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Assessment of the resistance of forest communities and individual species to external impacts requires re-
search on the possible response of species, communities and ecosystems in different regions to the changes
expected in the natural environment and climate. This study aimed to assess the variability of stem xylem an-
atomical and hydraulic traits and their coordination with leaf СО2/Н2О exchange parameters in evergreen
gymnosperm and deciduous angiosperm tree species during natural reforestation after clear-cutting of boreal
pine forest in the European North. We analysed the effects of plant growth conditions and climatic factors on
the structural and functional traits of regrowing trees in Scots pine (Pinus sylvestris L.), silver birch (Betula
pendula Roth) and aspen (Populus tremula L.) during four growing seasons in a clear-cut site and under bil-
berry-type pine forest canopy in the middle taiga of Karelia. Stem xylem anatomical and hydraulic traits and
leaf СО2/Н2О exchange parameters in the different tree species mainly demonstrated a similar response to
changes in plant growth conditions and climate. In the clear-cut, both Scots pine and the angiosperm tree
species had the highest tracheid and vessel hydraulic diameters and xylem potential hydraulic conductivity
while at the same time having the lowest specific density of tracheids and vessels. Analyzing the interannual
variation of climatic factors we found that the variability of annual increments was the highest in all the spe-
cies as compared to the other xylem traits, which were more conservative. Coordination between stem xylem
hydraulic traits and stomatal conductance, rates of photosynthesis and transpiration, and their variability in
evergreen gymnosperm and deciduous angiosperm tree species under environmental factors indicate different
hydraulic behavior (isohydric/anisohydric) strategies in silver birch, aspen, and Scots pine. The predicted in-
crease in the frequency of heat waves and droughts at Northern latitudes will promote the competitive ability
of Scots pine and aspen, which build a more efficient and safer hydraulic structure compared to silver birch
by raising СО2 gas exchange and productivity in dry conditions.
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The assessment of the resistance of communities
and individual species to external impacts has current-
ly received great attention (IPCC, 2013; FAO, 2020).
However, the question of possible responses of species
(Niinemets, 2010; Bussotti et al., 2015; Reich et al.,
2018), communities, and ecosystems in different re-
gions to various external impacts (Price et al., 2013;
Groisman et al., 2017; Oliveira et al., 2021) still re-
mains open due to uncertainty in the assessment of the
ability of natural ecosystems to recover functionally
from catastrophic disturbances. This problem is espe-
cially acute in the European North considering chang-
es in the frequency, pattern, and severity of extreme
environmental conditions over the past few decades.

Perennial plants, and particularly trees, contribute
the most significantly to the biomass of terrestrial eco-
systems (Bonan, 2008). Through their ontogeny,
woody plants are continuously exposed to variations of

biotic and abiotic environmental factors. An under-
standing of wood formation under variable natural en-
vironment and climate conditions is one of the central
interests of plant anatomists and ecophysiologists
(Fritts, 1976; Vaganov et al., 2006; Hacke, 2015), since
the xylem, being the main water conducting tissue in
terrestrial plants, supplies water and nutrients to the
plant’s photosynthetic and growing tissues. The effi-
ciency and safety of xylem functioning largely deter-
mine the growth, productivity and survival of plants
(Hacke, Sperry, 2001; Fonti et al., 2010; Gleason et
al., 2016). The ratio of the transport, storage, and
structural support functions of tree xylem can change
over the gradient of ecological conditions as a result of
adaptive transformations (Lachenbruch, McCulloh,
2014; Kawai et al., 2022). The responses may, howev-
er, differ significantly among species due to specific
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growth strategies and xylem anatomy features (Hacke,
2015).

The traits of xylem hydraulic structure, such as the
arrangement, length, diameter, wall thickness and pit
features of conducting elements, determine the water
transport safety and efficiency (Sperry et al., 2006;
Venturas et al., 2017; Sviderskaya et al., 2021).
With longer conducting elements, water passes
through the pits fewer times, which reduces total xy-
lem hydraulic resistance (Choat et al., 2008). At the
same time, the wider conducting elements increase
the risk of embolism in both evergreen gymnosperm
and deciduous angiosperm tree species (Bouche et al.,
2014; Hacke et al., 2017). This leads to the reduced
competitive ability of trees with large vessels during
frosts and severe drought (Olson et al., 2018). Diffuse-
porous species, like members of the genus Populus L.,
lower the risk of cavitation and hydraulic failure under
water stress by producing numerous and interconnect-
ed vessels with narrow lumens (Rodriguez-Zaccaro et
al., 2021). The xylem of ring-porous species with large
vessels, namely Quercus spp., has been observed to be
highly vulnerable to embolism as water transport hap-
pens only in the outermost tree ring (Fonti et al., 2010;
Benson et al., 2022). Evergreen gymnosperm tree spe-
cies have a more universal structure of the xylem com-
pared to deciduous angiosperm tree species, with large
thin-walled tracheids in earlywood and smaller thick-
walled tracheids in latewood, which perform different
functions – efficient water transport in earlywood
and, to a greater extent, mechanical support in late-
wood (Hacke, 2015). Presumably, differences in the
tracheid characteristics of earlywood and latewood
help conifers adapt to variation in environmental con-
ditions, especially to frosts and droughts (Zheng et al.,
2022).

Woody plants utilize multiple strategies to avoid xy-
lem dysfunction caused by embolism (Nardini et al.,
2018; Anderegg et al., 2019). For example, at a certain
value of leaf water potential, stomatal restriction of
transpiration water loss occurs (Buckley, 2019) reduc-
ing the rate of xylem dehydration. The degree and in-
tensity of such hydraulic regulation vary among spe-
cies and depend on the age, height, xylem structure,
and functional type of plant (Manzoni et al., 2013;
Gleason et al., 2016; Martinez-Vilalta, Garcia-
Forner, 2017). According to our data (Sazonova et
al., 2019), stomatal restriction of water loss through
transpiration in boreal Scots pine trees begins when
the water potential of foliated shoot reaches
‒1.0…–1.1 MPa. Dehydration of stem xylem in bore-
al silver birch trees occurs at higher values of the foli-
ated shoot water potential (Pridacha et al., 2018) since
the Ψ range corresponding to the maximum rate of
water f lux in silver birch is shifted towards higher val-
ues (–0.4…–0.6 MPa) compared to Scots pine
(‒0.6…–0.85 MPa). This “threshold” value of  Ψ has
significant physiological implications as it points to
the relationship between the regulatory mechanisms of

xylem water f luxes and water losses through transpira-
tion in conifer and angiosperm tree species (Brodribb,
Cochard, 2009; Urli et al., 2013). Another important
regulator of water transport is radial water f luxes be-
tween xylem, phloem, and the living parenchyma cells
which connect them hydraulically and thus can buffer
against water status f luctuations caused by water loss
from leaves and water supply to roots (Sevanto et al.,
2011; Stroock et al., 2014). In turn, the plant hydraulic
structure, which determines both qualitatively and
quantitatively the plant’s ability to conduct water from
the roots to the leaves, controls the maximum stomatal
conductance and thus affects photosynthesis (Bro-
dribb et al., 2017; Hacke et al., 2017; Xiong, Nadal,
2020). This close functional coordination ensures the
stability and competitiveness of plants in changing en-
vironmental conditions.

Members of genera Pinus L., Betula L., and Popu-
lus L. are common in the temperate and arctic zones of
Northern Eurasia and are the main forest-formative
tree species for boreal forests. Due to their wide eco-
logical amplitude, Pinus sylvestris L., Betula pendula
Roth, and Populus tremula L. are convenient objects
for studying the mechanisms by which plants adapt to
environmental impacts. In a previous study of the
functional traits of evergreen gymnosperm and decid-
uous angiosperm tree species along the “clear-cut
site – bilberry-type pine forest” gradient of environ-
mental factors, we revealed some non-specific chang-
es in stomatal conductance and rates of photosynthe-
sis and transpiration in Scots pine, silver birch, and as-
pen and, vice versa, species-specific changes in the
photosynthetic efficiency of water use and nitrogen
use (Pridacha et al., 2021). Here, to clarify the causes
of such species-specific response, we assessed the
variability of stem xylem anatomical and hydraulic
traits and their coordination with leaf CO2/H2O ex-
change parameters in a evergreen gymnosperm (Pinus
sylvestris) and in deciduous angiosperm (Betula pen-
dula and Populus tremula) tree species during natural
reforestation after clear-cutting of boreal pine forest.
The key working hypothesis was that different tree
species co-occurring in the European North, regard-
less of the species’ ecological and biological traits,
would respond similarly to changes in environmental
factors limiting plant growth and productivity. To test
this hypothesis, we analysed the effects of plant growth
conditions (habitat) and climatic factors (temperature
and total precipitation in the growing season) on the
structural and functional traits of Scots pine, silver
birch, and aspen in a clear-cut site and under the can-
opy of an undisturbed bilberry-type pine forest in
southern Karelia during four growing seasons.

MATERIAL AND METHODS
Study area and vegetation. This study was carried

out in the European part of the middle taiga (southern
Karelia, Russia) on two adjacent sample plots (SP) sit-
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uated in a 10-year-old clear-cut Scots pine stand
(62°10′28.1″N, 33°59′58.8″Е) and a mature 95-year-
old bilberry-type pine stand (62°10′10.8″N,
34°00′05.4″Е) in July-August in the period from 2016
to 2019 (Fig. 1). The climate in the study area is of the
Subarctic type (Peel et al., 2007), characterized by a
relatively evenly distribution of precipitation over a
year (550–750 mm annual mean). The monthly mean
air temperatures in January and July are –11°С and
+16°С, respectively (Gromtsev, 2003). The growing
season with daily mean air temperatures above +5°С
lasts about 155 days from May to September. Total in-
coming solar radiation over the growing season does
not exceed 1130 MJ m–2. Previously, we noted (Prida-
cha et al., 2021) that moisture conditions during the

growing seasons (May through September) of 2016–
2019 were characterized by alteration of wetter (490
mm) and drier (250 mm) periods. The beginning of
2018 and 2019 growing seasons showed relatively dry
weather conditions. The total precipitation of the 2016
growing season was higher than the long-term climate
means (Nazarova, 2015) throughout the growing sea-
son. The growing season’s temperature pattern in
2016–2019 varied (–0.9 ≤ ΔТ ≤ +2.1) from warmer
(2016 and 2018) to colder seasons (2017 and 2019).
For this study, we used seasonal mean temperature
and seasonal total precipitation from May to Septem-
ber in 2016–2019 according to the Kondopoga weath-
er station (https://rp5.ru) located 20 km away from
SPs.

Fig. 1. Map of the study area. Locations of the clear-cut SP (a) and the forest SP (b), respectively.
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The main condition for selecting SPs was the pres-
ence of at least 150 regrowth trees on the plots (Prida-
cha et al., 2021). The diameter at breast height (DBH)
and tree height (H) were measured for each tree in
each plot, and the average DBH and H for the plots
were calculated independently. The measurement of
the biometric parameters of all Scots pine, silver birch
and aspen regrowth trees in the clear-cut and forest
SPs allowed us to select the model trees for each spe-
cies having the average DBH and H in both plant com-
munities. The species sampled were Scots pine (Pinus
sylvestris), silver birch (Betula pendula), and aspen
(Populus tremula) regrowth trees of the same age group
(10–15 years old) growing in the clear-cut site and un-
der the canopy of bilberry-type pine forest. The age of
a tree was determined by the rings on cross-section of
wood sampled at the root collar in 5 trees of each spe-
cies in both SPs. Our previous study showed (Pridacha
et al., 2021) that the young growing stand formed in
the clear-cut site mainly consisted of Scots pine (about
70%) with a mix of silver birch and aspen trees.
The heights of Scots pine, silver birch, and aspen trees
in the clear-cut site were 2.3 ± 0.1, 3.4 ± 0.2, and 1.8
± 0.5 m, and their diameters were 1.6 ± 0.1, 1.8 ± 0.2,
and 1.2 ± 0.4 cm, respectively. The mature tree stand
of bilberry-type pine forest mainly consisted of Scots
pine (90%) with a mix of silver birch (10%).
The heights of regrowing Scots pine, silver birch, and
aspen plants in the mature pine stand were 1.4 ± 0.0,
2.2 ± 0.1, and 3.2 ± 0.3 m, and their diameters were
0.4 ± 0.0, 0.9 ± 0.1, and 1.4 ± 0.2 cm, respectively.
Characteristics of SPs (regrowth density, co-occurring
species) and soil properties were described in detail in
previous paper (Pridacha et al., 2021). The soil in both
SPs was sandy Podzol and the bulk of roots was con-
centrated within the upper 2–25 cm depth soil layer.
The water table in the clear-cut and the forest SPs was
at about the same depth (1.2 m).

Stem xylem traits. To determine xylem traits the
fragments of stem 2.0 cm long were sawn at 0.2 m
height from 5 model trees of each species in both SPs
on August 30, 2019. It should be noted that in the
study area, the period of cambial growth lasts from
May to the first decade of August (Kishchenko, Vant-
enkova, 2013, 2014). Since the differentiation of ves-
sels passes quickly (Jin et al., 2018), all vessels in silver
birch and aspen were fully formed by the date of selec-
tion. In Scots pine, the thickening of latewood tra-
cheid cell walls can continue for 30–60 days after the
cessation of cambial divisions (Vaganov et al., 2006).
Therefore, only fully differentiated latewood tracheids
were selected for measurements in Scots pine. Two
samples were taken from each saw cut, from the north-
ern and from the southern sides, which were fixed in
70° alcohol. Thin cross-sections (15–20 μm) were cut
from each sample using Frigomobil 1205 freezing mi-
crotome (Reichert–Jung, Heidelberg, Germany) and
stained with 1% safranin aqueous solution. The sec-
tions were mounted in glycerol on glass slides and ob-

served under an AxioImager A1 light microscope
(Сarl Zeiss, Germany) at ×10 magnification. Images
(Fig. 2) were recorded using an ADFPRO03 camera
(ADF Optics, China) and ADF Image Capture soft-
ware (ADF Optics, China).

Anatomical measurements were performed ac-
cording to the recommendations (IAWA list…, 1989,
Scholz et al., 2013). For xylem traits analysis, a series
of annual rings over the period 2016–2019 was select-
ed. We took 6 digital images per tree. Digital images
were processed with ImageJ v. 1.50 (NIH, USA) to
measure xylem increments, cell wall thickness, and ra-
dial diameters of the lumen of xylem conducting ele-
ments, and to count the number of tracheids and ves-
sels per unit xylem area (Table 1). Xylem anatomical
traits in pine, birch and aspen were measured sepa-
rately for the northern and the southern sides of the
stem, and then the results were pooled together for
each tree. For tracheid diameter and tracheid wall
thickness, 50 tracheids were randomly measured in
earlywood and latewood subsection for each conifer
tree. The parameters of vessels were measured in 100
replications for each deciduous tree.

The hydraulic diameter Dh was calculated as fol-
lows (Tyree, Zimmermann, 2002):

(1)

where n is the number of vessels (tracheids) measured
and d is the diameter of the vessel (tracheid).

Potential hydraulic conductivity Kp was calculated
according to the Hagen–Poiseuille law (Sterck et al.,
2008):

(2)

where ρw is the density of water at 20°C (998.2 kg m–3),
η is the viscosity of water at 20°C (1.002 × 10–3 Pa s)
and N is vessel (tracheid) density. Vessel (tracheid)
density was the ratio of the total number of vessels (tra-
cheids) to the cross-sectional area (Chen et al., 2020).

Leaf gas exchange parameters. All gas exchange
measurements were performed using the portable
photosynthesis system LI-6400ХТ (LI-COR Inc.,
USA) fitted with the standard 2 × 3 cm leaf chamber
and a light source LI-6400-02B LED (LI-COR Inc.,
USA) in July 2016–2019. Field measurements of sto-
matal conductance (gs, mol m–2 s–1), photosynthesis
(А, μmol m–2 s–1) and transpiration (E, mmol m–2 s–1)
in the leaves (needles) of trees in both SPs were con-
ducted between 10 a.m. and 4 p.m. on fully expanded
leaves without visible damage located in the middle
third of the crown. The measurements were conducted
on three leaves per tree in five model trees per species
in both SPs. The water potential (Ψ, MPa) was mea-
sured in a detached foliated shoot using the Plant
Moisture Vessel device, SKPM 1400 (Skye Instru-
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Fig. 2. Examples of light microscopy images of transverse sections of wood anatomy of evergreen gymnosperm and deciduous
angiosperm tree species growing in the clear-cut SP (A, B, C) and the forest SP (D, E, F). The 2017 annual increment is indicated
by yellow. The numbers indicate the following: 1 – growth ring boundaries, 2 – earlywood, 3 – latewood, 4 – earlywood tracheid,
5 – latewood tracheid, 6 – fiber, 7 – vessel. It should be noted that the wood structure of Betula pendula (B, E) and Populus trem-
ula (C, F) is diffuse-porous with large vessels. Conducting elements of xylem in Pinus sylvestris (A, D) are earlywood and late-
wood tracheids. Scale bar = 100 μm.
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ments Ltd., United Kingdom) simultaneously with
measuring of photosynthesis and transpiration rates.
The methodological details of the leaf СО2/Н2О ex-
change measurements and data on leaf functional
traits were presented in previous paper (Pridacha et
al., 2021). The present study focused on stem xylem
changes and their relationship with leaf gas exchange
parameters across the gradient of environmental fac-
tors.

Statistical analysis. The data were analyzed with
Statistica 13.3 (TIBCO Software Inc., USA). The nor-
mality of the data was checked using the Shapiro-Wilk
test. The effect of plant growth conditions (df = 1) and
the year of the experiment (df = 3) on stem xylem traits
of the coniferous and deciduous tree species was as-
sessed by two-factor analysis of variance. To identify
interannual variability of key characteristics, the val-
ues of stem xylem traits were normalized relative to

their means per 2016–2019 for each tree species. Pear-
son correlation coefficients (r) and P value were used
to evaluated bivariate relationships between xylem
traits and the growing-season climatic factors in
2016–2019 (seasonal mean air temperature and sea-
sonal total precipitation from May to September).
The diagrams and tables show the means and their
standard errors. Significant differences between the
means were estimated using Tukey’s test. This study
was carried out using equipment of the Core Facility
of the Karelian Research Centre RAS.

RESULTS

The analysis of the effects of plant growth condi-
tions (habitat) and the year of the experiment (year) on
the stem xylem traits formed during four growing sea-
sons in pine, birch, and aspen trees (Table 2) showed
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Table 1. List of the stem xylem traits measured in this study with designations and units

Symbol Traits Units

Anatomic traits

TRW Tree-ring width mm
NEW Number of earlywood tracheids per unit xylem area N mm–2

NLW Number of latewood tracheids per unit xylem area N mm–2

WTEW Earlywood tracheid cell wall thickness μm
WTLW Latewood tracheid cell wall thickness μm
LDEW Lumen diameter of earlywood tracheids μm
LDLW Lumen diameter of latewood tracheids μm
TDEW Diameter of earlywood tracheids μm
TDLW Diameter of latewood tracheids μm
LW Latewood %
N Number of vessels per unit xylem area N mm–2

FWT Fiber cell wall thickness μm
VWT Vessel cell wall thickness μm
FLD Fiber lumen diameter μm
VLD Vessel lumen diameter μm
FD Fiber diameter μm
VD Vessel diameter μm

Hydraulic traits

DhEW Hydraulic diameter of earlywood tracheids μm
DhLW Hydraulic diameter of latewood tracheids μm
Dh Vessel hydraulic diameter μm
KpEW Potential hydraulic conductivity of earlywood tracheids kg m–1 MPa–1 s–1

KpLW Potential hydraulic conductivity of latewood tracheids kg m–1 MPa–1 s–1

Kp Potential hydraulic conductivity kg m–1 MPa–1 s–1

that in most cases the key characteristics were more
significantly influenced by the “habitat” factor than
by the year. Importantly, for all the species the change
of plant growth conditions had the greatest effect on
xylem increment width and the smallest effect on cell
wall thickness in xylem conducting elements.

Effects of plant growth conditions on stem xylem
traits. A comparison of the 2016–2019 averaged values
of stem xylem traits in pine, birch, and aspen in the
clear-cut and forest SPs revealed a similar response of
various species to the habitat change (Table 3). Thus,
TRW values in pine, birch, and aspen in the clear-cut
SP were 5, 7, and 9-fold, respectively, higher than cor-
responding levels in the trees in the forest SP. De-
crease in TRW values in all tree species growing in the
forest SP resulted, in particular in pine, to an increase
in the content of latewood (44%) compared with the
clear-cut SP (31%). At the same time, the number of
vessels (tracheids) per unit xylem area (N) in pine,
birch, and aspen in the forest SP was higher than in the

clear-cut SP by 45–50, 9, and 45%, respectively. On
the other hand, VLD and FLD, VD and FD values in
the angiosperm tree species in the clear-cut SP were,
respectively, 1.2–1.5 (in birch) and 1.2–1.3-fold (in
aspen) higher than in the forest SP. The xylem of co-
nifer trees in the clear-cut SP also featured tracheids
with large lumen diameters. Pine LDEW and LDLW, as
well as of TDEW, TDLW increased 1.3–1.7-fold in the
clear-cut SP versus the forest SP. The influence of
plant growth conditions on the cell wall formation,
however, was less significant. The differences in the
wall thickness of xylem conducting elements between
pine, birch, and aspen in the clear-cut and the forest
SPs were only 2–4, 3–11, and 5–13%, respectively.

The greatest increase in Dh values in the clear-cut
SP was found in birch (41%) and the smallest in aspen
(30%) and pine both in early and late wood (30%).
The Kp value increase in the clear-cut SP was the
highest in birch (3.3-fold) and the lowest in pine (1.9–
2.3-fold) and aspen (1.9-fold). Comparison of xylem



696

БОТАНИЧЕСКИЙ ЖУРНАЛ  том 108  № 7  2023

PRIDACHA et al.

Table 2. Results of two-way ANOVA for the effect of habitat and year of the experiment on stem xylem traits in Scots pine,
silver birch, and aspen trees

Note. n – number of trees; η2 – effect size, %. Here and below: * р < 0.05, ** р < 0.01, *** р < 0.001, ns – not significant (p > 0.05). For
the designations of xylem traits see Table 1.

Dependent 
variables n

Factors

Habitat Year Habitat × Year

p η2 p η2 p η2

Pinus sylvestris

TRW 10 *** 72.3 *** 7.7 *** 5.3
NEW 10 *** 38.3 *** 1.3 *** 11.4
NLW 10 *** 35.8 *** 1.4 *** 9.5
WTEW 10 ** 1.1 ** 1.9 *** 3.2
WTLW 10 ns 0.4 *** 4.8 *** 13.0
LDEW 10 *** 38.2 ns 0.4 *** 9.7
LDLW 10 *** 43.6 *** 7.1 *** 1.4
TDEW 10 *** 35.5 ns 0.3 *** 10.7
TDLW 10 *** 35.1 *** 6.4 *** 4.0
LW 10 *** 24.1 *** 8.3 *** 28.7
DhEW 10 *** 46.2 ns 0.4 *** 14.0
DhLW 10 *** 44.2 *** 7.4 *** 5.2
KpEW 10 *** 22.4 * 0.7 *** 9.2
KpLW 10 *** 22.1 *** 5.8 *** 3.6
Kp 10 *** 31.6 * 0.8 *** 7.1

Betula pendula
TRW 10 *** 89.5 *** 1.9 *** 1.1
N 10 *** 2.8 *** 17.3 *** 29.7
FWT 10 *** 0.6 *** 2.4 *** 1.1
VWT 10 *** 5.0 *** 2.5 *** 1.2
FLD 10 *** 29.6 *** 0.8 *** 2.1
VLD 10 *** 44.4 *** 1.9 *** 1.2
FD 10 *** 25.8 ns 0.1 *** 2.6
VD 10 *** 44.5 *** 1.9 *** 1.4
Dh 10 *** 70.6 *** 4.1 *** 2.1
Kp 10 *** 80.8 *** 2.3 *** 1.2

Populus tremula
TRW 10 *** 80.3 *** 1.4 *** 0.6
N 10 *** 33.2 *** 15.9 *** 3.8
FWT 10 *** 1.2 *** 2.7 *** 0.9
VWT 10 *** 6.3 *** 2.6 *** 0.9
FLD 10 *** 27.1 *** 1.8 *** 1.6
VLD 10 *** 25.1 *** 3.5 *** 1.3
FD 10 *** 24.3 *** 1.3 *** 2.2
VD 10 *** 26.7 *** 3.1 *** 1.3
Dh 10 *** 52.5 *** 6.0 *** 2.8
Kp 10 *** 41.4 *** 4.0 *** 2.7
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Table 3. Stem xylem traits of Scots pine, silver birch, and aspen trees in the clear-cut site (SP1) and under pine forest canopy
(SP2) averaged over the 2016–2019 period

Note. Values in parentheses are the values of coefficient of variation (C.V., %). Different small letters (a, b) indicate significant differences
of the mean values between plant growth conditions (p < 0.05). For the designations of xylem traits see Table 1.

Parameter SP1 SP2

Pinus sylvestris

TRW 2.4 ± 0.0 a (34) 0.5 ± 0.0 b (40)
NEW 393 ± 5 a (26) 586 ± 5 b (24)

NLW 611 ± 7 a (23) 888 ± 11 b (25)

WTEW 4.6 ± 0.0 a (18) 4.8 ± 0.0 b (18)

WTLW 8.2 ± 0.1 a (19) 8.1 ± 0.1 a (15)

LDEW 49.5 ± 0.5 a (19) 35.1 ± 0.4 b (25)

LDLW 20.3 ± 0.3 a (27) 12.1 ± 0.2 b (29)

TDEW 58.7 ± 0.5 a (17) 44.6 ± 0.4 b (20)

TDLW 36.7 ± 0.3 a (18) 28.2 ± 0.2 b (17)

LW 33.1 ± 0.5 a (29) 43.1 ± 0.4 b (19)
DhEW 59.6 ± 0.4 a (14) 45.7 ± 0.3 b (15)

DhLW 37.2 ± 0.3 a (15) 28.6 ± 0.2 b (14)

KpEW 127.5 ± 3.3 a (52) 68.1 ± 2.1 b (62)

KpLW 33.9 ± 1.2 a (72) 14.9 ± 0.3 b(42)

Kp 161.4 ± 3.4 a (43) 83.0 ± 2.2 b (53)
Betula pendula

TRW 1.9 ± 0.0 a (20) 0.3 ± 0.0 b (42)
N 121 ± 1 a (17) 131 ± 1 b (12)
FWT 2.3 ± 0.0 a (20) 2.2 ± 0.0 b (24)
VWT 2.6 ± 0.0 a (20) 2.4 ± 0.0 b (24)
FLD 10.4 ± 0.1 a (21) 7.6 ± 0.1 b (27)
VLD 51.5 ± 0.3 a (18) 34.6 ± 0.3 b (27)
FD 14.9 ± 0.1 a (16) 12.0 ± 0.1 b (21)
VD 56.7 ± 0.3 a (17) 39.3 ± 0.3 b (25)
Dh 58.6 ± 0.1 a (7) 41.6 ± 0.2 b (16)
Kp 36.0 ± 0.2 a (19) 10.8 ± 0.2 b (50)

Populus tremula

TRW 1.6 ± 0.0 a (30) 0.2 ± 0.0 b (58)
N 162 ± 1 a (31) 234 ± 1 b (23)
FWT 2.7 ± 0.0 a (22) 2.6 ± 0.0 b (25)
VWT 3.2 ± 0.0 a (21) 2.9 ± 0.0 b (25)
FLD 12.2 ± 0.1 a (21) 9.1 ± 0.1 b (27)
VLD 49.7 ± 0.3 a (25) 34.0 ± 0.2 b (25)
FD 17.7 ± 0.1 a (17) 14.4 ± 0.1 b (20)
VD 56.2 ± 0.3 a (23) 42.7 ± 0.2 b (22)
Dh 58.6 ± 0.2 a (14) 45.1 ± 0.1 b (9)
Kp 45.5 ± 0.4 a (34) 24.5 ± 0.2 b (35)
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traits between the deciduous species showed that as-
pen had higher values of N (by 34–78%), VWT (20–
22%), and Kp (27%) than birch in both SPs. The Kp
value in pine was 4–8- and 3–4-fold that of birch and
aspen in the clear-cut SP and the forest SP, respective-
ly. Importantly, pine WTLW and NLW were 2- and
1.5-fold that the WTEW and NEW values in both SPs.

Effects of interannual climate variability on stem xy-
lem traits. A comparative analysis of interannual dy-
namics of normalized values of xylem traits in different
habitats showed that in most cases the variability of the
parameters in birch, aspen (Fig. 3), and pine (Fig. 4)
during the 2016–2019 period was within 10 and 15%,
respectively, of their means for this period. We found
that the most variable parameter was TRW for aspen
(43–55%) and birch (22–38%) in the forest SP, and
for pine (20–38%) in both SPs. The number of vessels
(tracheids) per unit xylem area (N) was also showed
high variability in birch in the clear-cut SP (15–19%),
and in aspen (15–23%) and pine (16–18%) in both
SPs. Pine exhibited a considerable change in the LW
value in the clear-cut SP (20–38%) and the LDLW val-
ue in the forest SP (20%) over the four-year period.
An important pattern common for all the species is a
high interannual variability of the Kp value, which was
found in aspen in the clear-cut SP (13–21%), and in
birch (14–22%) and pine (22–35%) in both SPs.

Relationships between stem xylem traits and climat-
ic factors. Assessing the relationships between struc-
tural and functional traits and climatic factors in the
period from May through September 2016–2019 we
revealed some differences between the species. For
birch in the clear-cut SP (Table 4) positive correlations
were found for Kp with Dh (r = 0.88) and TRW (r =
= 0.55), VLD with VD (r = 0.99), FLD with FD (r =

= 0.92), FWT with VWT (r = 0.78), while a negative
correlation was detected between N and Dh (r = –
0.75). Growing-season averaged temperature and total
precipitation were positively correlated with N (r =
0.70 and r = 0.57, respectively) and negatively related
to Dh (r = –0.52 and r = –0.62, respectively) of birch
trees in the clear-cut SP.

There were more of significant correlations in birch
in the forest SP (20) than in the clear-cut SP (10). The
Kp value in birch trees growing in the forest SP was
positively correlated with Dh (r = 0.98) and TRW (r =
0.63), VD (r = 0.59), VWT (r = 0.57), FWT (r = 0.57),
and VLD (r = 0.55). Correlations of the Dh parameter
followed the strength and direction patterns of Kp cor-
relations with xylem traits. We also detected positive
correlations of  VD with VLD (r = 0.99) and VWT (r =
0.58), FD with FLD (r = 0.92) and FWT (r = 0.64),
FWT and VWT (r = 0.89). TRW was positively cor-
related with FD (r = 0.58) and FLD (r = 0.50), and
negatively related to N (r = –0.57). Silver birch trees in
the forest SP exhibited also positive correlations be-
tween TRW and total precipitation over the growing
season (r = 0.57).

In contrast with birch, the number of significant
correlations in aspen (Table 5) was higher in the clear-
cut SP (16) than the forest SP (8). The N parameter in
aspen trees growing in the clear-cut SP was negatively
correlated with Dh (r = –0.85), TRW (r = –0.64), Kp
(r = –0.58), VLD (r = –0.56), and VD (r = –0.55).
Similarly to birch, aspen in the clear-cut SP showed
positive correlations of VD with VLD (r = 0.99) and
VWT (r = 0.51), FD with FLD (r = 0.92) and FWT
(r = 0.53), FWT with VWT (r = 0.69). Aspen Kp in the
clear-cut SP was positively correlated with Dh (r =
= 0.90), VD (r = 0.55), and VLD (r = 0.54). Positive

Table 4. Correlations between xylem structural and functional traits and the growing season climatic factors in silver birch
trees in the clear-cut SP (below diagonal) and the forest SP (above diagonal) in the 2016–2019 period

Note. For the designations of xylem traits see Table 1. Tair – mean air temperature for the period from May to September, °С; P – total
precipitation for the period from May to September, mm. Significant correlations (р ≤ 0.01) are shown. Moderate and strong correlations
(|r| ≥ 0.5) are indicated in bold.

Traits TRW N FWT VWT FLD VLD FD VD Dh Kp Tair P

TRW –0.57 0.44 0.44 0.50 0.41 0.58 0.44 0.70 0.63 n.s. 0.57
N 0.24 –0.10 –0.09 –0.12 –0.26 –0.14 –0.26 –0.41 –0.32 n.s. –0.36
FWT –0.17 –0.17 0.89 0.28 0.32 0.64 0.43 0.58 0.57 n.s. n.s.
VWT –0.17 –0.17 0.78 0.28 0.32 0.46 0.58 0.58 0.57 n.s. n.s.
FLD 0.16 –0.14 n.s. n.s. 0.17 0.92 0.20 0.28 0.28 n.s. 0.25
VLD 0.11 –0.31 n.s. n.s. 0.09 0.27 0.99 0.56 0.55 –0.12 n.s.
FD 0.08 –0.19 0.36 0.11 0.92 0.09 0.34 0.47 0.46 n.s. 0.19
VD 0.09 –0.33 0.12 0.32 0.09 0.99 0.13 0.61 0.59 –0.11 n.s.
Dh 0.22 –0.75 0.07 0.08 0.25 0.43 0.26 0.43 0.98 –0.21 n.s.
Kp 0.55 –0.39 n.s. n.s. 0.27 0.38 0.25 0.38 0.88 –0.32 –0.11
Tair 0.39 0.70 n.s. n.s. –0.11 –0.24 –0.12 –0.23 –0.52 –0.18 0.21
P 0.36 0.57 –0.26 –0.27 –0.09 –0.25 –0.18 –0.26 –0.62 –0.48 0.21
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correlations in aspen in the clear-cut SP were also de-
tected for Dh with VD (r = 0.62), VLD (r = 0.62), and
TRW (r = 0.54).

As well as in the clear-cut SP, aspen trees in the for-
est SP showed a negative correlation between N and
TRW (r = –0.51). Positive correlations in this habitat
were found for VD with VLD (r = 0.99) and VWT
(r = 0.50), FD with FLD (r = 0.89) and FWT (r = 0.53),
FWT and VWT (r = 0.60), Kp and Dh (r = 0.81). Like
in birch, aspen TRW in the forest SP was positively

correlated with precipitation over the growing season
(r = 0.60).

In pine, like in birch, the number of significant
correlations (Table 6) was higher in the forest SP (28)
than in the clear-cut SP (18). Positive correlations in
pine trees in the clear-cut SP were found for TDEW
with LDEW (r = 0.99), TDLW with LDLW (r = 0.89) and
WTLW (r = 0.56), DhEW with TDEW (r = 0.78)
and LDEW (r = 0.76), DhLW with TDLW (r = 0.84) and

Fig. 3. Variability (%) of stem xylem traits in Betula pendula (a) and Populus tremula (b) in the clear-cut and forest SPs in the pe-
riod from 2016 to 2019. For the designations of xylem traits see Table 1.
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LDLW (r = 0.78). In early and late wood, correlations
of similar strength and direction were also detected for
KpEW with DhEW (r = 0.82), TDEW (r = 0.65), and
LDEW (r = 0.63), and KpLW with DhLW (r = 0.92),
TDLW (r = 0.77), and LDLW (r = 0.74). Pine Kp in the
clear-cut SP was positively correlated with KpEW

(r = 0.93), DhEW (r = 0.72), TDEW (r = 0.58), and
LDEW (r = 0.54). Pine TRW was positively correlat-
ed with precipitation over the growing season (r =

= 0.67), and LW with growing-season mean tem-
peratures (r = 0.51).

In the forest SP, correlations between pine xylem
traits are comparable in strength and direction to those
in pine trees in the clear-cut SP. Meanwhile, positive
correlations in trees growing in the forest SP were de-
tected for LW with DhLW (r = 0.56) and KpLW
(r = 0.51), DhLW with WTLW (r = 0.55), NLW with NEW
(r = 0.51). Pine in this habitat also showed negative
correlations of DhLW with NLW (r = –0.64) and NЕW

Fig. 4. Variability (%) of stem xylem traits in Pinus sylvestris in the clear-cut and forest SPs in the period from 2016 to 2019. For
the designations of xylem traits see Table 1.
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Table 5. Correlations between xylem structural and functional traits and the growing season climatic factors in aspen trees
in the clear-cut SP (below diagonal) and the forest SP (above diagonal) in the 2016–2019 period

Note. For the designations of xylem traits see Table 1. Tair – mean air temperature for the period from May to September, °С; P – total
precipitation for the period from May to September, mm. Significant correlations (р ≤ 0.01) are shown. Moderate and strong correlations
(|r| ≥ 0.5) are indicated in bold.

Traits TRW N FWT VWT FLD VLD FD VD Dh Kp Tair P

TRW –0.51 0.14 0.14 0.22 0.16 0.25 0.17 0.12 –0.18 –0.27 0.60
N –0.64 –0.11 –0.11 –0.32 –0.09 –0.32 –0.11 –0.27 0.25 0.43 –0.31
FWT 0.05 n.s. 0.60 0.10 0.06 0.53 0.21 n.s. n.s. n.s. n.s.
VWT 0.05 n.s. 0.69 0.10 0.06 0.21 0.50 n.s. n.s. n.s. n.s.
FLD 0.24 –0.26 0.15 0.15 n.s. 0.89 n.s. n.s. –0.21 –0.17 0.14
VLD 0.42 –0.56 0.06 0.06 0.24 n.s. 0.99 0.40 0.33 –0.09 n.s.
FD 0.22 –0.23 0.53 0.17 0.92 0.23 0.11 n.s. –0.18 –0.15 0.14
VD 0.42 –0.55 0.16 0.51 0.25 0.99 0.28 0.40 0.32 –0.08 n.s.
Dh 0.54 –0.85 0.07 0.07 0.32 0.62 0.30 0.62 0.81 –0.18 n.s.
Kp 0.35 –0.58 0.10 0.10 0.28 0.54 0.28 0.55 0.90 0.09 –0.11
Tair –0.16 0.36 n.s. n.s. –0.13 –0.25 –0.10 –0.25 –0.37 –0.19 0.21
P n.s. 0.13 –0.14 –0.14 –0.15 –0.17 –0.17 –0.18 –0.31 –0.36 0.21
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(r = –0.59), and TDLW with NLW (r = –0.54). It is
noteworthy that the effect of precipitation to pine late-
wood parameters was higher in the forest SP as com-
pared to the clear-cut SP: KpLW (r = 0.64), DhLW
(r = 0.65), TDLW (r = 0.55), LDLW (r = 0.52), and LW
(r = 0.51).

Coordination between stem xylem traits and leaf gas
exchange parameters. The analysis of the effect of en-
vironmental conditions on leaf СО2/Н2О gas ex-
change parameters in pine, birch, and aspen that we
have previously performed in the same SPs and indi-
viduals in July in the 2016–2019 period (Pridacha et
al., 2021) allowed us to assess coordination among xy-
lem functional traits and stomatal conductance, and
rates of photosynthesis and transpiration. Compari-
sons of the variability of the xylem and leaf character-
istics in birch, aspen, and pine in most cases showed a
different response of various species to the habitat
change (Fig. 5). Thus, birch proved to be more conser-
vative in the response to changes in ecological condi-
tions in terms of xylem anatomical traits (ΔN = 9%)
but showed the highest variability of functional char-
acteristics of the xylem (ΔKp = 234% and ΔDh = 41%)
and leaf (Δgs = 49%, ΔЕ = 39%, and ΔА = 36%) than
other species. Aspen, as opposed to birch, showed a
greater variation of xylem structure (ΔN = 45%) si-
multaneously with higher conservatism in the func-
tional traits of the xylem (ΔKp = 86% and ΔDh =
30%) and leaf (Δgs = 32%, ΔА = 27% and ΔЕ = 19%).
In pine, the variability of most of structural and func-
tional characteristics was similar to those of aspen
(ΔKp = 95%, ΔN = 50%, ΔDh = 30%, ΔА = 25%),
and some showed similarity to the variability in birch
(Δgs = 45%, ΔЕ = 39%). Importantly, the highest vari-
ability of the water potential of foliated shoots between
the clear-cut and the forest SPs was found for aspen
(ΔΨ = 13%) and lower for pine (ΔΨ = 8%). This pa-
rameter in birch had similar values in both SPs (ΔΨ,
p > 0.05).

DISCUSSION
The seasonal and interannual variability of xylem

anatomical characteristics in woody plants is known to
reflect the processes of cells division in the cambial
zone, radial cell enlargement and cell wall formation,
which are under hormonal and genetic control and in-
fluenced directly and indirectly by external environ-
mental conditions (Fritts, 1976; Vaganov et al., 2006;
Hacke, 2015).

Effects of plant growth conditions on stem xylem
traits. Our previous study (Pridacha et al., 2021) of soil
and plant cover characteristics as well as meteorologi-
cal parameters in the clear-cut SP and the forest SP
revealed significant differences between the habitat
conditions of SPs. The differences were manifested in
the lower nutrient availability in the organic horizon of
the disturbed soil of the clear-cut SP versus the forest

SP. The ground vegetation in the clear-cut SP featured
a higher diversity of light-demanding species of vascu-
lar plants and, vice versa, a pronounced degradation of
the moss and lichen layer compared to the forest SP.
Microclimate in the clear-cut SP in July 2016–2019
featured higher mean daytime values of photosynthet-
ically active radiation (1218 μmol m–2 s–1), water va-
pour pressure deficit (2.2 kPa), air (27.1°С) and soil
(16.1°С) temperatures compared to the forest SP
(240 μmol m–2 s–1, 1.3 kPa, 22.4°С and 13.8°С, re-
spectively). At the same time, the mean values of field
soil moisture of the root layer (0–50 cm) in the clear-
cut SP and the forest SP were similar (10.5 and 10.3%,
respectively).

The contrasting habitat conditions in the clear-cut
SP and the forest SP have significantly influenced the
cambial activity and formation of xylem structure in
all tree species (Table 2). Both pine and the angio-
sperm tree species in the clear-cut site demonstrated
the highest values of TRW, vessel (tracheid) cell wall
thickness, lumen radial diameter in the vessels (tra-
cheids), Dh, and Kp (Table 3). The unidirectional in-
crease in the lumen diameter of xylem vessels (trache-
ids) in pine and the angiosperm trees growing in the
high-light conditions of the clear-cut SP was appar-
ently due to a general intensification of growth pro-
cesses in all tree species, in particular extension growth
of cells (Olson et al., 2014). In turn, the increase of the
Kp value in the trees from the clear-cut SP is supposed
to promote water supply to leaves and the processes of
photosynthesis and transpiration (Bussotti et al., 2015;
Brodribb et al., 2017), in agreement with our data on
the highest values of stomatal conductance and rates
of photosynthesis and transpiration in conifer and an-

Fig. 5. Variability (%) of stem xylem traits and leaf gas ex-
change parameters of Betula pendula (Bp), Pinus sylvestris
(Ps), and Populus tremula (Pt) across plant growth condi-
tions in the 2016–2019 period. For the designations of xy-
lem traits see Table 1; gs – stomatal conductance, А – pho-
tosynthesis rate, E – transpiration rate, Ψ – water poten-
tial.
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giosperm tree species in the clear-cut SP (Pridacha et
al., 2021).

In the process of xylogenesis, substantial amounts
of organic matter get bound as cell wall polysaccha-
rides (Deslauriers et al., 2009; Simard et al., 2013).
The increase in cell wall thickness in the xylem of an-
giosperm trees growing in the clear-cut SP and getting
sufficient amounts of light can be explained by a high-
er supply of photoassimilates from the leaves to the
stem xylem cells, in also agreement with higher photo-
synthesis rates in birch and aspen in the clear-cut SP
(Pridacha et al., 2021). On the contrary, the reduction
in the cell wall thickness of earlywood tracheids in pine
trees from the clear-cut SP with a simultaneous in-
crease in their lumen diameter might be a conse-
quence of cells expansion. The reduction in this pa-
rameter in pine may have the aim of enhancing the wa-
ter supply to compensate for the transpiration losses
under high light conditions in the clear-cut SP as com-
pared to the forest SP. At the same time, the patterns
we observed in the thickness of cell walls of early- and
latewood tracheids in pine have been attributed both
to the various functions of early- and latewood cells
(Sperry et al., 2006; Hacke, 2015) and to cambial ac-
tivity decline during the growing season (Antonova,
Stasova, 1997; Olano et al., 2014). Indirect evidence of
the higher metabolic cost of water conducting ele-
ments in pine xylem due to a higher contribution to the
weight of cell walls compared to angiosperm tree spe-
cies is the higher specific carbon content per unit nee-
dle area that we observed in pine in both SPs (Prida-
cha et al., 2021).

Effects of climatic factors on stem xylem traits.
The fact that TRW showed the highest interannual
variability (Fig. 3, 4) among all other xylem traits in all
tree species was quite predictable given that this pa-
rameter is highly sensitive to variations in the natural
environment and climate (Babushkina et al., 2019;
Nola et al., 2020). The high variability of TRW is in
good agreement with the moisture conditions during
the study period (2016–2019), characterized by alter-
nation of wetter and drier periods. A majority of xylem
anatomical characteristics in pine, birch, and aspen
demonstrated higher conservatism in interannual vari-
ability than TRW. Moderate variability of the normal-
ized values of anatomical parameters in the 2016–2019
period suggests that different species respond similarly
to interannual variation of air temperature and precip-
itation close to the region’s climate normal. This pat-
tern may also indicate the ability of the tree species to
adapt to a wide range of environmental conditions
(Tikhova et al., 2017; Pridacha et al., 2018; Sazonova
et al., 2019). Non-specific changes in xylem anatomi-
cal and hydraulic traits in pine and the angiosperm
species might be due to the similarity of their evolu-
tionarily developed adaptations to changing environ-
mental conditions since these species grow in the re-
gions with the same climatic variability.

At the same time, species-specific sensitivity of xy-
lem anatomical features to climate factors has been re-
ported for woody plants (Anderegg, 2015; Sperry,
Love, 2015). Thus, pine radial growth in the northern
European Russia showed a positive correlation with
warm and moist conditions in the current growing sea-
son, whereas TRW in spruce strongly correlated with
cool and moist conditions in the previous growing sea-
son (Hughes et al., 2019). We have also detected spe-
cies-specific features in correlations between stem xy-
lem traits and climatic factors in the period from May
to September 2016–2019, which differed between the
two habitats (Tables 4, 5, 6). The angiosperm trees un-
der forest canopy showed a significant (|r| > 0.5) posi-
tive correlation between TRW and precipitation in the
current growing season, whereas for pine in this habi-
tat precipitation had a positive effect on latewood
characteristics. In the clear-cut site, the warm and
moist conditions in the current growing season pro-
moted LW and TRW in pine, while in birch they had a
positive effect on N and a negative effect on Dh. In as-
pen in the clear-cut SP, no strong correlations were
found (|r| < 0.5) between xylem traits and air tempera-
ture (precipitation) in the current growing season.
A strong positive effect of precipitations on latewood
width in pine has also been reported for the South Si-
berian forest-steppe zone (Arzac et al., 2018).

Associations among stem xylem traits. Correlation
analysis showed that in most cases the angiosperm tree
species (Tables 4 and 5) exhibited correlations of sim-
ilar strength and direction for the parameters charac-
terizing cell wall formation (VWT and FWT), exten-
sion growth (VLD and VD), cell generation (TRW and
N), and water supply (Dh and Kp). Similar patterns
were found in pine as well (Table 6). The interspecies
comparison of xylem traits revealed similar Dh values
in pine and the angiosperm trees while Kp increased
along the birch < aspen < pine sequence in both SPs.
This fact might be due to the increase in N, which also
occurred along the birch < aspen < pine sequence in
both SPs. It is noteworthy that the actual hydraulic
conductivity may differ from the Kp value as calcula-
tions of the latter do not take into account the axial di-
mension of the vessel (tracheid), the number and
structural and functional characteristics of the pits
linking the vessels (tracheids). We know on the other
hand that tracheids in gymnosperms should experi-
ence greater specific hydraulic resistance than vessels
in angiosperms given that tracheids are approximately
10 times shorter than vessels of the same diameter
(Pittermann et al., 2005). Conifers, however, solve this
problem by maximizing the number of tracheids per
unit of wood area and maintaining the functional ac-
tivity of sapwood for several years compared to the sin-
gle outermost ring in ring-porous angiosperms (Ven-
turas et al., 2017). Also, angiosperms are known to
have functional limitations on the maximum vessel di-
ameter meant to make the xylem more resistant to em-
bolism after frosts (Hacke et al., 2017). Conifers, on
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the other hand, feature a nearly 60 times higher effi-
ciency in conducting water by the torus-margo pit
structure in tracheids compared to inter-vessel pit of
angiosperms (Pittermann et al., 2005). Owing to this
functional feature, conifers can reduce the hydraulic
resistance of the xylem and, furthermore, compete
with angiosperms in hydraulic efficiency and safety
(Choat et al., 2012). At the same time, many recent
studies demonstrate fairly close agreement between
the estimates of xylem hydraulic conductivity and cav-
itation resistance obtained by physical, optical, and
microscopic methods (Gauthey et al., 2020; Chen et
al. 2021). Therefore, we feel it quite safe to use the ob-
tained xylem traits for comparisons among tree species.

The comparison of xylem anatomical and hydrau-
lic parameters demonstrated a clear relationship of N –
Dh – Kp in all the species. Variations of the number
and diameter of xylem conduits play an important role
in the adaptation of woody plants to the habitat condi-
tions (Hacke, 2015). Wider vessels conduct water more
effectively while smaller and more numerous vessels
are less prone to embolism (Fonti et al., 2010; Chen et
al., 2020). In the trees growing in the forest SP an in-
crease in N led to a reduction in Dh and Kp in all the
species, whereas in the clear-cut SP, on the contrary,
a reduction in N promoted Dh and Kp in all the spe-
cies. The increase in N in pine, birch, and aspen can
be explained by their compensatory response to re-
duced xylem hydraulic conductivity versus that in the
clear-cut SP. The Kp reduction observed in all the
species in the forest SP is likely a result of the limited
availability of soil moisture due to higher competition
for water resources in a mature tree stand, caused in
particular by moisture interception by roots of adult
trees. Besides, the significant increase in N in aspen at
the forest SP apparently enables the water exchange
rate, in particular stomatal conductance and transpi-
ration rate, to be reduced less than in other species in
this habitat (Pridacha et al., 2021). Another supposi-
tion is that the higher VWT values in aspen versus
birch in both SPs would drive increased resistance to
xylem dysfunction due to possible vessel destruction
by high internal negative pressure. This is also indi-
rectly evidenced by previously detected highest values
of the calcium biological absorption coefficient and
calcium content in leaves in aspen versus other species
(Pridacha et al., 2021), considering that calcium en-
hances cell wall rigidity as it forms Ca-pectate com-
plexes with pectin components (Lambers, Oliveira,
2019). This fact, however, does not reduce the Kp val-
ue in aspen. Higher Kp values in aspen versus birch in
both SPs are due to higher N, which enhances the hy-
draulic efficiency of the xylem on the one hand and
provides the resistance to xylem embolism caused by
water potential drop on the other, as mentioned also by
other researchers (Rodriguez-Zaccaro et al., 2021).

Coordination between stem xylem traits and leaf gas
exchange parameters. Analysis of coordination be-
tween stem xylem traits and leaf gas exchange param-

eters in different species shows the water-use strategies
to be different in birch, aspen, and pine. An increase in
N along with similar values of Dh in all the species
promotes Kp. In view of this, the hydraulic structure
seems to be more efficient and safer in aspen and pine
due to higher N and Kp values and thicker cell walls of
vessels (tracheids) in the xylem. High xylem resistance
to cavitation usually helps plants to survive under drier
environments (Fonti et al., 2010; Hacke, 2015).
Hence, aspen and pine can be expected to be more re-
sistant to the water stress than birch. In the habitat gra-
dient, aspen and pine exhibit higher variability of xy-
lem structural characteristics (ΔN) simultaneously
with greater conservatism in its functional parameters
(ΔDh and ΔKp) as well as more variable water poten-
tial of shoots (Fig. 5), indicating an anisohydric water-
use strategy. Birch, on the contrary, tends to the isohy-
dric water-use strategy, as corroborated by the results
of other authors (Klein, 2014; Meinzer et al., 2016;
Hochberg et al., 2018; Sellin et al., 2019). The greater
conservatism of the xylem structure in birch (ΔN) si-
multaneously with the greater variability of its func-
tional traits (ΔDh and ΔKp) with the most pro-
nounced changes in stomatal conductance (Δgs) and
transpiration rate (ΔЕ) helps maintaining the homeo-
stasis of the water potential of shoots (ΔΨ) across the
habitats. This isohydric behavior leads to the most sig-
nificant change in the rate of photosynthesis (ΔА)
along the gradient of ecological conditions in birch as
compared to aspen and pine. On the other hand, the
less strict stomatal control (Δgs) for reducing transpi-
ration water loses (ΔЕ) and preventing water stress in
aspen facilitates a higher photosynthetic activity (ΔА)
than in birch. The strategy of adaptation to the habitat
change in pine is a compromise, with structural and
functional parameter responses similar to both aspen
(ΔN, ΔDh and ΔKp, ΔΨ, ΔА), and to birch (Δgs and
ΔЕ), which probably provides the conifer with adapta-
tion advantage over the deciduous species in a wide
range of ecological conditions.

Importantly, the patterns described above were re-
vealed for local climate, forest and soil conditions.
We admit that under more contrasting climatic, topo-
graphic and edaphic conditions the functional rela-
tionships may prove to be different (Kannenberg et al.,
2022). Further experimental and modeling studies are
necessary to assess more accurately and comprehen-
sively the effects of spatial and temporal variability of
abiotic factors on the structural and functional traits of
evergreen gymnosperm and deciduous angiosperm
tree species.

CONCLUSIONS
The results of this experimental study supported

our working hypothesis that evergreen gymnosperm
and deciduous angiosperm tree species respond simi-
larly to changes in plant growth conditions and climate
in the European North. In most cases, different tree
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species demonstrated a unidirectional response of
stem xylem traits and leaf gas exchange parameters to
changes in the habitat and interannual variability of
climatic factors. At the same time, some interspecific
differences were found in the coordination of structur-
al and functional traits and their variability. The pat-
terns revealed suggest that the predicted increase in
the frequency of extreme weather events at high north-
ern latitudes, namely periods of heavy heat and
drought, will promote the competitive ability of Scots
pine and aspen, which build a more efficient and safer
hydraulic structure compared to silver birch, whose
xylem is more vulnerable to drought-induced cavita-
tion, by raising СО2 gas exchange and productivity in
drier environments. This assessment is important for
better understanding the direction and magnitude of
the f lora composition and ranges of boreal plant spe-
cies in changing the natural environment and the climate.
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ЗНАЧЕНИЕ СОГЛАСОВАННОСТИ ПРИЗНАКОВ КСИЛЕМЫ СТВОЛА
И ПАРАМЕТРОВ ГАЗООБМЕНА ЛИСТА ПРИ ФОРМИРОВАНИИ 

АДАПТАЦИИ У НЕКОТОРЫХ БОРЕАЛЬНЫХ ВИДОВ В КАРЕЛИИ
В. Б. Придачаa,#, T. В. Тарелкинаa, Я. A. Нероноваa, Н. В. Туманикa

aИнститут леса Карельского научного центра РАН
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Оценка устойчивости лесных сообществ и отдельных видов к внешним воздействиям требует про-
ведения исследований возможных ответных реакций видов, сообществ и экосистем в разных реги-
онах на прогнозируемые изменения природной среды и климата. Целью исследования было оце-
нить изменчивость анатомических и гидравлических характеристик ксилемы и их согласованность
с показателями СО2/Н2О-газообмена у голосеменного и покрытосеменных древесных растений в
ходе естественного лесовосстановления на вырубке сосняка черничного в условиях Европейского
Севера. Для этого провели анализ влияния фитоценотических условий и климатических факторов
на структурно-функциональные характеристики подроста сосны обыкновенной (Pinus sylvestris L.),
березы повислой (Betula pendula Roth) и осины (Populus tremula L.) на сплошной вырубке и под по-
логом сосняка черничного в течение четырех вегетационных периодов в условиях среднетаежной
подзоны Карелии. Выявлена преимущественно схожая направленность реакций анатомических и
гидравлических характеристик ксилемы и показателей СО2/Н2О-газообмена листа разных видов на
изменение фитоценотических условий и климатических факторов. На вырубке как у сосны, так и у
листопадных видов отмечены максимальные значения гидравлического диаметра трахеид и сосу-
дов, потенциальной гидравлической проводимости ксилемы и, напротив, минимальные значения
удельной плотности трахеид и сосудов. В межгодовой динамике климатических факторов у всех ви-
дов выявлена максимальная изменчивость годичных приростов по сравнению с большей консерва-
тивностью других характеристик ксилемы. Вместе с тем показаны межвидовые особенности согла-
сованности гидравлических характеристик ксилемы, устьичной проводимости, интенсивности фо-
тосинтеза и транспирации и их изменчивость у систематически разных видов, которые указывают
на разные стратегии гидравлического поведения (isohydric/anisohydric) у березы, осины и сосны.
Прогнозируемое увеличение повторяемости периодов сильной жары и засухи в высоких широтах
усилит конкурентоспособность сосны и осины, формирующих более эффективную и безопасную
гидравлическую структуру относительно березы, посредством роста СО2-газообмена и продуктив-
ности в засушливых условиях.

Ключевые слова: древесные растения, гидравлическая проводимость ксилемы, фотосинтез, транспи-
рация, факторы среды
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