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Abstract

In this paper, the variability of morphological (stem height, stem basal diameter, proportion of
pith, wood and bark) and wood anatomical characteristics (fiber length, fiber diameter, fiber
lumen diamater, double cell-wall thickness, vessel diameter, wood rays width and height) of
three Salix alba clones (B-44, 347 and NS 73/6) and one Salix viminalis clone both in the
control plot and in the site contaminated with a mixture of heavy metals (As, Cd, Cr, Cu, Ni,
Pb) was investigated. The observed results showed that individuals of all four clones had
significantly higher average values of stem height and stem basal diameter at the control plot
compared to the polluted site. As for the proportion of pith, bark and wood, heavy metals caused
an increase in the share of pith and a decrease in the share of bark and wood in all clones with
the exception of clone NS 73/6. The analysis of wood fiber dimensions showed that the values
of all parameters were higher at the control site with the exception of fiber lumen diameter
where higher values were observed for clones B-44 and NS 73/6 at the polluted site. Higher
values of vessel diameter were recorded for all clones at the control plot, while wood rays width
of all individuals was greater at the contaminated site. Regarding the wood rays height, only
Salix viminalis showed higher value at the polluted site. These results confirmed that pollu-
tion-induced heavy metal stress significantly altered the morphological and wood anatomical

characteristics of all researched clones and that it may affect their utility properties.
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1. Introduction

Heavy metals have a great impact on morpho-
anatomical plant characteristics (Nikoli¢ 2009). How-
ever, to understand the way they impact plants, it is
necessary to know how heavy metals reach the plant
organism, as well as the process of their uptake and
accumulation, and finally how they are transported
from the root to the aboveground parts (Arsenov
2018). The greatest quantity of heavy metals is located
in the soil, but plant uptake of these substances is
directly dependent on the content of available forms
of heavy metals in the soil (Chaney et al. 2007). Soil
remediation is mainly related to the presence of
heavy metals in citosol in available form to plants and
includes a few stages: heavy metal transition from
solid to another state; transport of the released pol-
lutant; its attachment to the root; passage through the

cell membrane and entry in metabolic processes in
the cell (Kim et al. 2015).

Root is the main organ in charge of heavy metals
absorption and accumulation, while the cell wall is
the central part of heavy metals linkage (Nikoli¢
2009). After reaching the root, heavy metals can be
immobilized and kept at the root level or they can be
transported via the xylem sap to the aerial parts of
the plants where they are mainly deposited in the
vacuole (Seregin and Kozhevnikova 2008). Willows
(Salix spp.) are hyperaccumulators due to tolerance to
high concentrations of heavy metals, so these species
developed detoxification mechanisms (Arsenov 2018).
Hyperaccumulation of metals is actually an ecophys-
iological adaptation of plants to grow unhindered on
contaminated soil.

Many studies confirmed different environmental
changes caused by different factors and their effect
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on the anatomical structure of vascular plants (Igbal
et al. 2010, Rajput et al. 2008, Rajput and Rao 2005,
Safdari et al. 2012). Ahmad et al. (2005) investigated
the influence of higher cadmium and lead content by
Trigonella foenum-graecum L. and, as a consequence, they
found decreased dimensions of wood vessels and fi-
bers. Wali et al. (2007) established similar tendencies
by Calendula officinalis L. under the influence of SO,
in laboratory conditions. Some authors (Carlquist
1977, De Melo et al. 2018) agreed on challenges in de-
termining specific stress factors in the field-experi-
ments, but they also concluded that the human factor
is the most responsible for environmental stresses
affecting the quality of wood. Gupta and Igbal (2005)
emphasised that the effects of environmental stress
on the quality of wood mainly depend on tree spe-
cies.

The presence of willows can be benificial for the
environment for many reasons — they generally have
a significantly positive influence on biodiversity
(Baum et al. 2012) and their early flowering and
spreading of pollen greatly accelerates the pollination
process (Christersson 2013). Willows also reduce soil
erosion, they are not at all demanding on the habitat,
and hardly deplete the soil in terms of nutrient con-
sumption. Itis also a very beneficial species due to its
ability to clean waste water from high toxicity. It is a
well-known fact that willows can be used for accu-
mulating Cd from the soil, which contributes a lot to
reduced concentrations of this very toxic element
(Mirck et al. 2005).

Willow is widely used for so-called green technol-
ogy purposes, as it cleans soils contaminated with
high concentrations of heavy metals and contributes
very positively to the envoronment as a whole (Pulford
et al. 2002). Bearing in mind that willows are charac-
terized by short rotation period, they are often plant-
ed for biomass and energy production (Pulford et al.
2002). Some authors (Alloway 1995, Ross 1994) related
high soil toxicity with different human influences
such as mining activity, heavy industry, overpopu-
lated urban areas, etc. One of the main reasons for the
accumulation of heavy metals in the biosphere is that
they are non-degradable elements, so they can not
be destroyed, but only transformed into less toxic
forms or can be deposited in chemically inactive
forms (Arsenov 2018).

The aim of this paper was to investigate the vari-
ability between morphological (stem height, stem
basal diameter, proportion of wood, bark and pith)
and wood anatomical (wood rays height, wood rays
width, vessel diameter, fiber length, fiber width, fiber
lumen diameter, double cell-wall thickness) charac-
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teristics of four willow clones cultivated under opti-
mal conditions and at the site contaminated with dif-
ferent heavy metals (As, Cd, Cr, Cu, Ni, Pb) in order
to evaluate the heavy-metals soil pollution effect on
the morpho-anatomical structure of the studied
clones.

2. Materials and Methods
2.1 Experimental Set-Up

For the purpose of this research, four willow
clones were selected — one is Salix viminalis and three
clones belong to the Salix alba: cl. B-44, cl. 347 and cl.
NS 73/6. The clones were selected while they were
produced and available in the nursery of PE
»Vojvodinasume«. Willow was selected as a species
that is a hyperaccumulator and has a great ability to
absorb and accumulate heavy metals. Cuttings were
directly planted in the nursery of the University of
Blegrade, Faculty of Forestry (Serbia), which repre-
sents a control area, on which there is no contamina-
tion, nor the influence of the human factor. Cuttings
were also planted in contaminated soil collected from
the area of the Mining Basin »Kolubara«, with the aim
to establish how high toxicity affects the characteris-
tics of morpho-anatomical wood of different willow
clones. The soil was dug with an excavator from dif-
ferent depths and then homogenized, i.e. mixed and
distributed in polyethylene bags with a volume of 10
liters. Bags filled with this substrate were transported
to the nursery of the Faculty of Forestry in Belgrade
where three cuttings of each clone were planted in
each bag. For the analyses of the morpho-anatomical
characteristics, one bag for each clone was selected,
which in total amounts to 12 cuttings from the con-
taminated site. The same number of samples was
analyzed from the control plot, so the total number of
analyzed individuals was 24.

Stem cuttings were cut when second growing
period was finished, because during two years a sig-
nificant amount of heavy metals was deposited both
in the soil and stem. The willow cuttings were
soaked in the fungicide diacopper-chloride-trihy-
droxide before pricking. Additional treatment of soil
from the Mining Basin »Kolubara« was carried out
with a mixture consisting of all six heavy metals at
the beginning of the first and second vegetation pe-
riod. For the purpose of additional contamination,
aqueous solutions of salts of heavy metals were
used, namely: Cd (NO,)2, CuSO,*5H,0, K,Cr,O,
HAsNa,O,*7H,0, NiCl,*6H,O and PbNQO; in concen-
trations of 10”° mol/dm”’.
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2.2 Determination of Physical and Chemical
Properties of Soil

Soil analyses were conducted in the Laboratory of
Forestry Institute in Belgrade and included:

= the content of total organic matter (humus) de-
termined by wet combustion in a mixture of po-
tassium dichromate and sulfuric acid according
to the Tjurin method as modified by Simakov

= the total nitrogen content was determined by
digesting the soil sample in concentrated sulfu-
ric acid with the presence of a catalyst and dis-
tilling NH; using the Kjeldach method

= active and substitution acidity were determined
conductometrically on a pH meter

= the content of free ground alkaline carbonates
was determined by the volumetric method ac-
cording to the effect of hydrochloric acid solu-
tion on the soil and the measurement of the vol-
ume of released carbon dioxide

= the textural composition of the soil was deter-
mined by the sedimentation method using so-
dium pyrophosphate as a peptizing agent and
the textural class was determined using the
Ferre triangle.

As for the substrate at the control site (Table 1), the
most represented fraction is fine sand, followed by
clay and powder. Infiltration and filtration of water
into the soil at the control site is slower than in the case
with ideal substrates for nurseries (clay composition),
however, there are suitable conditions for drainage
and the entry of air into the drainage pores. The most
abundant fraction in the texture composition of the
contaminated substrate is the clay fraction (particles
smaller than 0.002 mm) followed by powder. Due to
the heavier texture composition, the substrate at the

Table 1 Soil texture composition at control and contaminated site
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contaminated site is less permeable to water and less
aerated than the substrate at the control plot.

The active acidity of the soil solution of the sub-
strate at the control site was 7.89+0.01 pH units, while
at the contaminated site it was 7.78+0.03 (Table 2). Sub-
stitution acidity of the substrate at the control site was
71120.02 pH units and a bit smaller at the contami-
nated site (Table 2). The slightly to moderately alkaline
reaction of the soil solution at the control site was a
consequence of the presence of free carbonates. Ac-
cording to the content of free carbonates, the substrate
at the control site belongs to low carbonate soils with
an average content of 5.23+0.08% (Table 2). The content
of total humus and organic matter was 2.69+0.04%,
which classifies the substrate at the control site as
weakly humus soils. The soil was very well provided
with phosphorus, which is easily accessible to plants,
and also with potassium. The active acidity of the soil
solution of the substrate at the contaminated site was
7.78+0.03 pH units, which classifies this substrate as a
weakly alkaline soil, while the substitution acidity
was 7.05+0.01 pH units. Despite the slightly alkaline
reaction of the soil solution, no large amounts of free
carbonates were found in the substrate samples at the
contaminated site. In all analyzed samples of the sub-
strate at the contaminated site, the amount of carbon-
ate was less than 1%, which classifies this substrate as
non-carbonate soils. Such a low content of carbonates,
at a fairly high pH value of the soil, indicated that the
alkaline reaction did not come from carbonates of
ground-alkaline elements (Ca and Mg), but from car-
bonates of alkaline elements (Na and K). The content
of humus in the substrate at the contaminated site was
5.03+0.16% (Table 2). This indicates that the substrate
at the contaminated site, according to the humus con-
tent, was at the transition between quite humus and
very humus. Total nitrogen content was highly vari-
able at the contaminated site, and the C/N ratio was

Soil type
Texture composition Substrate at control site Substrate at contaminated site
Average Standard deviation M?an err.or of the Average Standard deviation I\/Iéan errF)r of the
arithmetic mean arithmetic mean
Coarse sand, % 8.37 +0.60 1.4583 11.72 1.4865 +0.61
Small sand, % 33.75 +0.36 0.8781 26.52 1.6798 +0.69
Powder, % 27.17 +0.57 1.3995 28.00 1.9026 +0.78
Clay, % 30.72 +0.20 0.4916 33.77 1.1201 +0.46
Total sand, % 4212 +0.57 1.3949 38.23 25057 +1.02
Total clay, % 57.88 +0.57 1.3949 61.77 2.5057 +1.02
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wide. This means that the processes of mineralization
of nitrogen organic forms are slowed down, that most
of the mineral forms of nitrogen released from organ-
ic matter are used by saprophytic microorganisms,
and that only a small part remains for plants. The av-
erage content of phosphorus easily accessible to plants
in the substrate at the contaminated site was 13.89+0.74
mg/100 g of soil, which classifies this substrate as me-
diumly provided with phosphorus. According to the
content of potassium forms easily accessible to plants
(19.05£0.50 mg/100 g of soil), the substrate at the con-
taminated site was at the transition between medium
and well provided.

2.3 Morphological Analyses

At the end of the second growing season, cuttings
of 4 willow clones were harvested at 3 cm above the
ground level both at the control and contaminated
site and three individuals were collected from each
clone. In order to avoid the influence of surrounding
trees, samples were taken at the distance of 2 m be-
tween each other. All cuttings were two years old. A
total of 24 cuttings for all willow clones (3 at control
and 3 at the contaminated site for each clone) were
cut and all cuttings were produced from the dormant
shoots. In order for the samples to reach the labora-
tory in an undamaged state, immediately after cut-
ting, they were wrapped in wet paper and put in
plastic bags to avoid the loss of water.

Five morphological characteristics were investi-
gated for each cutting: stem height, stem basal diam-
eter, pith proportion (%), xylem proportion (%) and
bark proportion (%). The stem height was measured
using a metric folding ruler from the ground level up
to the top of the stem. The stem basal diameter was

Table 2 Soil chemical characteristics
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determined at the base of the stem (near the ground
level), and it was measured together with the bark
using a digital calliper. After the stem diameter was
determined, the bark was removed and the remain-
ing diameter, including both xylem and pith, was
calculated. The diameter of the central stem part
(pith) was measured in two different directions
standing at an angle of 180° between each other. In
order to establish the participation of three different
segments (pith, bark and xylem), it was necessary to
calculate the total stem diameter and then determine
the percentage of each of these parts in relation to the
total diameter (Ozden and Ennos 2018). In case of
such young cuttings, percentage proportion of each
of these parts is much more representative informa-
tion than its size expressed in appropriate units.

2.4 Wood Anatomical Analyses

Performing anatomical analyses was related to
preparing cross-sections from trees which were then
cut into small pieces (around 1 cm length). In order
to obtain thin sections, it was necessary to soften the
material in boiling water, and then to keep it in the
mixture of water, glycerol and ethanol in the same
proportions (Yaltirik 1971). The samples were then
cut using sliding microtome in both cross and tan-
gential sections, 2025 microns thick. As for measur-
ing certain elements, vessel diameter (VD) was de-
termined from the cross-section, while wood ray
width (WRW) and wood ray height (WRH) were
calculated from the tangential section. From each of
the cross-sections, radial dimensions of 60 vessels
were measured. Vessel diameter (VD) was calculated
in two transverse directions, and then the arithmetic
mean was taken as a weight. Width and height of 60

Soil type
Soil chemical characteristics Substrate at control site Substrate at contaminated site
Average | Standard deviation amﬁ;ﬁgi{:gn Average Standard deviation a:\ifﬁ;r;gg?;;;n

pH H,0 7.89 0.0242 +0.01 7.78 0.0677 0.03
KCI 7.1 0.0412 +0.02 7.05 0.0160 0.01
CaCa, % 5.23 0.1984 +0.08 0.53 0.2792 0.11
Total Humus % 2.69 0.1014 +0.04 5.03 0.3909 0.16
N % 017 0.0575 +0.02 0.16 0.0342 0.01
CN 9.83 3.408 +1.39 18.90 3.3994 1.39
Accessible P,0s | mg/100g | 25.67 1.6898 +0.69 13.89 1.8047 0.74
K,0 mg/100g | 26.20 1.1713 +0.48 19.05 1.2276 0.50
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Table 3 Results of F-test on examined wood anatomical and biometrical characteristics in Salix viminalis and Salix alba clones

Source FL FD FLD DCWT VD WRW WRH SBD SH
Clone A 39.84%** 1 10.62*** | 7.07*** 6.82%** 136.30%** 0.80™ 28.93%** 597.71*** | 3739.72***
Treatment B 6.93** 9.37** 1.02" 34.78%** | 107.32"** 33.06%** 19.01%** | 14234.90*** | 34029.51***
Interaction AxB 8.09%** 2.45" 4.247 4.59%* 7.04%** 3.48* 9.06%** 406.55*** | 1980.14***

ns — non-significant; (*) p<0.05; (**) p<0.01; (***) p<0.001

wood rays per tangential section were determined.
Completely undamaged wood rays were selected for
determining their width and height that were ex-
pressed in microns, which is more suitable than in
number of parenchyma cells. As for determining the
fiber cell anatomical dimensions, it was necessary to
treat prepared small strips using Franklin’s (1945)
method of maceration. Maceration is a process of
chemical decomposition of wood in order to disinte-
grate the intercellular spaces, and it gives the possi-
bility of measuring the dimensions of wood fibers.
The material, chopped into very small pieces, was
placed in glass test tubes with a volume of 50 cm®, in
which glacial acetic acid H,O, was previously mixed
in an equal volume ratio. The test tube was then
shaken to mix the ingredients, and the prepared
macerate was thermally treated. The test tubes were
closed from the top with a cork stopper so that the
prepared material would not evaporate, and then
placed in a drying oven at a temperature of 65° where
they were kept for 24 hours. At the end of this pro-
cess, the wood was decomposed to the desired ex-
tent, and then the obtained material was washed
with a 50% alcohol solution and placed on a glass
slide, where undamaged fibers were separated with
special needles. For each anatomical characterization
of wood fibers (fibre length (FL), fibre diameter (FD),
fibre lumen diameter (FLD) and double-cell wall
thickness (DCWT)), 40 measurements were done
(IAWA 1989). All cell measurements were done using
a light microscope Boeco and digital photographs
were obtained by specialized Image Analysis Software
(Version 3.4.0. 2016).

2.5 Statistical Analyses

Statistical analyses were carried out using Statis-
tica 12 (StatSoft Inc. 2012) software. Normality of data
distribution was assessed using Shapiro-Wilk’s test.
Two-factorial analysis of variance (ANOVA) and
Tukey's HSD (honestly significant difference) test
were applied to test significance levels (p<0.05) for the
effects of clone, treatment and their interactions. Re-
lationships between the studied wood anatomical
characteristics and stem basal diameter and stem

height were evaluated by Pearson’s correlation coef-
ficient in control and heavy-metal treatments, respec-
tively.

3. Results and Discussion

According to the results of the F-test of two-way
ANOVA, variation of the studied characteristics, ex-
cept WRW and FLD, was significantly influenced by
both factors (clone and treatment). Indeed, no signifi-
cant effect of »clone« and »treatment« were found for
WRW and FLD, respectively (Table 3). Moreover, two-
factorial ANOVA revealed a significant effect of »clone
by treatment« interaction for all examined parameters,
except FD.

The individuals of S. alba cl. NS 73/6 showed the
most stable performance in both treatments of all
tested clones, having the highest mean values of FL
and VD, and belonging to the first homogeneous
group in terms of FD, FLD and WRH (Table 4). In ad-
dition, the highest mean value of DCWT was also ob-
served in S. alba cl. NS 73/6 in the control site, while
the other clones showed no statistically significant
differences for this trait regardless of the treatment. In
contrast, clone B-44 was characterized by low values
of FL, FD, FLD in both treatments, whereas clone 347
plants had the lowest values regarding WRH in both
treatments, and FD, FLD, DCWT and VD (together
with S. viminalis) in treatment with heavy metals.

The analysis of the results for FL showed that all
clones have longer fibers at the control site, except
Salix viminalis, where longer fibers were determined at
the contaminated site (Table 4). When comparing the
mean values of the length of wood fibers at the control
site, the longest fibers are present in clone NS 73/6
(0.734 mm), and the shortest in clone B-44 (0.573 mm).
Regarding the FD, in all clones, higher values were
recorded at the control site with the exception of clone
B-44 (Table 4), while comparing the values of this pa-
rameter in control conditions showed that the widest
fibers are present in Salix viminalis clone (19.88 um). As
for fiber lumen diameter (FLD), higher values were
determined at the contaminated site in clones B-44
and NS 73/6, while clones Salix viminalis and 347 had
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greater values at the control site, and when comparing
mean values of this parameter at the control site, the
greatest fiber lumen diameter was recorded in Salix
viminalis (13.97 pm). The last analyzed characteristic
related to wood fibers - DCWT showed higher values
at the control site for all investigated clones, while the
greatest DCWT at the control site was recorded in
clone NS 73/6 — 7.05 yum. Based on the results for the
dimensions of different wood fiber parameters, it can
be concluded that all dimensions are larger at the con-
trol site apart from the fiber lumen diameter where
the ratio between the clones is equal. Mulenga et al.
(2022) investigated Brachystegia longifolia trees and
found that environmental stress caused by high heavy
metals concentrations significantly affects decreased
dimensions of all wood fiber elements, which is in
accordance with our results, although differences be-
tween these values at the control and contaminated
site by willow clones are much lower. It can be as-
sumed that more favorable soil C/N ratio at the control
plot positively affects the height and radial increment
of the plants (Table 2). Namely, if the C/N ratio is over
10, a large amount of available nitrogen is used by
microorganisms, thus reducing soil fertility and pro-
ductivity (Anti¢ et al. 1982). It is evident that the dy-
namics of radial and height reducing growth of wil-
low cuttings is directly proportional to the dimensions
of wood fibers.

As for vessel diameter (Table 4), for all four clones
higher values were recorded at the control compared
to the contaminated site, while at the control plot, the
largest vessel diameter was observed in clone NS 73/6
(36.11 um). Based on this, it can be concluded that pol-
luted environment reduces the width of conducting
elements in willows. As a result, they gradually nar-
row the vessels in order to prevent heavy metals trans-
port through the cytoplasmic matrix and thus main-
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tain metabolic processes at an optimal level. Mulenga
et al. (2022) investigated Brachystegia longifolia trees and
found a reduction of 23% in vessel diameter at the
most polluted site, which is compatible with our re-
sults where also much narrower vessels were found
at the contaminated compared to the control site.
Zimmermann (1983) explained that the reduction of
vessel dimensions both in height and width is related
to ecophysiological adaptation of these species. Ac-
cording to this mechanism, the plantis protected from
cell dying by enabling a smooth transport of water
and minerals from xylem to phloem and moving
of nutrients in a reverse direction (Husen and Igbal
1999). An increased concentration of heavy metals can
greatly impair the maintaining of the transpiration,
but hyperaccumulators respond to this by forming an
increased number of vessels, thus reducing the nega-
tive influence of pollution (Rajput et al. 2008). Metals
influence root membrane permeability to water
(Przedpelska-Wasowicz and Wierzbicka 2011) that af-
fects vessel dimensions and functioning of conductive
tissues. Some authors connected plant responses to
heavy metal stress with reduced water content in
plant tissues (Poschenrieder and Barcelo 2004). As for
the relation between high heavy metal concentration
and water content in the plants, hormones can also
play a significant role, and it was found that Cd con-
tent affects ABA concentrations. However, on the
other side, this heavy metal reduces stomatal conduc-
tance even in ABA-insesitive mutants (Barcelo et al.
1986, Perfus-Barbeoch et al. 2002). This is line with the
results of this study, which showed that heavy metals
decrease the size of vessels resulting in reduced sto-
matal conductance.

On the other hand, the results for wood rays width
(Table 4) are completely different —in all clones higher
values were determined at the contaminated site,

Table 4 Mean values and standard deviation of wood anatomical characteristics investigated under two treatments. Differences between
values of the same characteristics that are labeled with the same letter are not statistically significant (p>0.05). The parameter acronyms

are defined in Material and Methods

Clone Treatment Control
Salix viminalis cl. B-44 cl. 347 cl.NS73/6 | Salix viminalis cl. B-44 cl. 347 cl. NS 73/6
FL 0.675=0.141* | 0.513+0.091" | 0.546+0.106 | 0.699+0.010° | 0.6110.107*| 0.5730.095* | 0.637+0.092°| 0.734+0.131°
FD 17.48+357" | 19.92+357° | 1555+3.10° | 19.58+563" | 19.88+4.27° | 17.09+3.76" | 18.01+3.35" | 19.70+3.33°
FLD 12.25+3.28% | 11.77+3.08" | 10.49+2.75° | 14.30+4.68" | 13.97+4.37" | 11.65+3.48" | 12.15+3.42™ | 12.63+3.72"*
DCWT 5.21+0.82° 5.19+1.06" 5.10+1.36" 5.32+1.70" 5.94+192" 5.41+131° 5.87+1.11° 7.05+£1.27°
\D 14.46+3.71° | 22.15+7.23° | 16.91+4.18" | 32.55+657" | 23.46+4.99° | 25.35+7.81° | 25.33=6.70° | 36.11+8.33°
WRW 40.03+13.15" | 36.79+6.84" | 35.71+9.30™ | 3251+8.94™ | 28.01+8.12° | 29.19+8.25" | 30.81+6.34"" | 30.60+8.63""
\WRH 226.5:43.50° | 224.90+64.60° | 221.80+49.70" | 307.30+-96.50° | 225.00-83.90" | 348.50+95.50° | 221.90--79.80° | 355.10+72.30°
426 Croat. j. for. eng. 45(2024)2
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while among clones grown at the control plot, the
greatest wood rays width was recorded in clone 347
—30.81 um. It can be assumed that the investigated
willow clones bind the largest amount of heavy metals
at the contaminated soil in the cell wall and thus pre-
vent further transport of heavy metals cations and
their entry into the cytosol. The cell wall, especially
with hyperaccumulator species, represents a physical
and physiological barrier for further transport of met-
al ions due to the existence of a large number of car-
bohydrates rich in carboxyl groups such as pectin and
lignin (Arsenov 2018). Therefore, heavy metals, as
compounds of high specific gravity, lead to the nar-
rowing of conducting elements — vessels, and as a re-
sult of increased heavy metals concentration, signifi-
cantly wider wood rays appear, representsing an
alternative conducting path for the rapid transport of
water and mineral substances. Also, the greater wood
rays width means a greater contact surface with the
vessels, and thus the formation of a greater number of
simple pits that have the role of transporting water
and minerals against the forces of gravity. Metals may
reduce the number of vessels by closing them gradu-
aly, which negatively affects the process of transport
through conductive tissues (Lamoreux and Chaney
1977). They can also significantly slow down the water
uptake preventing the root cells to divide and elongate
(Kahle 1993). Lower heavy metals content in the sap-
wood was explained by transport of toxic elements
through the rays into the heartwood (Stewart 1966).
There are specialized contact cells between wood rays
and xylem vessels that serve for exchanging disolved
substances between them (Sauter 1972). These cells are
characterized by enlarged pits in contact with the xy-
lem vessels and their respiratory and phosphatase
activity raises in the vegetation season when differen-
tation processes in the plant organisms are very inten-
sive (Nabais et al. 1999). The active radial transport of
elements is limited to the living sapwood cells and it
stops existing at the sapwood-heartwood border
where the ray cells die in the process of transforma-
tion of sapwood to heartwood (Stewart 1966).

Comparison of the wood rays height (Table 4) at
both sites showed that higher levels were recorded
only in Salix viminalis in the contaminated area.
Among plants grown at the control plot, the highest
value was observed in clone NS 73/6 (355 pm). The
results confirmed the well-known fact that the width
and height of wood rays are most often in an inverse-
ly proportional relationship (Viloti¢ 2000).

To identify characteristics that can be used as indi-
cators of willow clones productivity under control and
stress environments, the correlations between stem
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Table 5 Pearson’s correlation coefficients between stem basal di-
ameter and stem height and studied wood anatomical character-
istics assessed in control and heavy-metal treatments

Stem basal | Stem | Stem basal | Stem

Characteristic diameter | height | diameter | height
Control Treatment

Fiber length 0.895™ | 0.781™ | 0.995** | 0.997**

Fiber diameter 0.982* | 0.971* | 0.893™ | 0.842™

Fiber lumen diameter |  0.983* | 0.975* | 0.997** | 0.998**

R}‘i’sfr'zs‘::”'wa” 0979* | 0998** | 0987* | 0.965*

Vessel diameter 0.999*** | 0.970* | 0.938™ | 0.969*
Wood rays width 0.957* | 0.937™ | 0.896™ | 0.838™
Wood rays height 0.934™ | 0.974* 0.851™ 0.824™
ns — non-significant; (*) <0.05; (**) <0.01; (***) <0.001

basal diameter and stem height, on one side, and stud-
ied wood anatomical characteristics, on the other,
were assessed (Table 5). In control treatment, statisti-
cally significant correlations were observed for major-
ity of characteristics. On the other side, in plants ex-
posed to heavy metals, none of stem biometrical
characteristics were correlated with fiber diameter
and wood rays width and height. In addition, no sig-
nificant correlation was found between SBD and VS.

Proportion of wood bark and pith, %
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Control Clone Treatment

Fig. 1 Display of wood, bark and pith proportion by different willow
clones at two sites
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The proportion of different plant tissues (wood,
bark and pith) differ between treatments and clones
(Fig. 1). Namely, the proportion of wood and bark was
higher in plants in the control treatment, while the
situation was quite the opposite in the case of pith. At
the clone level, S. alba cl. 347 had the highest proportion
of wood (70.4%) and the lowest proportion of pith
(171%) in the control treatment. Interestingly, clone NS
73/6 showed an opposite performance under two treat-
ments; i.e. in the control treatment, this clone had the
lowest wood (60.9%) and the highest pith proportion
(271%), while in the heavy metal treatment it had the
highest wood proportion (63.3%) and the lowest pro-
portions of pith (26.5%) and bark (10.2%). Evidently, wil-
lows, as hyperaccumulators, under the influence of the
increased heavy metals concentration, respond with a
greater production of pith in the juvenile stage (Fig. 1).
On the other hand, heavy metals have an inhibitory
effect on the division and differentiation of cambial
cells, which is why the secondary xylem proportion
was significantly higher at the control plot in the first
three clones, and slightly lower in the clone N 73/6 (Fig. 1).
Mleczek et al. (2009) examined the accumulation of se-
lected heavy metals by Salix viminalis cuttings in differ-
ent soil conditions (non-polluted, moderate polluted
and very polluted area) and an increase of bark content
was recorded, but a decrease of the pith proportion in-
dependent on site conditions which is not in line with
the results of our paper where at the contaminated site
the proportion of pith increases, while the proportion

18 @&
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7] 8 g ||
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2 A i [ |
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S. viminalis S.albacl.B-44  S. albacl. 347  S. albacl. NS 73/6

Clone

Fig. 2 Display of stem basal diameter by different willow clones at
two sites
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of bark decreases. They also found the highest decrease
of pith (17%) at most polluted area, while in this study
the pith content increases according to heavy metals
effects. There are some papers (Okada et al. 1990, Chun
and Hui-Yi 1992) which established that the location of
heavy metals is directly linked to the position of the
sapwood-heartwood border. For example, some toxic
elements such as Cd and Pb show growing tendency
going from the cambium to the stem center (Nabais et
al. 1999). Gardiyehewa de Silva et al. (2012) investigated
the density of conductive elements by red maple stems
under the stress influence and found that its reduction
is related with increased number of parenchyma cells
in the xylem.

Considering biometrical characteristics (SDB and
SH), significantly higher mean values were observed
in the plants grown in the control treatment, whereby
the S. alba cl. 347 was characterized by the highest
mean values of both parameters (Fig. 2 and 3). Interest-
ingly, plants of this clone also experienced the highest
stress when subjected to heavy metals. Namely, al-
though the plants of S. alba cl. B-44 showed the lowest
mean values of both SDB and SH (Fig. 2 and 3), the
strongest inhibitory effect of heavy metal pollution
was recorded in S. alba cl. 347 (i.e. the plants stressed
with heavy metals had smaller values of SDB and SH
by 54.9% and 51.2%, respectively). The lowest reduc-
tion of SDB and SH were evidenced in S. viminalis and
S. alba cl. NS 73/6, and amounted 37.8% and 26.4%, re-
spectively. Similar findings were reported by Gardi-
yehewa de Silva et al. (2012), who found that combined
effect of drought and heavy metals significantly re-
duced the growth of red maple seedlings. Similarly,
Mulenga et al. (2022) established slower radial incre-
ment of the stems on the polluted compared to the
control site. Some authors (Emamverdian et al. 2015,
Kabata-Pendias 2010) believe that environmental
stress caused by heavy metals pollution was respon-
sible for less intensive division and differentation of
the cambial cells, so this leads to the slower radial in-
crement compared to the control site. Some papers
(Zasoski et al. 1990, Mulenga et al. 2022) linked high
heavy metals concentration and soil acidity from one
side with growth patterns and adaptation mecha-
nisms of the plants from another side at both control
and contaminated site. Several papers (Zhang 2003,
Krutul et al. 2014) found that wood quality is depen-
dent on many factors such as tree species, age, position
in the stand, radial and height growth, site conditions,
etc. Kusiak et al. (2020) discovered that heavy-metals
induced stress affects the reduction of wood cell di-
mensions which causes slower radial increment and
forming of narrower annual rings. As a result, wood
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Fig. 3 Display of stem height by different willow clones at two sites

density increases according to higher uptake and ac-
cumulation of heavy metals.

Tendel and Wolf (1988) examined the concentra-
tions of sulphur in wood and found its direct relation
to increased content of SO, in the atmosphere. Pb con-
centration recorded in an annual growth ring is the
readily ionic form fraction, but not the whole trans-
portable content of Pb (Lepp and Dollard 1974). Ferretti
et al. (1993) observed fluctuations of Ni concentrations
and concluded that if growth is without significant
deviations, its content in all annual rings is the same,
so the availability of Ni does not change significantly
with time. Hagemeyer (1995) tried to define mobile
peaks of Cd at the sapwood-heartwood boundaries in
stems of Quercus robur trees, but the locations of these
peaks could not find out when exactly in the past this
pollution in the tree occured.

4. Conclusions

This study investigated the impact of heavy metal
induced stress on the morpho-anatomical character-
istics of Salix clones wood. The results demonstrated
that metal toxicities significantly affected dimensions
of morphological and anatomical characteristics of
investigated individuals. Considering morphological
parameters, a significant reduction not only of radial
and height increment, but also of bark and wood pro-
portion (apart from clone NS 73/6) in all examined
clones at the polluted site was detected. The analysis
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of anatomical characteristics showed that increased
concentrations of heavy metals had a negative effect
on vessel diameter and wood rays height (with the
exception of Salix viminalis), but positively on wood
rays width. For all wood fiber parameters higher val-
ues were obtained at the control site except for fiber
lumen width where higher values were recorded at
the polluted site in clones B-44 and NS 73/6. Between
all the clones, it can be deduced that clone NS 73/6 had
the highest values for 4 anatomical characteristics (fi-
ber length, double cell-wall thickness, vessel diameter
and wood rays height) both in control and contami-
nated conditions. Consequently it can be assumed that
this will have a positive effect on the wood quality and
utilization possibilities of this clone. At the control plot
the greatest values for fiber lumen and fiber lumen
diameter were found in Salix viminalis, while clone 347
had the widest wood rays. In control conditions, Pear-
son’s correlation coefficients showed statistically sig-
nificant correlations between stem basal diameter and
stem height on one side and observed wood anatomi-
cal characteristics on the other side. However, in
plants exposed to heavy metals stress, none of stem
biometrical characteristics were correlated with fiber
diameter and wood rays height and width. Clone 347
was characterized by the highest mean values of both
stem basal diameter and stem height, but the strongest
inhibitory effect of heavy metals pollution was re-
corded by this clone. As for the proportion of pith,
bark and wood, clone 73/6 showed opposite perfor-
mances under two treatments —i.e. in the control treat-
ment this clone had the lowest wood and the highest
pith proportion, while in the heavy metal treatment it
had the highest wood proportion and the lowest pro-
portion of pith and bark. It should also be noted that
heavier texture composition of the contaminated soil
and its weaker water retention properties may be one
of the reasons for observed differences in wood ana-
tomical characteristics. These results could make an
undoubted contribution to the understanding of the
behaviour of juvenile willow cuttings under the influ-
ence of increased heavy metals concentrations, as well
as how it may affect their morpho-anatomical and
ecophysiological characteristics.
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