carbon cycle.
Keywords: peatlands; Scots pine; Pinus sylvestris; hydrological variability; growth release;
dendrochronology

1. Introduction
Peatland ecosystems are characterized by high soil moisture and partially decomposed
vegetation accumulated as peat in soil layers [1]. Hydrological variability of peatlands depends on
various climatic factors and affects peatland vegetation and carbon storage dynamics [2–4]. Even in
their natural state, peatlands are considered complex and dynamic ecosystems, but peatland
management or land-use changes may induce even more rapid shifts affecting local hydrology [1].
Throughout human history, peat and peatlands have been utilized for a wide range of purposes
including fuel for heating, agriculture, timber production, and plantation soils improvement. Such
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activities often involved management of the hydrological regime, resulting in degraded or converted
ecosystems with altered biodiversity and carbon uptake [1], although disturbed areas with less
evident effects of human impact also exist; e.g., in the case of failed or insufficient site modification.
Globally, the share of artificially drained peatlands is about 6% [5], but for Fennoscandia and the
Baltics this figure is higher and the number of peatlands disturbed by ditching as a silvicultural
treatment is substantial [1]. The area of peatlands drained for forestry varies by country, and in some
regions, a considerable amount of commercial forests is located in such sites. By way of example,
around 20% of the forest stands in Estonia are growing on organic soils [6].
Numerous factors affect tree growth and high groundwater levels (GWL) limit growth in
peatlands due to poor soil aeration and low nutrient availability [7–11]. As a consequence, drainage
has been practiced (most intensively during the 20th century) to improve the conditions for peatland
tree growth [1,12,13].
Tree-ring data are useful for exploring the effects of soil moisture status and several other factors
on tree and forest growth. High-frequency signals extracted from tree-ring series can be utilized to
address relationships with short-term climatic variability, and a number of studies have identified
links between temperature and precipitation on tree radial growth at an annual scale using ringwidth data of various tree species in Estonia [14–18] and other countries in the Baltic region [19–22].
Low-frequency signals contained in ring-width series can be associated with tree size or age and
various endogenous and exogenous disturbances [23]. In peatlands, these signals can be linked to
long-term GWL fluctuations and corresponding changes in site conditions related to climatic reasons
or induced by human activities; e.g., site modification by ditching affects the long-term variability of
tree radial increment, introducing a positive trend for several post-drainage years [7,12].
The processing of tree-ring series to explore climate-growth relationships often includes the removal
of the mid- and/or low-frequency component contained in such data through the detrending
(standardization) procedure [24]. However, in the case of peatland sites, it was found that at an annual
time scale, correlations between tree growth and climatic variables are lower compared to those derived
from tree-ring data originating from the same species on mineral soils [2,19,25]. Hydrological feedbacks
and slow responses of GWL to short-term climatic variability can be a result of weak correlations in the
case of high-frequency signals, whereas mid- or low-frequency signals can still be associated with climatic
fluctuations and variability in peatland hydrology at a multi-annual scale [2,3,19,26,27].
Complex interactions among climate, peatland hydrology, and tree growth may compromise the
interpretation of climatic signals contained in tree-ring series. Despite this, several studies have shown
that such data can be used to study climatic effects on the growth of peatland trees and hydrological
variability [2,10]. However, for such a purpose, variations in tree growth related to land-use changes,
ditching, and other man-made disturbances must be identified before climate dynamics can be modeled.
Assessing climatic effects on peatland hydrology is essential for evidence-based planning and
management of peatlands for forestry (e.g., planning of ditch network maintenance) as well as
peatland restoration, also considering climate mitigation and other ecosystem services. GWL is an
important variable for modeling processes related to peatland ecology, hydrology, biogeochemistry,
and greenhouse gas fluxes [3,4]. Continuous long-term instrumental series of GWL data from
peatlands are very scarce, and there are few records as long-term as the records from Männikjärve
bog in Estonia, which span from 1956 to the present [28]. However, several proxies, including treering data, can be useful in acquiring reconstructions of past hydrological variability for a better
understanding of current trends and predicting possible future scenarios. Understanding and
predicting peatland hydrology under changing climatic conditions is of great importance since
around one-third of the world’s soil carbon pool is stored in peatland soils [1].
The objective of this study was to explore the possibility of detecting a regional climatic signal
in mid- and long-term growth trends of peatland Scots pine (Pinus sylvestris L.) in Belarus, Estonia
and Sweden, focusing on the 20th century. We examined the following hypotheses: (1) the effects of
large-scale climatic drivers result in synchronous long-term growth trends of trees from various
peatland sites within a region; (2) climatic signals contained in mid- and low-frequency (multiannual) variability in ring-width series can serve as a proxy for reconstructing peatland hydrology;
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and (3) changes in the long-term dynamics of tree radial growth in peatlands are not exclusively
associated with man-made disturbances, such as ditching, but also with GWL fluctuations driven by
climatic variability. Similarly, to the effect of ditching, climatically induced lowering of GWL can
result in an increased growth rate of trees.
2. Materials and Methods
2.1. Study Sites and Tree-Ring Data
Available tree-ring data collected for the current study were compiled from sites (Table 1, Figure
1c) located in Belarus [29,30], Sweden [25], and Estonia [31,32]. The study areas represent different
wetland types (fen, transitional bog, or raised bog) with different productivity and management
histories, but all were colonized by Scots pine. On several sites, the hydrological regime is or has been
regulated by networks of drainage ditches, especially in northeast and southeast Estonia, but also (to
some extent) in southwest Belarus. Site modification by drainage was initiated at different times;
exact years (according to archived documents and construction plans) are available only for the
Ongassaare area (northeast Estonia), where the ditch network was constructed during 1970–1973. For
other sites, information is absent or not specific (e.g., ditches are present on forest maps from 1922 for
the Kanajalasoo area in southeast Estonia).

Figure 1. Changes in the radial growth of pine trees from different peatland sites in Sweden, Estonia
and Belarus during the 20th century. (a) Relative growth change (%GC) series of individual trees (grey
lines) and mean %GC series for each study area. (b) Number (%) of trees that responded with growth
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release in each study area at a certain time period; values lower than 20% were filtered out and are
not present in the plot. The letters A–D highlight four periods associated with synchronous growth
release events. (c) The locations of selected study areas (Table 1) are marked with black, yellow, blue,
green and red squares. The colours are unique within a country; the same ones are used in parts (a)
and (b) of the figure.

The tree sampling areas (Table 1) at several sites in Sweden and north Belarus are believed to be
undisturbed or negligibly affected by ditching (sites 11, 12, 14, and 1, 4, respectively). Other sites (2,
3, 5, 8, 9, 10, and 13) were located near artificially drained areas, but they were not subject to direct
modification by drainage. The ditches present in the surroundings were constructed to regulate the
hydrological regime (e.g., by functioning as a cut-off ditch) and generate more productive forests
around the peatlands. It was not possible to expect that tree growth at these sites was completely
unaffected by ditching; however, the drainage effect can still be assumed to be negligible [33,34] since
the nearest ditches were located at a considerable distance from the sample plots (up to 700 m).
Living Scots pine trees were selected within the study areas using various approaches (i.e.,
randomly or along a transect) according to the methodologies of the research projects. Selected trees
were sampled by taking two increment cores at 1.3 m (study areas 1 to 7) or at 0.3–0.5 m above the
root collar (study areas 8 to 14). Core samples were processed using standard dendrochronological
equipment and techniques [35] and ring-width measurements were done with a precision of 0.01
mm. The quality of cross-dated tree-ring series was assessed using COFECHA software (version 6.06,
Lamont-Doherty Earth Observatory, Palisades, NY, USA) [36]. The compiled data included 788 trees
in total.
Table 1. Characteristics of selected study areas and sampled trees.

Estonia

Belarus

Study Area
Region
Name
N
Berezinsky
NW
Milashki
S
Aziarany
NE
Zorycy
SW
Białowieża
N
Ongassaare
SE
Kanajalasoo
NE
Selisoo
SE
Ullika
W
Tuhu
S
Store
S
Saxnäs
S
Buxabygds
S
Hästhults

Sweden

nr.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Coordinates
Lat
Long
54.75
28.29
55.43
27.02
51.95
27.87
54.21
28.92
52.88
24.02
59.16
27.43
58.31
27.30
59.18
27.28
58.25
27.35
58.58
23.84
57.23
13.92
56.85
13.45
56.80
14.22
56.70
13.48

Type
r
t
r
t
f, t, r
f, t
t
r
r
r
r
r
r
r

Drainage
Ditches 1
Absent
Distant
Distant
Absent
*
Present
Present
Some plots
Some plots
Some plots
Absent
Absent
Distant
Absent

N
45
40
16
24
170
160
39
69
61
49
49
20
21
25

D2
(cm)
10.6
17.6
13.1
22.9
26.0
26.6
16.2
13.1
10.6
13.3
16.5
12.4
17.0
15.3

Age 2
(year)
121
166
103
158
148
97
119
105
102
128
94
89
90
57

TRW (mm)
Mean
SD
0.45
0.35
0.55
0.33
0.70
0.51
0.78
0.45
1.01
0.62
1.55
0.73
0.73
0.39
0.63
0.28
0.55
0.21
0.52
0.28
0.89
0.43
0.73
0.36
0.99
0.51
1.33
0.96

First
Year
1826
1787
1852
1786
1769
1786
1796
1851
1874
1856
1877
1893
1905
1942

Type—type of peatland sites (f—fen, t—transitional bog, r—raised bog), N—number of trees, D—
mean diameter inside bark, TRW—tree-ring width, SD—standard deviation, First year—the year
from which the sample size of the ring-width dataset is at least 3 trees (the last year in the time span
of tree-ring data varies between 2006 and 2016). 1 Present—sites where the hydrological regime is or
was actively managed by ditching, Absent—undrained sites, Distant—not completely undisturbed
by ditching, but the effect of drainage is believed to be minor due to the distance to the nearest ditch,
Some plots—sample plots are located along a transect perpendicular to the drainage ditch, therefore
the plots can be considered to be in the Present or Distant category depending on the distance to the
ditch (distance varies between 0 and 700 m), *—ditches are present in the case of some of the sample
plots within a larger study area. 2 Mean tree diameter (inside bark) and age are estimated at 1.3 (in
the study areas 1 to 7) or 0.3–0.5 m (in the study areas 8 to 14) above the root collar.
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2.2. Estimating the Timing of Growth Release Events
Ring-width data were used to analyze long- and mid-term (multi-annual to decadal) growth
trends of peatland trees. The radial growth averaging method proposed by Nowacki and Abrams
[37] was applied to reconstruct and compare disturbance dynamics in different distant peatland sites
and estimate the timing of events followed by an abrupt increase in the growth rate of trees (growth
release events). This method was developed for exploring long-term trends in forest stand dynamics
[38] and was found to be applicable in evaluating the canopy disturbance history [37,39–41], also was
suggested to be helpful [40] in estimating ground-level disturbances caused by fire. Various factors
can initiate changes of different intensity in tree growth dynamics that can be detected using this
technique. Since high soil moisture, but not light, was the major growth-limiting factor throughout
the lifetime of sampled peatland trees, in the current study, growth release events were hypothesized
to be related to long-term fluctuations of GWL driven by climatic variability at a multi-annual scale.
Percent growth change (%GC) values were calculated for each tree in the data set and each year
in ring-width series according to the following equation [37]:
%GC =

× 100,

(1)

where M1 is the average growth of the preceding period (target year is included) and M2 – mean ringwidth during the subsequent period (target year is excluded). Series of %GC values (%GC series) of
individual trees and mean %GC series for each study area, also the number (share) of trees that
responded with a growth release were calculated using functions of TRADER (version 1.2-3) [42] and
dplR (version 1.7.0) [43] packages of R software (version 3.5.3; R Foundation for Statistical
Computing, Vienna, Austria) [44]. Default values of 10 years were used as the lengths of M1 and M2
periods. A 10-year span was suggested to be suitable for filtering out the responses to short-term
climatic variability while keeping the longer-term signals [37]. Various numerical values describing
a growth release as major or moderate were suggested in previous studies [37–39]. A minimum
threshold of 25%, as suggested by Abrams et al. [38], was set as a criterion for detecting growth release
events and no distinction between major or moderate releases was made.
The raw ring-width data were used in preference to detrending procedures frequently applied
in tree-ring studies [24] in order to preserve the mid- and low-frequency variability in the series.
Several detrending methods were tested for calculating %GC values based on ring-width indices, but
all of them lost the signal of interest (to a lesser or greater extent) and therefore shortened the list of
detected growth release events (Figure S1). Removing the trend associated with tree age (i.e., with
biological or geometric effects) was not necessary since it was seldom present in the sampled trees
(Figure S2). Furthermore, at the studied period the trees were mostly of older age when this trend is
usually weak; the presence of a decreasing growth trend at the beginning of the ring-width series
should not produce any artifacts (additional growth releases) in %GC data [42].
2.3. Climatic Data
Time series of the meteorological drought metric PDSI (Palmer Drought Severity Index) were
used in order to assess possible effects of climatic variability on long- and mid-term growth trends of
the peatland pines. The PDSI was designed to vary around zero, with negative and positive values
representing dry and wet conditions, respectively, whereas absolute values above 4.0 correspond to
extreme situations [45]. Self-calibrating PDSI (scPDSI) time series of monthly mean values for April,
May, June, and July, the mean of scPDSI for the growing period (April-September) and for a year
(October-September) were extracted from the gridded data set [46,47] of KNMI Climate Explorer (The
Royal Netherlands Meteorological Institute, De Bilt, Netherlands) [48] according to the location of
each study area. Because of the resolution of the dataset (0.5° longitude by 0.5° latitude), it was
possible to download unique scPDSI time series for 11 out of the 14 study areas, therefore study areas
6, 7, and 12 shared the same scPDSI values as in the case of 8, 9, and 14, respectively. Monthly data
of scPDSI were available for the period of January 1901 to December 2016. Compared to the original
index, the self-calibrating PDSI allows a better spatial comparison between different regions [49].
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Similarities between the study areas in long- and mid-term trends of scPDSI time series were
also checked, as in the case of tree radial growth. Differences between scPDSI means (PDSIdiff
variable) were calculated for each year of available time span of scPDSI series as follows in order to
transform scPDSI data to a format similar to %GC series [37]:
PDSI

=P −P,

(2)

where P1 is the mean scPDSI index of the preceding period (target year is included) and P2 – of
subsequent period (target year is excluded). The length of the period of P1 and P2 was set as the one
in the case of M1 and M2 in %GC calculations—i.e., 10 years. The resulting PDSIdiff time series
described climatic trends, indicating changes towards wetter or drier future growing conditions in
the case of positive or negative values, accordingly. Relationships between mean %GC series and
PDSIdiff values of April, May, June, July, and the growing period or year for each study area were
checked visually and according to calculated correlation coefficients. The temporal stability of the
linear relationships was also assessed using a moving correlation analysis. Correlation coefficients
were calculated for a 40-year window, which was progressively shifted over a common period of
PDSIdiff and %GC data.
3. Results
3.1. Radial Growth Trends
Growth release events were dated for each study area according to %GC series (Figure 1a) when
the majority of the trees showed changes in radial growth dynamics (Figure 1b). Common patterns
in mid- and long-term (multi-annual to decadal) growth trends of Scots pine trees from various
peatland sites were noted for the 20th century. The synchronicity of mean %GC series is evident in
the case of sites within Estonia, whereas the variability among the study areas in Belarus was greater.
Periods showing disagreement in mean %GC series were also noted among the study areas in
Sweden (Figure 1a). In the case of different sites, the onset of periods associated with improved
growth rates was mostly identified in ring-width data during the time intervals: 1910–1915, mid to
late 1930s, as well as around 1970 and 1990 (time period A, B, C and D, Figure 1b).
The %GC data suggest that radial growth dynamics were similar in Estonia and Belarus,
especially in the first half of the 20th century. Highly synchronous growth release events were dated
for trees in both regions during the periods A, B and C (Figure 1b). Some trees, especially those in
Belarus, also responded during the time interval D. In comparison, the number of such trees in
Estonia is lower, but present, for example, in northeast Estonia (study area 8). Growth release events
can be detected around period D also in west Estonia (study area 10), but the timing is earlier (1983)
in comparison to the other sites (Figure 1b).
The south Swedish %GC data exhibit slightly different growth dynamics compared to the trees
from Estonia and Belarus. However, the Swedish trees still show growth releases during the time
intervals B and C, although there are fewer sites with responded trees in period B, and the dated
events are mainly distributed in the first half of the time intervals. During time periods A and D, no
significant changes in tree growth dynamics were detected (Figure 1b). However, according to the
%GC series of a small number of trees in study area 11 (Store mosse), it is still possible to suggest a
growth release event during time interval D (Figure 1a).
3.2. Climatic Variability and Growth Release
Synchronicity in the timing of growth release events among multiple sites (Figure 2) suggests
direct links between peatland tree growth and climate. The PDSIdiff data show consistent climate
trends for almost all the study areas from the beginning of the 20th century until the 1960s–1970s, but
indicate disagreement during later decades (Figure 2). Results from the correlation analysis show a
significant negative relation between the PDSIdiff and the %GC series for all the sites except the ones
in south and southwest Belarus (Figure 3, Table 2). The timing of the growth release events mostly
corresponds to the periods with lower values of PDSIdiff (Figure 2).
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Figure 2. PDSIdiff time series (lines) and year of growth release events (triangular symbol) in each
study area (country, region, also study area number (in parentheses) are shown on the left). Different
PDSIdiff variables are presented: April (blue line), July (red), growing period (green) and year (black
line). Please note that in the case of study areas 6, 7 and 12, PDSIdiff time series are the same as for
study areas 8, 9 and 14, respectively (due to the resolution of the used gridded dataset).
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Figure 3. Time series of mean %GC series (black line) and yearly PDSI difference (PDSIdiff; shaded
area) for each study area. The region and number (in parentheses) of the study area are shown in the
right corner of each plot. PDSIdiff series are visualized using blue and orange colours, indicating
changes towards wetter or drier future growing conditions—positive and negative values,
respectively. Please note that the axis for PDSIdiff is reversed; in the case of study areas 6, 7 and 12,
PDSIdiff time series are the same as for study areas 8, 9 and 14, respectively (due to the resolution of
the used gridded dataset).
Table 2. Correlation coefficients (r) and adjusted R2 for the relationships between mean %GC and
PDSIdiff of April, May, June, July, the growing period (from April to September) and year (from
October of the previous year to September of the current year) for each study area.

Estonia
Sweden

nr.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Belarus

Study area
Region
North
Northwest
South
Northeast
Southwest
Northeast
Southeast
Northeast
Southeast
West
South
South
South
South

April
r
−0.72 *
−0.68 *
0.17
−0.37 *
0.00
−0.60 *
−0.60 *
−0.40 *
−0.68 *
−0.54 *
−0.42 *
−0.36 *
−0.58 *
−0.46 *

May

R
0.51 *
0.46 *
0.02
0.13 *
−0.01
0.35 *
0.35 *
0.15 *
0.45 *
0.28 *
0.17 *
0.12 *
0.32 *
0.20 *
2

r
−0.71 *
−0.67 *
0.18
−0.46 *
−0.06
−0.60 *
−0.62 *
−0.35 *
−0.70 *
−0.61 *
−0.38 *
−0.41 *
−0.53 *
−0.29 *

June

R
0.50 *
0.45 *
0.02
0.21 *
−0.01
0.35 *
0.38 *
0.11 *
0.48 *
0.37 *
0.13 *
0.16 *
0.27 *
0.08 *
2

r
−0.70 *
−0.68 *
0.12
−0.44 *
0.01
−0.33 *
−0.53 *
0.05
−0.64 *
−0.60 *
−0.48 *
−0.41 *
−0.58 *
−0.25 *

July

R
0.49 *
0.46 *
0.00
0.19 *
−0.01
0.10 *
0.27 *
−0.01
0.40 *
0.35 *
0.22 *
0.16 *
0.33 *
0.05 *
2

r
−0.60 *
−0.57 *
0.12
−0.46 *
−0.02
−0.30 *
−0.53 *
0.02
−0.63 *
−0.65 *
−0.56 *
−0.42 *
−0.53 *
−0.13

R
0.36 *
0.32 *
0.00
0.20 *
−0.01
0.08 *
0.27 *
−0.01
0.39 *
0.41 *
0.30 *
0.16 *
0.27 *
0.01
2

Growing
Period
r
R2
−0.71 * 0.50 *
−0.67 * 0.44 *
0.16
0.02
−0.46 * 0.20 *
−0.02 −0.01
−0.42 * 0.17 *
−0.55 * 0.30 *
−0.14
0.01
−0.65 * 0.42 *
−0.66 * 0.42 *
−0.48 * 0.22 *
−0.44 * 0.19 *
−0.58 * 0.33 *
−0.25 * 0.05 *

Yearly
r
−0.72 *
−0.72 *
0.20
−0.43 *
−0.04
−0.50 *
−0.57 *
−0.26 *
−0.66 *
−0.65 *
−0.53 *
−0.46 *
−0.54 *
−0.28 *

R2
0.51 *
0.51 *
0.03
0.18 *
−0.01
0.24 *
0.32 *
0.06 *
0.44 *
0.41 *
0.27 *
0.20 *
0.29 *
0.07 *

* indicates significant relationships (p < 0.05). Please note that in the case of study areas 6, 7 and 12,
scPDSI and PDSIdiff time series are the same as for study areas 8, 9 and 14, respectively (due to the
resolution of the used gridded dataset).
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Absolute values of the correlation coefficients of significant linear models varied from 0.25 to
0.72, whereas the adjusted R2 ranged from 0.05 to 0.51. The highest R2 values described relationships
between April or yearly PDSIdiff and %GC series of study areas in north and northwest Belarus. In the
case of study area 14 in Sweden and 8 in northeast Estonia, R2 is below or around 0.1 for almost all of
the PDSIdiff variables, except for April PDSIdiff. Low R2 values were also detected for June and July
PDSIdiff in drained sites of northeast Estonia (study area 6), but it reached 0.35 for April and May
PDSIdiff. In some study areas (6, 8 and 14, to a lesser extent in 1 and 2), absolute values of the
correlation coefficient showed a decreasing trend from early spring to mid-summer. Stronger
relationships were associated with April and May (or yearly) values of PDSIdiff; however, that was
not the case in general. There were also examples of the opposite situation; for instance, study areas
10 and 11, where the highest absolute values of the r coefficient were reached for July PDSIdiff (Table 2).
The correlation between %GC and yearly PDSIdiff was weak in study area 8 in northeast Estonia
in comparison to drained sites of the same region (study area 6). However, according to the time
series of the variables (Figure 3), there seemed to be a lag between the %GC and yearly PDSIdiff series,
which could account for the lower r coefficient. The same does not hold when comparing drained
and other peatland sites of southeast Estonia (study areas 7 and 9), as no lag was detected between
%GC and yearly PDSIdiff series. Moreover, lower r coefficients were detected in the case of drained
sites compared to natural ones, even though the difference is not particularly large (Figure 3, Table 2).
Non-significant relationships were found for June, July, and growing period PDSIdiff in northeast
Estonia (study area 8). In Sweden, the same applied for July PDSIdiff in study area 14. In south and
southwest Belarus (study areas 3 and 5), p-values were lower than 0.05 for all of the PDSIdiff variables
(p-value was close to the 0.05 threshold for the yearly PDSIdiff in study area 3). Study area 3 in south
Belarus was exceptional, since it was the only case when the correlation was positive for all PDSIdiff
variables. However, the number of sampled trees there (16) was the lowest of all the study areas
(Table 1).
The relationship between %GC and PDSIdiff was seldom stable throughout the 20th century, and
the varying r coefficient showed a disagreement between the time series towards the end of the
studied period (Figure 4 gives an example of the yearly PDSIdiff). There were shifts in the correlation
sign from negative to positive in northeast and west Estonia, as well as southwest Belarus. The
correlation sign changed from positive to negative in study area 12 in south Sweden. In northeast and
northwest Belarus, the relationship became weaker and non-significant during the second half of the
20th century. However, the opposite trend was present in south Sweden; the absolute value of the
correlation coefficient in study area 11 increased at that time. In south Belarus, the r coefficient was
constantly positive and significant for most of the studied period of time, but the value of the
coefficient slightly varied and was higher in the middle of the period. There were also some sites
where the negative correlation was more stable and stayed significant throughout most of the time
period; i.e., north Belarus, northeast and southeast Estonia (study areas 1, 6 and 7), and, to a lesser
extent, study area 9 (Figure 4).
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Figure 4. Temporal stability of the relationship between %GC and yearly PDSIdiff in study areas of
Belarus, Estonia and Sweden. Each line represents changing values of the correlation coefficient,
calculated for a progressively shifted 40-year time window (upper and lower labels on the x-axis).
Solid lines indicate a significant relationship, dashed lines illustrate p > 0.05. The colours are unique
within a country, the same ones are used in Figure 1.

4. Discussion
Although study areas varied with regard to fertility, management history, and hydrological
regime (e.g., both drained and undrained sites were used), there were common patterns in long- and
mid-term trends of tree radial growth (derived from tree-ring data in a form of %GC series). This
suggests that the pine trees were experiencing synchronous periods of depressed and improved
growth conditions throughout the 20th century, especially in the case of peatland sites in Estonia and
Belarus. Similarities between the study areas in timing of growth release events indicate that changes
in growth dynamics were driven by climatic variability rather than by a response to more local
disturbances such as forest management activities. It is highly unlikely that silvicultural treatments
were applied in such a synchronized manner in sites so distant and diverse. Canopy disturbances by

Forests 2019, 10, 1097

11 of 18

weather events (e.g., windthrow) can be synchronous on a larger scale, but this does not seem to be
a probable driver considering the size and shape of trees and stand density in raised bogs.
The effect of ditching on tree radial growth was evident in ring-width data from drained sites
[31]; however, changes identified as growth release events were initially related to other factors. In
the case of study area 6 in northeast Estonia, for example, there was a traceable management history,
but radial growth already started to improve 1–5 years before the construction of the ditch network
in 1970; growth releases date back to 1965 and 1969 during time period C (Figure 1b). In such a case,
the time period of increased tree radial increment induced by climatic variability overlaps with the
post-drainage period, which is usually associated with improved forest growth [1].
4.1. Comparison between Different Regions
High soil moisture serves as a limiting factor not only for the growth of already established trees,
but also for regeneration and survival of seedlings [8,50,51]. This limitation is apparent in studies
exploring tree cover development and growth dynamics on peatland sites in the region. Results from
several studies in bog sites of Latvia suggest a link between long-term changes in GWL and climatic
variability [52–54]. Scots pine recruitment was enhanced for drained and undrained sites [54] during
periods of favourable temperature and precipitation (warm summers, especially if precipitation was
low). The effects caused by ditching were still important, but not always the key factor. The influence
of artificial drainage can be also limited to a certain area within a bog complex. Čugunovs et al. [54]
found that pine trees were recruited mostly during 1860–1870, 1940–1950, and 1960–1990 in the first
study area, and during 1960–1980 in the second area. The following favourable (dry) periods were
identified according to precipitation data: 1854–1881, 1887–1903, 1935–1946, 1966–1979, and 1997–2007
in the first study area; 1940–1961 and 1963–1979 in the second area. In addition, a decrease in GWL
was observed during the 1960s and 1970s from instrumental data. Increased growth rates and
positive pointer years were detected during almost all of the above-mentioned periods in tree-ring
series from several bog sites of Latvia [52,53].
Peatlands in Lithuania were similar to Latvia in terms of tree recruitment patterns that were
found to be climate-related; the spread of peatland trees was associated with warmer and drier
climatic conditions [51]. Relatively dry periods of various duration were found to be characterized
by an increase in tree radial growth, whereas depressed growth was recorded during relatively moist
periods in several sites [2,55]. Dry periods were identified from precipitation and temperature time
series in 1900–1920, from the late 1930s until the early 1940s, and from the late 1960s until the early
1980s.
Scots pine tree-ring chronologies developed by Smiljanić et al. [56] indicated improved growth
conditions (lower than usual GWL) in a raised bog in Estonia (Männikjärve) during several periods:
1914–1928, after around 1939 and after 1971. These and similar results in peatlands of Latvia [52,54]
and Lithuania [51] are comparable to the current study results, especially for the periods B and C
(Figure 1b).
Peatland trees in south Sweden seemed to have slightly different patterns in growth dynamics
during the early 20th century compared to Estonia and Belarus. For example, no pronounced growth
release events were recorded during the 1910–1920 period (Figure 1b). Instead, growth release events
were observed around the year 1900, which is only noted for the Swedish sites. According to
Linderholm [19], Scots pine trees in peatland sites in the Scandinavian Mountains in central Sweden
did experience increased growth rates during the 1910s. Still, assuming the same climatic drivers,
contradictions in %GC data from Swedish sites compared to Estonia and Belarus should indicate
differences in climatic trends. However, climatic variability as represented by PDSIdiff does not seem
to be the case, since there is little difference evident (Figure 2).
Despite similar climatic trends, trees in south Sweden did not respond in the same manner as in
Estonia or Belarus. Also, the relationships between %GC and PDSIdiff seemed to be weaker for study
areas of Sweden, as the highest R2 values usually were lower compared to Estonia or the northern
part of Belarus, indicating that other, possibly non-climatic, factors affected tree radial growth
dynamics. Still, growth dynamics of peatland trees in Sweden and Lithuania share common
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periodicities, not only during the 20th century, but since the mid-Holocene [57]. Similar growth
patterns in Sweden and Lithuania were suggested to be related to hydrological trends, probably
responding to large-scale climatic drivers such as North Atlantic Oscillation or Atlantic Multidecadal
Oscillation [57].
4.2. Links between Climate and Trends in Tree Radial Growth
In peatlands, tree growth is limited by high soil moisture and therefore substantially depends
on GWL [7–10,25,58]. Improved growth conditions for trees during post-drainage periods are a result
of managing the hydrological regime by artificially lowering the GWL [9,12,13]. One can argue that
changes in tree growth dynamics similar to the effect of ditching can also appear naturally due to
climatic reasons, but in such cases the effect is likely to be more gradual and possibly of lower
magnitude. Thus, growth release events should coincide with time periods characterized by drier
climatic conditions which can result in a lower-than-average GWL.
The timing of growth release events identified in trees from Estonian sites coincides with the dry
periods in the region during the 20th century as evidenced by long-term variability of water level
changes recorded in Lake Peipsi, eastern Estonia. According to data presented by Jaani [59],
decreasing trends in lake water-level fluctuations were recorded from the mid-1900s towards the year
1920, from the late 1920s until 1940 (the year of the lowest recorded water level), and from the late
1950s to the mid-1970s. These periods coincide with the time intervals A, B, and C (Figure 1b)
characterized by increasing tree radial growth.
Climatic variability reflected in GWL fluctuations can also be monitored using drought indices.
One of the options is PDSI, which has been shown to be correlated to GWL [60,61]. However, PDSI
has limitations such as temporal resolution and this index better describes climatic drought rather
than soil water balance [62,63]. Future applications should test other indices such as the monthly
drought code [64], Standardized Precipitation Index [65,66] or Standardized Precipitation
Evapotranspiration Index [60,67] and various aggregation times of the indices. However, a drought
index is often not enough to explain GWL fluctuations, and for more accurate and spatially specific
predictions other variables, including soil-related characteristics, should be used.
Our results illustrate the relationship between PDSIdiff and %GC variables, suggesting coherence
in long-term trends of climatic variability affecting GWL and associated shifts in tree radial growth.
Similar results were found by Nowacki and Abrams [37], however, the correlation was often weaker
and of the opposite (positive) sign. Contrary to our findings, growth improvement was associated
with wet periods since studied forest stands were growing on mineral sites where high soil moisture
was not a limiting factor.
Linear models constructed in the current study were not meant for predictions or statistical
inference; however, they still demonstrate a possibility of applying tree-ring data as a proxy for
reconstructing trends in regional climate or hydrology of peatlands. Links between the peatland tree
growth and GWL fluctuations have been noted in several studies [56,68], whereas the climatic signal
contained in tree-ring series was found to better represent long-term trends than short-term climatic
variability [2,19], possibly because hydrological responses of peatlands are slow and depend rather
on low-frequency climatic fluctuations [3,26,27]. Similar trends in tree-ring data from peatlands have
been found in other countries; for example in Switzerland, suggesting a regional climate-related
signal contained in long-term radial growth patterns [8]. Leuschner et al. [69] described an agreement
in low-frequency variability in supra-long tree-ring chronologies from distant peatland sites in
Ireland, Germany and the Netherlands, indicating a large-scale climatic driver. Also, long-distance
cross-dating between tree-ring chronologies developed from subfossil peatland trees showed that
tree growth must be influenced by large-scale climate regimes [11,69].
4.3. Peatland Management
Understanding mechanisms of hydrological responses to past climate is important for the
present and future management of peatlands, especially since peatlands play an essential role in the
global carbon budget [70]. Nevertheless, conditions and time scales are still discussed [1,71] for

Forests 2019, 10, 1097

13 of 18

drained forested peatlands to act whether as a carbon source or sink [72–75] and to have a climatewarming or cooling impact. Hydrological variability significantly affects peatland carbon dynamics
[3,4,76] and climatic influences on long-term fluctuations of GWL, especially under climate change,
necessarily must be considered.
Restoration of disturbed ecosystems is one of the available options for the management of
peatlands. The aim of peatland restoration is to achieve a pre-drainage state and provide ecosystem
services, e.g., by maintaining biodiversity and decreasing greenhouse gas emissions [4].
Reconstruction of past tree cover development, forest stand dynamics and the disturbance regime
driven by climatic and hydrological variability, is also important for the planning of restoration
activities and when assessing the outcomes. Tree cover reconstructions in peatlands may be
invaluable for the estimation of the pre-drainage state and distinguishing between natural and manmade disturbances.
In the case of peatlands drained for forestry, mostly it is reasonable to continue forest
management. Artificial drainage affects tree growth dynamics by changing site conditions, in general
resulting in improved tree diameter and height increment [1]. Our results show that despite the
altered hydrological regime in drained sites, the relationship between tree growth and hydroclimatic
indices (which presumably reflect GWL fluctuations) is similar to undrained sites. Clearly, growth
dynamics of peatland trees are driven by more than ditching, including factors unrelated to human
activities such as climate. However, climate change affecting temperature-controlled evaporation and
regional precipitation patterns can be human-induced [77]. Hence, long-term trends in hydroclimatic
variability should be considered when predicting the growth and yield of drained peatland forest
stands, planning silvicultural treatments and estimating their effects. Past and current trends in GWL
are important, for example in the case of ditch network maintenance, since that directly influences
the necessity and outcomes of the treatment [78].
The selection of drained sites suitable for climate change mitigation and forest management
should consider productivity, however, in terms of carbon balance, variation between different
peatland sites is rather high. Carbon balance depends on current and future climatic conditions and
hydrological trends as well as on site type and fertility, pre-drainage state and forest management
practices [72].
5. Conclusions
Tree-ring data of Scots pine sampled at peatland sites in 14 study areas in Estonia, Belarus, and
Sweden were examined for similarities in growth trends and possible links to regional climate
dynamics. The applied radial growth averaging method proved to be a valuable tool not only to
detect growth release events, but also to compare tree growth dynamics between different sites. The
developed tree-ring chronologies show common multi-annual to multi-decadal growth trends
despite the differences in peatland site characteristics and management history. Synchronous growth
releases were detected during the 20th century in the 1910s, 1930s, and around 1970 and 1990. The
best agreements were observed among the trees in study areas within Estonia and when comparing
sites between Estonia and Belarus. Common periods associated with changes in the growth dynamics
of peatland trees could also be detected between Sweden and Estonia.
Growth releases and trends detected in single tree-ring chronologies may be driven by local
factors such as the ones related to peatland management. However, common variations detected at
multiple sites indicated that trees in different regions have responded to similar forcing mechanisms;
synchronous growth trends were therefore linked to regional climate dynamics. The relationship
between %GC data and trends in scPDSI illustrates that detected growth releases were possibly
associated with hydrological changes in the peatlands. Non-climatically induced changes in
hydrology (artificial drainage) also affected tree growth, but growth releases were still found to be
synchronous both in drained and undrained sites. Growth release events were detected several years
prior to ditching, therefore changes in growth dynamics were initially not associated with drainage
but induced climatically. Still, during the post-treatment period, tree growth on drained sites was
determined also by an artificially lowered GWL.
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Exploring links between regional climatic variability and processes that involve hydrology and
vegetation responses is of great importance in decision-making and planning of sustainable (also
climatically) land use and management, especially in the case of such sensitive and dynamic
ecosystems as peatlands, which are key players in the global carbon cycle.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Ring-width
data of single trees (gray) and mean growth change (%GC) series calculated using raw ring-width data (black
line) and ring-width indices produced after applying different detrending methods; negative exponential (blue),
autoregressive (green) and smoothing spline (wavelengths of 100, 30 and 10 years—red, orange and brown lines
accordingly) models. The share of trees (filtered values, only greater than 20% are present) with detected growth
release events are shown for each method on the bottom part of the graph. The graphs are for study areas 5 and
6 (southwest Belarus and northeast Estonia), Figure S2: Slope coefficients of linear models used for detrending
after switching from a negative exponential model (unable to fit the model to the data) to linear in the case of
24% of trees in the dataset. Detrending procedure using negative exponential method was successful in case of
26% of trees; standardization by mean was performed for the rest 50% of sampled trees.
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