™ forests MBPY

Article

Evidences of Different Drought Sensitivity in Xylem
Cell Developmental Processes in South Siberia
Scots Pines

Liliana V. Belokopytova 1-*{, Patrick Fonti 2, Elena A. Babushkina !, Dina F. Zhirnova !
and Eugene A. Vaganov 34

1 Khakass Technical Institute, Siberian Federal University, 655017 Abakan, Russia;

babushkina70@mail.ru (E.A.B.); dina-zhirnova@mail.ru (D.F.Z.)

Swiss Federal Research Institute for Forest, Snow and Landscape Research WSL,

CH-8903 Birmensdorf, Switzerland; patrick.fonti@wsl.ch

Insitute of Ecology and Geography, Siberian Federal University, 660036 Krasnoyarsk, Russia;
eavaganov@hotmail.com

Sukachev Institute of Forest, Siberian Branch of the Russian Academy of Science, 660036 Krasnoyarsk, Russia
*  Correspondence: white_lili@mail.ru

Received: 23 September 2020; Accepted: 30 November 2020; Published: 30 November 2020 ﬁl:,e(f:tfg

Abstract: Research Highlights: This study emphasized the importance of multi-parameter analyses
along ecological gradients for a more holistic understanding of the complex mechanism of tree-ring
formation. Background and Objectives: The analysis of climatic signals from cell anatomical features
measured along series of tree-rings provides mechanistic details on how environmental drivers rule
tree-ring formation. However, the processes of cell development might not be independent, limiting
the interpretation of the cell-based climatic signal. In this study, we investigated the variability,
intercorrelations and climatic drivers of wood anatomical parameters, resulting from consequent cell
developmental processes. Materials and Methods: The study was performed on thin cross-sections
from wood cores sampled at ~1.3 m stem height from mature trees of Pinus sylvestris L. growing at
five sampling sites along an ecological gradient from cold and wet to hot and dry within continental
Southern Siberia. Tracheid number per radial file, their diameters and wall thicknesses were measured
along the radial direction from microphotographs for five trees per site. These parameters were then
averaged at each site for earlywood and latewood over the last 50 tree rings to build site chronologies.
Their correlations among themselves and with 21-day moving climatic series were calculated. Results:
Our findings showed that wood formation was not simply the result of environmentally driven
independent subprocesses of cell division, enlargement and wall deposition. These processes appear to
be interconnected within each zone of the ring, as well as between earlywood and latewood. However,
earlywood parameters tend to have more distinctive climatic responses and lower intercorrelations.
On the other hand, there are clear indications that the mechanisms of cell division and enlargement
share similar climatic drivers and are more sensitive to water limitation than the process of wall
deposition. Conclusions: Indications were provided that (i) earlywood formation left a legacy on
latewood formation, (ii) cell division and enlargement shared more similar drivers between each
other than with wall deposition, and (iii) the mechanism of cell division and enlargement along the
gradient switch from water to heat limitations at different thresholds than wall deposition.

Keywords: quantitative wood anatomy; tracheid radial diameter; cell wall thickness; earlywood;
latewood; ecological gradient
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1. Introduction

Trees, due to their longevity and their environment-sensitive annual increments, are excellent
biological sensors to retrospectively assess environmental changes. Tree-ring width is commonly used
for such reconstruction since it is easy to measure on softwoods and in porous ring hardwoods [1,2]
and it adequately integrates the biologically relevant climatic signal. Since tree growth is primarily
driven by light, temperature and water availability [3,4], tree rings proved helpful for reconstructing
local climate (e.g., [5,6]).

In recent years, dendrochronology has evolved including more tree-ring traits which are helping to
better understand the causal relationships between environmental factors and tree performance ([7-10],
etc.). Among them, wood anatomy is one of the subdisciplines that provides novel contributions.
Quantitative wood anatomy, i.e., the use of intra-annually resolved wood cell anatomical characteristics
along dated tree-ring series [2,11,12], effectively complements the information obtained from tree-ring
width. A firstimportant advantage is the increased temporal resolution of the climatic response encoded
in cells [13-15], environmentally-sensitive formation of which occurs over only few weeks [16,17].
A second benefit is related to the diversity of anatomical parameters (such as the number, size and wall
thickness of tracheids in conifers) representing corresponding cell development processes (cell division,
enlargement and secondary wall deposition), which respond to different environmental factors [4,18].
Another advantage of quantitative wood anatomy is the strong link between structure and function in
xylem as a tissue. In conifers, where tracheids play different roles depending on their position in the
ring, cell wall thickness and tracheid radial diameter assume different functional meanings [14,19],
which can be used to interpret the environmental impact on xylem functional performance. Specifically,
earlywood tracheid traits are closely linked with the xylem hydraulic properties, while the latewood cell
wall thickness is a rather reliable proxy of mechanical properties and carbon fixation in wood [20-22].

Despite the more mechanistic and functional interpretation offered by quantitative wood anatomy,
this approach has not considered restrictions imposed on environmental signals by the cell production
chain. Since wood formation is a gradual proliferation of xylem cells in which phases of cell production
and differentiation are separated in space and time during the growing season, one can expect that
it is possible to independently identify the environmental factors constraining each developmental
process of each single cell produced over the full growing season [23]. However, these developmental
processes might not be fully independent from each other, since cells generated by the cambium follow
a strict production line trough cell developmental processes that run in parallel. While some cells
undergo cell wall deposition, others (generated later) are still enlarging or dividing. Thus, what occurs
at a certain cell developmental stage might depend on what has happened during the previous stages.
It might eventually result in the constrained relations between parameters (e.g., that wall thickness
depends on cell diameter) or between ring sectors (that latewood characteristics depend on earlywood
ones) hindering the interpretation of the environmental signal.

In this study, we aim at exploring these relations by performing quantitative cell anatomical
measurements along series of tree-rings to (i) quantify correlations among cells’ anatomical parameters
and between cells formed at different seasons to (ii) investigate their response to climatic variability.
This study is performed on an ecologically tolerant and widespread coniferous species, Scots pine
(Pinus sylvestris L.) [24,25], at five sites along an ecological gradient ranging from thermal to water
limitations that also accounts for the diversity of environmental conditions.

2. Materials and Methods

2.1. Study Area and Site Selection

The study was performed on five sampling sites in southern Siberia, Russian Federation (Table 1,
Figure 1). Four sites were distributed along an elevation gradient from the lower part of taiga belt at
500 m a.s.l. up to the forest line at 1350 m a.s.1.
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Table 1. Description of sampling sites and climatic stations (climatic data averaged over 1964-2014).

Coordinates Slope Average Climate (May-Sep)
. . Forest —
Site/Station Lat.  Long. Elev. Aspect Angle Composition! ~Temp  Prec. Radlatlgn
(°N) (°E) (m a.s.l) ©) ((®) (mm) (kW/m?*)
ShB_1300N 52.809 91.507 1350 NE 25-30 PIIE;(Ings Y 8.2 1390 600
PISY LASI
ShB_900N 52.840 91.451 950 N 25-30 ABSI PPTM 10.8 990 600
ShB_900S 52.839 91.450 950 S 30-35 PISY LASI 10.8 990 770
PPTM
ShB_500S 52.827  91.448 550 S 20-25 PI?)IE%QSI 13.4 590 730
MIN_300 53.723  91.867 300 flat 0 PISY BEPE 14.9 260 670
Cheryomushki ~ 52.87  91.42 330 E <10 - 14.7 390 660
Minusinsk 53.68  91.67 250 flat 0 - 15.2 260 670

1 Species codes are given according to the list of species used in tree-ring research ([26]): ABSI, Abies sibirica Ledeb.;
BEPE, Betula pendula Roth.; LASI, Larix sibirica Ledeb.; PCOB, Picea obovata Ledeb.; PISI, Pinus sibirica Du Tour; PISY,
Pinus sylvestris L.; PPTM, Populus tremula L.
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Figure 1. Study area with selected sites: (a) Location of the study area within the Asian part of
Russia; (b) location of the sampling sites (diamonds) and climatic stations (stars) within the study area;
(c) topographical map of the four sites in the Shushensky Bor; (d) climatic diagrams (1964-2014) at
the climatic stations of Cheryomushki (Cher) and Minusinsk (Min); (e) location of the sites within the
temperature vs. precipitation plot (May—September; see Table 1) to illustrate the ecological gradient
considered in the study; the size of circle is proportional to the received solar radiation.
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These sites were located in the National park “Shushensky Bor” in the Western Sayan Mountains
within 10 km from the Cheryomushki climatic station (330 m a.s.l.). An additional site (about 100 km
north from the previous ones) was located on a flat plain at 300 m a.s.l. in a dry pine forest named
Minusinsky Bor within the steppes of the Khakass-Minusinsk Depression. This site distanced 9 km
from the Minusinsk climatic station (250 m a.s.l.).

The climate of the region is sharply continental [27], characterized by large daily and seasonal
temperature variation and by uneven seasonal distribution of precipitation. According to 1964-2014
records (www.meteo.ru) from the climatic stations of Cheryomushki and Minusinsk, the mean annual
temperature and precipitation are 1.6 and 3.6 °C, and 354 and 541 mm, respectively (Figure 1d).
Precipitation is falling mainly during the warm season. In Cheryomushki, at the foothills of the
elevational gradient, the average temperatures of the warm season (April-October) are 11.7 + 0.7 °C
and the total precipitation sum is 460 + 80 mm (mean + standard deviation). The local temperature
lapse rate during the warm season is ca. 0.65 °C per 100 m of elevation, whereas annual precipitation
increases by 100-200 mm per 100 m [28]. In comparison to Cheryomushki, the climate of Minusinsk is
slightly more continental and much drier; in April-October average temperature is 11.7 + 0.6 °C, and
the precipitation sum is 310 + 60 mm.

The forests of the region are usually dominated by the coniferous Pinus sylvestris L., Pinus sibirica
Du Tour, Larix sibirica Ledeb., Picea obovata Ledeb., Abies sibirica Ledeb.; deciduous Betula pendula Roth.
and Populus tremula L. also occur at lower elevations. Soils in mountains around Cheryomushki are
in general loamy, thin, and stony with numerous hard rock outcrops but the depth and fertility can
strongly vary depending on the local landscape. In Minusinsky Bor, soils are sandy and contain ca.
7-10% of humus in the upper 8-10 cm layer.

The sites were selected along an elevation gradient to cover a water stress gradient ranging
from cold and wet (warm season means are 8.2 °C and 1390 mm) to warm and dry (15.2 °C and
260 mm) (Figure le, Table 1), considering a lapse rate of +100 mm of May-September precipitation and
—0.65 °C of May—-September temperature for every 100 m rise in elevation referenced to the measured
values from the closest climatic stations. Additionally, to also account for contrasting solar radiation,
the south-facing 900 m a.s.l. elevation site was contrasted with a site on the same elevation but the
opposite slope. The solar radiation was estimated using the ArcGIS software (www.esri.com) based on
the SRTM v3 digital terrain model. Obviously, there is substantial uncertainty in climatic characteristics
at the sampling sites, but it does not change principal pattern of ecological gradient.

2.2. Tree-Ring and Cell Anatomical Measurement

Stem wood cores from at least 20 mature and dominant Pinus sylvestris trees without visible
damages were collected from each site. Sample collection was performed at 1.3 m stem height using a
5-mm increment borer. After core surface preparation, the tree-ring width (TRW) of all annual rings of
each core has been measured with a LINTAB measuring table using the TSAPwin software (Rinntech,
Germany). Tree-ring width time-series were visually and statistically cross-dated according to standard
dendrochronology methods [29].

Cell anatomical measurements were performed on the last 50 annual rings (for the period
1965-2014 at the ShB sites and 1964-2013 at the MIN site) on a selection of five trees per site (Figure Al
in Appendix A). For the selection, we considered the trees with ring-width time-series that showed the
highest correlations to the mean site chronology and which were at least 80-120 rings long to ensure a
representative site signal and minimize age-trend effects [30]. Cell measurements were performed
on images from 1520 um thick cores’ cross-sections (Figure A2 in Appendix A). Cross-sections
were obtained from the water-soaked softened cores using a sledge microtome (Microm HM 430,
Thermo Fisher Scientific, USA), then stained with safranin, dehydrated with increasing concentrations
of ethanol solutions, washed with xylol, and permanently preserved in Canada balsam. Images were
captured using a digital camera connected to a microscope (AXIOCam MRc5, Axio Imager D1, Zeiss,
Berlin, Germany) with a resolution of 3.7 pixels per micron. Anatomical measurements on the dated
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tree rings were performed using the program Lineyka [31]. For each ring, we measured the lumen
diameter (LD) and the double cell wall thickness (2CWT) in the radial direction along five radial files of
tracheids [32,33] with an accuracy of 0.01 um. The program ProcessorKR [31] was used to derive the
radial diameter D = LD + 2CWT of each single tracheid along the radial file to obtain tracheidograms,
which were then standardized to the mean number of cells per ring and averaged over 5 radial files [34].

The separation between earlywood and latewood cells has been performed according to
Bryukhanova and Fonti [35], i.e., by defining site-specific threshold values k that best separate
the kernel density maxima in the bimodal distribution of the ratio between cell wall thickness and
tracheid diameter (CWT/D). Specifically, tracheids showing a CWT/D < k were assigned to earlywood,
with the exception of the small amount of intra-annual density fluctuations (IADF) where latewood-type
tracheids forming within the earlywood were still considered as earlywood tracheids (Figure A3 in
Appendix A). Cell number, mean tracheid diameter, and mean cell wall thickness were then calculated
accordingly for earlywood and latewood of each ring.

2.3. Tree-Ring Chronologies, Correlation Matrices, and Climate—Growth Relationships

Cell anatomical time-series of earlywood and latewood N, D, and CWT were averaged into
site chronologies. These parameters were selected as indicators of the processes of cell division (N),
cell enlargement (D), and wall-deposition (CWT). No detrending of the cell anatomical time-series
was performed, since their changes related to tree size and age have already been minimized by
omitting the juvenile wood from the time-series [30,33,36,37]. The strength of the common signal in site
chronologies has been quantified for each site and parameter using the mean inter-series correlation
between the time-series of the five individual trees. One-way ANOVA was used on site chronologies
(i.e., the highest level of data hierarchy) to determine the significance of site differences between mean
values of each anatomical parameter. To estimate the significance of differences between each pair of
site chronologies, the Tukey post-hoc test was applied.

Matrices of paired Pearson correlations within each parameter at different sites and between
parameters within each site have been performed to investigate how the parameters’ association
varies along the ecological gradient. Significance of correlations was evaluated with a ¢-test; a level of
significance of p < 0.05 was used. The climatic signal in anatomical parameters has been calculated
by paired Pearson correlations between the site chronologies of each parameter and the series of
temperature and precipitation from 1964 to 2014, calculated from daily data using a 21-days window
moving in daily steps over the growing season, i.e., from May to September.

For all these analyses, we applied linear models as this approach has already been successfully
applied for various long-term anatomical datasets, both in terms of interrelations between chronologies
and climate-growth relationships (e.g., [14,15]).

3. Results

3.1. Characteristics of Site Chronologies

The 50-yr long site raw chronologies showed a rather flat linear trend over time except for the cell
number for the ShB_900S site (Figure 2). The cell diameters and the latewood cell walls were relatively
stable along the gradient (Figure A4 in Appendix A). Cell numbers tended to be lower at the extremes
of the gradient, but clearly increased with site temperature while opposite trend was observed for
the wall thickness of the earlywood cells. The coefficient of variation, despite it being double for N
(15-27%) than for D and CWT (2-12%), was relatively stable along the gradient (Figure 2, Figure A5
in Appendix A). The common signal (here assessed as mean inter-series correlation) was higher for
N (up to 0.50) than for D (up to 0.37) and CWT (up to 0.27) with correlations ranging from 0.1 to 0.5
depending on the parameter and site (Table 2). The common signal was among the strongest at the
extremes of the ecological gradient: for TRW, N, and CWT, the signal was strongest at the wettest
and coldest site, while D showed the strongest agreement among trees at the warmest and driest
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site. Moreover, the sites ShB_900N and ShB_900S, despite their close location and similar elevation,
showed important differences in the strength of the signal for N and D.
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Figure 2. Overview of all Scots pine raw chronologies grouped by site and tree-ring parameter.
Thin lines represent series of individual trees; thick lines represent site average chronologies.
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Table 2. Mean inter-series correlations of Scots pine cell anatomical chronologies. For comparison,
values for tree-ring width chronologies of the same sites standardized using 67% cubic spline [29]

are shown.
L Site
Parameters ShB_1300N  ShB_900N ShB_900S ShB_500S MIN_300
TRW.;, 0.48 2 027 0.30 0.28 027
TRW; 0.50 0.25 0.39 0.27 0.28
New 0.47 0.24 033 0.25 0.23
Niw 0.49 0.24 0.41 0.23 031
Dew 0.16 0.12 0.27 0.16 0.37
Dlw 0.19 0.13 0.38 0.10 0.36
CWTew 0.10 0.18 0.10 0.10 0.09
CWTlw 0.25 0.27 0.17 0.16 0.18

! TRW4;, = site chronology of tree-ring width based on all sampled trees; TRW5 = site chronology of tree-ring width
based only on five trees selected for anatomical measurements; New = number of cells in earlywood; Nlw = number
of cells in latewood; Dew = average cell radial diameter in earlywood; DIw = average cell radial diameter in latewood;
CWTew = average cell wall thickness in earlywood; CWTIw = average cell wall thickness in latewood. 2 Values in
bold indicate the maximum common signal strength along the ecological gradient for a given parameter.

3.2. Correlations Within and Between Parameters

The correlation matrices for the same parameter across different sites showed relatively few
significant correlations (Figure 3). Positive significant correlations (p < 0.05) were observed for
earlywood parameters between the most drought-exposed sites (MIN_300, ShB_500S and ShB_9005S)
and in the latewood parameters between the ShB_900 sites. The only negative significant relationships
were observed for Dew among the colder and wetter sites.
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Figure 3. Between-site correlation matrices grouped by cell parameter. Colors indicate significant
correlations at p < 0.05.

The correlations between parameters of the same site were very variable (Figure 4). These were
ranging from a minimum of -0.23 for New X Dew at ShB_900S to a maximum of 0.79 for Dlw x CWTlw
at MIN_300, and were generally stronger between the earlywood and latewood values of the same
parameter (i.e., within the N, D and CWT types) and weakest between successive stages of tracheid
differentiation in earlywood (New and Dew, Dew and CWTew). When considering their variations
along the ecological gradient, it has been possible to identify distinct patterns. The first pattern was
characterized by constantly positive significant correlations with the highest values at the extremes. So,
for example, the correlation between DIw and CWTIw was constantly positively significant, with the
highest values at MIN_300 (r = 0.70) and ShB_1300N (r = 0.79). The second pattern grouped correlations
that did not show a clear trend along the gradient. For example, the correlation between New and Niw
was moving within a relatively small range between 0.44 and 0.67 at all sites. The third pattern was
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characterized by correlations showing a clear change in sign from positive at the extremes to negative

in the center of the gradient.
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Figure 4. Between-parameter correlations along the ecological gradient. Colors indicate significant

correlations at p < 0.05.

3.3. Climate—Growth Relations

The sites at the extremes of the ecological gradient generally showed contrasting responses to

climate, independently from the investigated cell anatomical parameters (Figure 5). At the cold and
wet forest-line ShB_1300N site, anatomical parameters for most of the growing season positively
responded to temperature and negatively to precipitation, whereas it was the opposite for the dry and
warm MIN_300 site. For the sites in the central part of the gradient, the climatic response was often in
between these two types. It was also possible to observe a tendency for an earlier temperature signal in
the earlywood chronologies than for the latewood ones. This pattern was, however, less pronounced

for the responses to precipitation where, in addition to a similar signal as for the earlywood, a second
climatic signal appeared later in the summer.
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Figure 5. Correlations between earlywood (top) and latewood (bottom) cell anatomical chronologies

with the 21-day moving series of mean temperature (left) and precipitation (right). Strength of positive

(green) and negative (red) correlations (only significant at p < 0.05) is represented by intensity gradient

of color, see the legend. Version representing all correlations including those not significant at p < 0.05

is showed as Figure A6 in Appendix A.



Forests 2020, 11, 1294 9of 16

Inregard to the earlywood (Figure 5, upper panels), at all elevations, climate affected the anatomical
parameters from approximately the beginning of May to July 20. The temperature signal in general
tended to peak on later date as the heat supply increased; this trend was especially pronounced for
Dew and almost not existent for CWTew. Temperature limitation (i.e., positive signal to temperature)
was observed only at the upper forest line, while at the other sites the negative signal to temperature
was coupled to a positive precipitation signal, indicating drought stress. Despite the weak climatic
response in CWT, in contrast to the other parameters, there was a slight tendency to a negative response
to precipitation at all sites except MIN_300.

In latewood (Figure 5, lower panels), the climatic influence on cell production was also observed
since May, but extended at all sites until the first half of August with a break around June to the
beginning of July, depending of the site. In the cell radial diameter, the climatic effect was most
pronounced in July and the first half of August, although the influence of previous conditions was also
observed. The temperature limitation of latewood cell formation reached lower elevations than for
earlywood, being negative and decoupled from a positive precipitation signal (drought signal) for
all the sites below ShB_900N. In addition, N and D also negatively responded to a warm and wet
August. For CWT, a positive influence of summer temperatures and negative one of precipitation was
observed at all Shushensky Bor sites. However, in the Minusinsky Bor, all parameters showed a similar
climatic response.

4. Discussion

The conifer tree-ring anatomical structure is the result of individual tracheids sequentially moving
through a defined chain of parallel running developmental processes (cell division, enlargement,
and wall thickening) [23] that shares the same resources (assimilates; see [38]) and constraints
(e.g., abiotic factors as heat and moisture). The main source for cell ecological information results
from how these requirements and constraints differently interact to shape the observed variability
of the tree-ring structure [39-41]. To identify common drivers across the complex cell formation
machinery, in this study we assessed similarities and climatic responses of developmental-specific
tracheid anatomical characteristics of the earlywood and latewood (number of cells = cell division,
cell diameter = enlargement; and cell wall thickness = secondary wall deposition), and how these
interlinked variabilities change along a large regional ecological gradient.

4.1. Variabilities and Their Drivers

The three anatomical cell parameters considered (namely the number of cells N, the average
cell diameter D and the average cell wall thickness CWT) displayed different inter-annual variation,
whereby the cell size parameters (D and CWT) showed much lower coefficient of variations than N
(Figure A5 in Appendix A). These coefficients were also lower for the earlywood parameters compared
to the latewood ones. Such differences in the year-to-year variation support previous observations
of a reduced variability in the morphology of earlywood tracheids which have to follow more strict
biophysical constraints [42] in accordance to the size of the tree [36,37] to secure the essential function
of an efficient and safe water transport [21,43]. On the contrary, the variability of the cell number is not
limited functionally but might instead simply be a passive indicator of yearly or seasonal performance
of cambial division. Despite these differences in constraints, some parameters still showed a certain
common year-to-year variability (Figure 4). For example, the strong correlations between earlywood
and latewood for the same parameters were mostly significantly positive (0.65 > r > 0.22) suggesting
that, with slight differences among sites, the earlywood and latewood parameters share some common
driver. This common signal is related to the same response to climatic conditions that occurred prior
and/or during the formation of the earlywood. Such relations well confirm established observations
for intra-annual density showing that, except for very high latitudes (>60°, where the growing season
in quite short), latewood density encodes both spring (in common to the earlywood) and summer
temperature signals [44]. Interestingly, similar common variabilities are also observed between
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different parameters across the whole gradient, both within (e.g., among all latewood parameters)
and between the sectors (e.g., between the New and the Diw or CWTew and Nlw). Some of these
relationships were also modulated by the environmental conditions where the correlations became
significant only under extreme conditions, i.e., at both extremes of the gradient (New X CWTIw or
New x Dew) or under the more drought exposed conditions (Dew X CWTIw). We interpret these
shared variabilities among parameters as indications of dominant common environmental drivers
influencing the different processes shaping the ring structure. From our results, it emerges that,
despite the link between earlywood and latewood, the processes involved in the formation of the
latewood cells are—with different weight—mostly dominated by the same environmental constraint,
namely summer drought. This is confirmed from the climate—growth correlations which show a
general pattern at almost all sites, specifically that latewood parameters have a strong July-August
response to temperature, precipitation, or both (Figure 5). The sign of the correlations depends on
the mechanism shaping the considered parameter. Temperature and precipitation favor cambial
division at the sites where the respective factor is most limiting tree growth [14,45], while the cell
size mostly depends on turgor pressure [46—49] and thus at the drought-prone sites is promoted by
cold and wet conditions [50,51]. Finally, the wall thickening (an important component in determining
latewood density) mostly depends on the deposition of available carbon assimilates, a process primarily
dependent on summer temperatures [20,44,52,53]. The picture is more complex when considering the
climatic responses of the earlywood cell parameters, since the different cell developmental stages seem
to be more independent in the response to the environmental parameters. The fact that the climatic
signals of the three developmental processes are coherently temporally shifted along the production
chain (division, enlargement, wall thickening) might already explain the lower agreement among
the earlywood parameters. Nevertheless, the strong correlations between the number and size of
earlywood cells, at least for the extremes of the gradient, might be explained by the fact that both
processes respond to the same factor during approximately the same period.

4.2. Variation of Climatic Responses along the Gradient

The wood anatomical responses were very changeable along the ecological gradient. In some cases,
the climatic signal of a given parameter changed from positive to negative, especially for the response
to temperature. The correlation matrices among the same parameters between sites (Figure 3) clearly
support the hypothesis that positively significant similarities between sites are mostly limited to the
ecologically closest sites.

Comparison of the spatial and temporal (during the season, in accordance with the timing of the
corresponding xylogenesis phases for earlywood and latewood) changes in the climatic response of
the selected parameters showed different sensitivity of the parameters along the ecological gradient.
Although it appears to be clear that there was a switch from moisture availability to heat supply for the
onset of the vegetative season along the ecological gradient, the climatic response in New and Dew is
already shifting towards the limitation by heat supply at an altitude of 900 m a.s.l., while this switch is
closer to 500 m a.s.l. for CWTew. From this comparison, it also emerges that CWTIw is largely limited
by temperature throughout the entire pine distribution range except for the most dry and hot MIN_300
site, while the more turgor-related mechanism of cell enlargement (Dlw) is sensitive to water deficit
below 900 m a.s.l. These results indicate that threshold of the switch from water to heat limitations
for the mechanism of cell division and enlargement is decoupled from wall deposition, which is less
sensitive to drought.

5. Conclusions

This study on Pinus sylvestris, performed along a large ecological gradient, provides indications
that wood formation is not simply the result of independent sub-processes of cell division, enlargement
and wall deposition. This study provided initial indications that (i) earlywood formation can leave a
legacy on latewood formation, (ii) cell division and cell enlargement share more similar drivers than
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with wall deposition, and (iii) the mechanism of cell division and enlargement switch from water to
heat limitations at different thresholds than for wall deposition. On the one hand, our results suggested
that the processes occurring in the latewood are not independent from the ones occurring during the
formation of the earlywood, and that earlywood parameters tend to have more distinct responses since
the processes are more clearly separated in time than for the latewood parameters. On the other hand,
there are clear indications that the mechanisms of cell division and enlargement share similar drivers
and that they are more sensitive to water limitation than the process of wall deposition.

It can therefore occur that the ongoing global warming causes impairment between these
mechanisms, inducing the formation of smaller cells with thicker walls. This might eventually cause
the formation of a denser wood with less effective water transport, which will also induce smaller trees.
Future research in natural conditions or greenhouse/field experiments could be addressed to further
verify these observations in other species and/or environments and to investigate the consequences for
wood growth and water transport in trees to estimate their impacts on forest ecosystem services.
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Appendix A

$ | ShB_900S

Treeting width (mm)

19 1 ShB_5005

Figure Al. Tree-ring width raw time series at each sampling site (for ShB_1300N part of the plot
before 1900 was cut off). Thick lines represent averaged site chronologies; thin lines represent series of
individual trees; series of trees selected for wood anatomy are marked with red color. Shaded area
marks periods of anatomical measurement.
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Figure A2. Measurement of Scots pine wood anatomical parameters on the microphotography with
the Lineyka 2.0 program [32]. Lines on the photo are paths of measurement along radial files of
tracheids; for each path result of measurement is a consequence of lumen diameter (LD, cyan segments
of lines) and double cell wall thickness (2CWT, magenta segments) values. Inset shows the scheme of
initially measured parameters (LD and 2CWT) and parameters calculated from them in the ProcessorKR
program (radial cell diameter D and single cell wall thickness CWT) [32].
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Figure A3. Procedure of separating earlywood and latewood: (a) dependence of CWT(D) on an
example of the ShB_500S sampling site; marked dense clusters of cells are typical tracheids of earlywood
(solid boundary line) and latewood (dashed boundary line); straight line represents threshold k for
this site; (b) example of tree ring with IADF (decrease in D in several cells of earlywood); cells
where CWT/D > k are marked with shaded areas; the left shaded area caused by IADF was manually
sorted as earlywood. The following k values have been applied: ShB_1300N-0.14; ShB_900N-0.09;
ShB_900S-0.12; ShB_5005-0.10; MIN_300-0.11.
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Figure A4. Ranges of variation for Scots pine wood anatomical traits: mean values, standard deviations
SD, and full range from minimum to maximum values. Different letters indicate differences significant
atp = 0.05 (ANOVA).
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Figure A5. Coefficient of variation (var = SD/mean-100%) values for the anatomical site chronologies of
earlywood (left panel) and latewood (right panel).
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Figure A6. Correlations between earlywood (top) and latewood (bottom) cell anatomical chronologies
with the 21-day moving series of mean temperature (left) and precipitation (right). Strength of positive
(green) and negative (red) correlations is represented by intensity gradient of color, see the legend.
Correlations significant at p < 0.05 are marked with dots.
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