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Abstract 

Background  Phytoextraction belongs to environmentally well-accepted remediation technologies to remove met-
als from contaminated soils. Due to long-time requirement, sufficient data for proper phytoextraction evaluation 
are missing. Four clones of fast-growing trees: two willow species (S1), Salix viminalis L. (Salix schwerinii E.L.Wolf × S. 
viminalis) × S. viminalis) and (S2)—Salix smithiana (Salix × smithiana Willd.), and two poplar clones (P1), Populus Max-4 
(Populus nigra L. × Populus maximowiczii A. Henry) and (P2) Wolterson (P. nigra L.) were cultivated under field conditions 
at medium-to-high Cd and Pb, and low Zn soil contamination to assess trees’ long-term ability of biomass production 
and removal of potentially toxic elements (PTEs). The biomass yield and PTE uptake were measured during 8 years 
of regular growth under three rotation lengths: four harvests following 2-year periods (4 × 2y), two harvests in 4-year 
periods (2 × 4y), and one harvest representing 8 years of growth (1 × 8y).

Results  In most cases, the highest annual dry biomass yield was achieved with a 2 × 4y rotation (P1 = 20.9 t ha−1 
y−1, S2 = 18.4 t ha−1y−1), and the yield decreased in order 2 × 4y > 1 × 8y > 4 × 2y of harvesting periods. Only clone 
S1 showed a different pattern. The differences in biomass yield substantially affected the PTE phytoextraction. The 
greatest amount of Cd and Zn was removed by willow S2, with the highest biomass yield, and the strongest ability 
to accumulate PTEs. With 2 × 4y rotation, S2 removed a substantial amount of Cd (9.07%) and Zn (3.43%) from the top-
soil horizon (0–20 cm) and 5.62% Cd and 2.04% Zn from horizon 20–40 cm; phytoextraction rate was slightly 
lower for 1 × 8y rotation. The poplar P1 removed the most Pb in the 1 × 8y rotation, but the overall Pb phytoextrac-
tion was negligible. The results indicated that lignin and cellulose contents increased, and hemicellulose content 
decreased with increased concentrations of Cd, Pb and Zn in poplars wood.

Conclusions  The data confirmed that phytoextraction over longer harvest periods offered promising results 
for removing Cd from medium- to high-level contaminated soils; however, the ability of Pb removal was extremely 
low. The longer harvest period should be more economically feasible.

Keywords  Phytoextraction, Cadmium, Lead, Zinc, Willow, Poplar, Short rotation coppice

*Correspondence:
Pavel Tlustoš
tlustos@af.czu.cz
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40538-024-00600-1&domain=pdf


Page 2 of 15Prouzová et al. Chem. Biol. Technol. Agric.           (2024) 11:78 

Graphical Abstract

Background
Phytoextraction is an eco-friendly, low-cost alterna-
tive for restoring the quality of soils contaminated by 
potentially toxic elements (PTEs) with the aid of well-
developed plants [1]. Numerous plant species have been 
extensively tested as potential candidates for successful 
phytoremediation of soils contaminated by PTEs from 
anthropogenic sources. The required criteria for plant 
species to be successful in phytoextraction are good tol-
erance to high concentrations of available PTEs in soil, 
efficient metal uptake, translocation of the accumulated 
PTEs to aboveground biomass, fast growth, and high 
production of aboveground biomass [2, 3]. Short rotation 
coppices (SRCs) of fast-growing trees planted on arable 
land can fulfill the majority of requirements and be effec-
tive from both the economic and ecological points of 
view [4]. These plants do not accumulate extremely high 
concentrations of PTEs in biomass like hyperaccumula-
tors, but this shortcoming is compensated by their large 
annual biomass production, which could be utilized for 
wood products or as a renewable energy source [1, 5].

The SRCs cultivated on arable land contaminated by 
PTEs (especially Cd and Zn) can act as bioaccumulators 
[6], and because of their ability to produce large amounts 
of biomass [7], they can significantly reduce the content 
of these pollutants in the soil [2, 6, 8, 9]. The most prom-
ising and commonly cultivated SRC trees are the wil-
lows (Salix) and poplars (Populus); many cultivars have 
been bred and widely distributed as selected clones [10]. 
An important factor affecting biomass production is the 
length of time between coppice rotations [11]. The most 

common coppice rotations are from every 2 to every 4 
years. Shorter rotations can adversely affect the following 
growth rate, especially for poplars, which are negatively 
affected by short rotation coppicing; longer periods of 
growth can be more suitable for them, depending on the 
clone [11, 12]. Rotation length affects the total cultivation 
period, which is an important economic parameter [13]. 
The vitality of a tree can also correlate with its vulnerabil-
ity as poor health increases susceptibility to infestation 
by insects or fungi, and possibly greater browsing dam-
age [14].

Most studies [15–18] have focused their research on 
clones with high biomass production findings, and the 
ability to take up and store a high amount of PTEs in the 
aboveground parts, which is crucial for successful phyto-
extraction. A large number of willow and poplar clones 
were tested and a high variability in PTE accumulations 
was found [19–21], not only between individual clones 
[19, 21], but also for single clones at different sites, due to 
differences in soil properties [22] and contamination level 
[19]. High differences in PTEs accumulation were found 
also between plants grown in pot experiments and in 
the field, because the roots of plants in pots densely pen-
etrate a limited volume of soil, but in the field, they can 
easily develop in the large soil volume avoiding contami-
nated topsoil layer [23]. The PTEs distribution in plant 
tissues is not uniform, for instance, Cd and Zn are accu-
mulated more in the aboveground biomass, especially in 
leaves while Pb is often accumulated more in branches 
[17] and in roots [24]. The results of a study by Kubátová 
et al. [25] confirmed twofold higher Cd accumulated by 
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willow leaves (62 mg kg−1) than by branches (30 mg kg−1) 
and fivefold higher accumulation of Zn in leaves 
(1700  mg  kg−1) than by branches (300  mg  kg−1). Leaf 
biomass accounted for only 16–28% of the harvested 
aboveground biomass of 9-year-old clones. The phytoex-
traction efficiency of the PTEs was influenced by factors, 
such as moisture, organic matter, redox potential, and 
especially soil pH [26]; however, the efficiency of phyto-
extraction can be increased by agronomic practices, such 
as soil fertilization and conditioning, enhancing metal 
bioavailability, plant selection and length of rotation [27]. 
The length of rotation of willow and poplar clones can 
affect biomass yield [28], which is an important param-
eter for phytoextraction [27], as well for wood quality and 
composition [29]. The harvested wood can be utilized for 
lumber or as a renewable energy source. The content of 
the primary wood compounds, cellulose, lignin, hemi-
cellulose and water affects its postharvest treatment [30, 
31]. The poplar clones in the study of Guidi et  al. [30] 
and the willow clones in the study of Stolarski et al. [31], 
harvested in 4-year rotations, achieved higher biomass 
yield and cellulose content and lower lignin content than 
clones harvested in 2-year rotations. A high cellulose 
content is suitable for converting the biomass into second 
generation biofuels (e.g. bioethanol). According DeBell 
et al. [32] poplar wood from trees harvested at older ages 
had higher wood density and fiber length, and was suit-
able for manufacturing secondary products [29]. Lignin 
surfaces contain carboxylic- and phenolic-type groups 
with high affinity for PTE ions to bind them in the order: 
Pb > Cd > Zn [33]. Juvenile shoots had a higher ratio of 
bark to wood, and bark contains more lignin than wood 
[29]; therefore, the juvenile shoots contain higher metal 
concentrations than older ones [34].

As summarized above, several important research 
questions have to be answered to optimize the effective-
ness of the phytoextraction process. How do short-rota-
tion harvests affect the long-term stability/instability of 
biomass yield and phytoextraction efficiency? What rota-
tion length of harvest gives the highest PTE removal? 
How does the harvest rotation period affect wood qual-
ity from polluted areas? Therefore, the main objectives 
of the research presented in this paper were: (i) to assess 
the effect of rotation length on biomass production and 
on accumulation of PTEs in selected clones, (ii) to com-
pare the biomass yield and potential of two willow and 
two poplar clones for accumulating and extracting Cd, Pb 
and Zn within individual harvests with different rotation 
lengths, and (iii) to measure the effect of rotation length 
and PTE content on the composition of the main wood 
compounds in the biomass.

Materials and methods
Site description
The study area is located in the Central Bohemian 
region, Příbram district, Czech Republic (49°42′24′′N, 
13°58′32′′E) near the former local lead smelter, which 
is responsible together with ore mining for the histori-
cal contamination of the area. Currently, however, no 
atmospheric deposition occurs from the smelter [35]. 
The present study did not consider soil characteristics 
over time, because this continuing experiment occu-
pied less than half of an experimental area (~ 5000 m2) 
and would have been very labor-intensive. We expect 
to test other longer term harvest protocols for substan-
tial PTE removal and confirm the results by soil sam-
pling. The experimental plot is 500  m above sea level, 
with mean annual precipitation of 700 mm and a mean 
annual temperature of 6.5  °C. The soil is also classified 
as a weakly acidic modal Cambisol (pHH2O 5.66; pHKCl 
5.27) with a CEC of 166  mmol∙kg−1, Corg of 4.1%, C/N 
ratio of 9, and a bulk soil density of 1.35 t∙  m−3 in hori-
zon 0–20 cm and 1.39 t∙  m−3 in horizon 20–40 cm. The 
experiment started in April 2008 in soil contaminated, 
medium-to-high, with multiple PTEs, mainly Cd, Pb, and 
Zn. Hundreds soil samples from the top 0–20  cm and 
from the subsoil (20–40 cm) horizons were taken before 
the experiment was set up. The average (± standard 
error) content of aqua regia-extractable (pseudo-total) 
PTEs were Cd 7.3 ± 0.22 mg  kg−1, Pb 1368 ± 33 mg  kg−1, 
and Zn 218 ± 5.9  mg  kg−1 in horizon 0–20  cm and 
Cd 4.4 ± 0.39  mg  kg−1, Pb 672 ± 37  mg  kg−1, and Zn 
135 ± 4.9  mg  kg−1 in horizon 20–40  cm. The plant-
available concentrations of Cd, Pb and Zn extracted by 
0.01 mol l−1 CaCl2 were in horizon 0–20 cm 2.6, 42 and 
21 mg kg−1, respectively and in horizon 20–40 cm 1.5, 28 
and 12 mg kg−1, respectively.

Experimental design
For the study, two clones of willow and two poplar spe-
cies were tested. Cuttings (length 20 cm) were planted in 
plots of four rows (7.5 × 1.3 m) with each row considered 
an experimental unit (4 clones × 8 repetitions). The cut-
tings were supplied by the Silva Tarouca Research Insti-
tute for Landscape and Ornamental Horticulture, v.v.i 
(Průhonice, CZ). Experimental units were arranged in 
a completely randomized design, and plants in the rows 
were spaced 0.25 m apart (density = 30,769 plants ha−1 at 
the beginning of the experiment). SRCs have been culti-
vated on this experimental site since 2008. Two willow 
clones, allochthonous hybrid Tordis (Salix schwerinii × S. 
viminalis) × S. viminalis (S1), and autochthonous clone 
S-218, Salix × smithiana (S2), and two poplar clones J-105 
(also known as Max-4), Populus maximowiczii × Populus 
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nigra (P1), and commonly grown clone Wolterson, Popu-
lus nigra, (P2) were chosen as SRC subjects, all the clones 
were previously verified as suitable for phytoextraction 
[19, 36–39]. The first uniformly cut harvest was in 2012 
(time zero). Some of the units were harvested four times, 
once after each 2-year growing season, representing the 
short rotation length (4 × 2y) condition, while the others 
were harvested twice, after each 4-year growing season, 
representing the long rotation period (2 × 4y). The first 
2-year harvest was done in 2014 (2y2014), and further 
2-year harvests followed in 2016 (2y2016), 2018 (2y2018) 
and 2020 (2y2020). The 4-year harvests were done in 2016 
(4y2016) and 2020 (4y2020). Another part of the experi-
mental site was maintained and harvested after 8  years 
(1 × 8y) of growth for the first time in 2020 (Fig. 1). The 
biomass yields (DM) for all rotations were defined as 
the sum of all harvests of one clone during 8  years: the 
sum of yields from four 2-year harvests, the sum of yields 
from two 4-year harvests and the yield from one 8-year 
harvest.

Previous study [25], showed higher leaves accumula-
tion of PTEs (especially Cd and Zn) than branches and 
stems; however, mature trees account only low amount 
of leaves from total aboveground biomass; therefore, in 
longer rotations, leaf biomass does not play an important 
role. All harvests were made during the winter period (in 
February), which is the most suitable time for successful 
re-vegetation of the trees. Trees were planted without 
any application of nutrients or pesticides.

At harvest, a row and all its plants were cut about 
20  cm above the soil surface. Each experimental unit 
(row) was harvested and weighed for fresh aboveground 
biomass (branches + stem), and then subsamples of one 
plant from each unit (8 samples for each clone and each 
harvest) were collected, weighed in the field immediately 
after harvest for fresh weight (FW), then dried to con-
stant weight at 60 °C, and dry weight (DW) was recorded. 
Samples were ground using a stainless-steel mill. The dry 
matter (DM) of one row (unit) was then calculated from 
the DW/FW ratio and the fresh matter weight per row. 
Yield of DM per hectare was calculated by multiplying 
DM by the number of units per hectare (Additional file 1: 
Fig. S1).

Analytical methods
Dry biomass was chipped and then ground to parti-
cles of ~ 1 mm using a stainless steel Retsch friction mill 
(Retsch, Haan, Germany) to make homogeneous samples 
for determination of element contents. Decomposition of 
the biomass samples (0.5 g) was carried out by the dry-
ashing decomposition method [40]. The total content of 
Cd, Pb and Zn in aboveground biomass (branches + stem) 
was determined after dry-ashing decomposition (25 mL 

solubilized sample in 65% HNO3). Detection was done 
using an inductively coupled plasma source with optical 
emission spectroscopy (ICP–OES; Agilent 720, Agilent 
Technologies Inc., USA). Aliquots of the certified refer-
ence material (CRM) RM NCS DC 73349, bush branches 
and leaves, (Analytika, Prague, Czech Republic), were 
determined under the same conditions for quality assur-
ance of the analytical method. The certified values of 
the CRM were the following: 0.38 ± 0.08  mg  kg−1 for 
Cd; 47 ± 3  mg  kg−1 for Pb, and 55 ± 4  mg  kg−1 for Zn. 
The measured values of this CRM were 0.45, 44.6 and 
53.7 mg kg−1 for Cd, Pb and Zn, respectively.

For the contents of specific wood components, cellu-
lose was determined by Seifert’s method [41] and holo-
cellulose by Wise’s method [42]. Lignin was determined 
in accordance with the Tappi T 222 om-11 standard [43], 
ash in accordance with the Tappi T 211 om-02 standard 
[44], and extractives in accordance with the Tappi T 5 
wd-73 [45] and Tappi T 6 wd-73 standards [46].

Indices of the effectiveness of phytoextraction
Total uptake
Total uptake of PTEs (g ha−1) indicates the amount of 
PTEs removed by aboveground biomass (without leaves) 
of SRC clones. It was determined as Cplant × DMplant, 
where Cplant is the concentration of PTE in dry biomass 
(g t−1) and DMplant is the total dry matter plant biomass 
yield per row converted to per hectare (t ha−1).

Remediation factor
The remediation factor (RF) indicates the total amount of 
accumulated PTEs in the aboveground biomass 
(branches + stem) removed from horizon 0–20  cm and 
from horizon 20–40 cm of the contaminated soil by the 
investigated SRC clones over a given time period, divided 
into the total amount of individual element present in 
each soil horizon, expressed as relative phytoextraction 
potential in percentage. The RF (%) was determined as 
follows: (RF%) = CplantDMplant

CsoilWsoil
× 100 , where Csoil is the 

total concentration of PTEs in soil (g t−1), and Wsoil is the 
amount of soil (t ha−1) in the topsoil horizon (0–20 cm) 
and (20–40  cm); modified according to Komárek et  al. 
[38].

To mimic field conditions, and root growth below the 
topsoil, two layers of soil 0–20  cm and 20–40  cm were 
taken for the RF calculation. To properly distribute PTE 
removal between both layers the ratio of plant-availa-
ble Cd, Pb and Zn concentrations located in horizons 
0–20 cm and 20–40 cm was included into the calculation 
assuming their distribution in both layers. The ratio of 
the available soil content of each element between both 
layers was applied as the first assumption for the distribu-
tion of total plant uptake from individual layers. Different 
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Fig. 1  Flow-chart showing the experimental procedure. S1 [(S. schwerinii × S. viminalis) × S. viminalis)], S2 (S. smithiana), P1 (P. maximowiczii × P. 
nigra), P2 (P. nigra), 2y (2-year rotation), 4y (4-year rotation), 8y (8-year rotation), 2y2014 (1. harvest after 2 years in 2014), 2y2016 (2. harvest 
after 2 years in 2016), 2y2018 (3. harvest after 2 years in 2018), 2y2020 (4. harvest after 2 years in 2020), 4y2016 (1. harvest after 4 years in 2016), 
4y2020 (2. harvest after 4 years in 2020), 8y2020 (1. harvest after 8 years in 2020)
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root distribution among two horizons was taken into 
account as the second assumption for the RF calcula-
tion. The percentage number of roots in both horizons 
was interpolated based on the study of Crow and Hou-
ston [47]. They found that 75–95% of all willow and pop-
lar SRC roots were within the 0–36  cm-thick ploughed 
soil layer, mostly roots with diameters of < 2 mm, impor-
tant for the element uptake The top 0–20  cm horizon 
contained about 60% and the 20–40  cm horizon about 
40% these roots, and this ratio was applied as the second 
parameter for the distribution of total uptake between 
the two layers, assuming that all roots had the same 
capacity for taking up elements.

Statistical methods
All statistical analyses were performed using the soft-
ware packages Statistica 12.0 (www.​stats​oft.​com). The 
relationship between wood components (lignin, cellu-
lose and hemicellulose) and age of shoots of clones (har-
vested at 2, 4 and 8 years) and the relationship between 
the concentration of elements (Cd, Pb and Zn) and wood 
components (lignin, cellulose and hemicellulose) were 
evaluated using linear regression (LR). All data were 
checked for homogeneity of variance and normality (Lev-
ene and Shapiro–Wilk tests). Collected data did not meet 
assumptions for the use of analysis of variance (ANOVA) 
and were thus evaluated by the nonparametric Kruskal–
Wallis test.

Results and discussion
Effect of different harvesting period on willow and poplar 
yield
Due to the low yield of biomass, plots were first uni-
formly harvested in 2012, 4 years after planting of the 
cuttings (time zero, Table 1), and yields of time zero were 
not included in the final evaluation (total DM yields for 
clones S1, S2, P1, P2 were 0.67, 3.26, 5.14 and 2.58 t ha−1, 
respectively). For comparison, Scriba et  al. [48] showed 
that S1 achieved a DM yield of 0.66 t ha−1 biomass after 

the first year of cultivation, an amount of S1 biomass sim-
ilar to what we found after 4 years of cultivation in our 
study. However, other researchers reported substantially 
higher DM yields than were found in our study: Tlustoš 
et al. [19] measured a yield of 2–5 t ha−1 y−1 in the first 
rotation for S2, Weger et al. [49] showed 5 t ha−1 y−1 after 
the first year, and 10 t ha−1 y−1 after 3 years for P1, while 
Laureysens et  al. [50] reported 8.2 t ha−1 y−1 DM after 
the first 4-year rotation for P2. We speculate that the low 
biomass yield was probably a result of the slow develop-
ment of roots, the weak growth of young plants due to 
lack of water, and strong competition of plants with fast 
growing grasses and other weeds [51]. Thus, yields highly 
depend not only on the clone but also on the level of soil 
contamination, nutrient and water availabilities, climate 
conditions and weed infestation [34].

The subsequent plant growth with already devel-
oped roots was much more robust. Succeeding harvests 
showed increased biomass yield and a large diversity in 
biomass production was observed (Fig.  2). Throughout 
the whole 8-year experiment, the lowest biomass pro-
duction for all the clones and harvest periods was found 
in the 2-year rotations (ranging from 11 for P2 to 93 t 
ha−1 for S2) and the largest increase in biomass yield in 
the 4-year rotations ranged from 32 for P2 to 167 t ha−1 
for P1, with the exception of clone S1 (24 t ha−1). The 
DM yield in tons per hectare for S2, P1 and P2 clones 
decreased in the order 2 × 4y > 1 × 8y > 4 × 2y (amount of 
biomass of each clone was evaluated as the sum of the 
biomass of all rotations during 8 years). For clone S2, 
however, the differences between all the rotations were 
not significant. In contrast, clone S1 had the highest 
total yield in the 1 × 8y rotation (82 t ha−1) and this yield 
was almost four times higher than the yield in the 4 × 2y 
(22 t ha−1) and 2 × 4y rotations (24 t ha−1). Poplar clones 
showed significantly higher yield in 2 × 4y than 4 × 2y, 
and clone P1 had significantly higher yield in the 1 × 8y 
rotation (126 t ha−1) compared with the 4 × 2y rotation 
(73 t ha−1; Fig.  2). Stolarski et  al. [28] reported similar 

Table 1  Dry matter yield and Cd, Pb and Zn removal by willow and poplar clones harvested in 2012

Dry matter yield of aboveground biomass (branches + stem) and Cd, Pb and Zn removal (mean ± standard error) by willow, S1 (S. schwerinii × S. viminalis) × S. viminalis) 
and S2 (S. smithiana); and poplar, P1 (P. maximowiczii × P. nigra) and P2 (P. nigra) clones harvested in 2012 (time zero). Clones with the same capital letter for each 
treatment in each harvest year were not significantly different. Differences between the clones were evaluated by the Kruskal–Wallis test at p ≤ 0.05. Number of 
replicates, n = 8

Variable Clones

S1 S2 P1 P2

Dry biomass (t∙ ha1−1) 0.67 ± 0.18 B 3.26 ± 0.57 A 5.14 ± 1.08 A 2.58 ± 0.91 AB

Cd (g∙ ha−1) 32.59 ± 9.58 B 132.79 ± 20.49 A 107.82 ± 24.81 AB 62.84 ± 24.71 AB

Pb (g∙ ha−1) 15.46 ± 3.94 B 72.84 ± 8.36 AB 141.43 ± 27.97 B 48.71 ± 17.32 AB

Zn (g∙ ha−1) 287.71 ± 76.71 B 1086.38 ± 185.17 A 983.57 ± 207.76 A 441.34 ± 190.63 AB

http://www.statsoft.com
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observations: an increase in the yield and the quality of 
the biomass with extension of the rotation period, on 
average 3.4% lower in the 2-year and 17.2% lower in the 
1-year rotation period compared to the 3-year rotation 
period. Larsen et al. [52] reported a 39% reduction in wil-
low biomass yield from a 2-year harvest and 17% for a 
1-year harvest compared to a 3-year harvest periods. The 
willow and poplar clones in 2-year rotations not only had 
a low yield, but also according to Klasnja et al. [53] juve-
nile shoots were characterized by high ash and moisture 
content and lower wood density, which is undesirable for 
fuel wood. According to DeBell et al. [32], the wood den-
sity and fiber length that determines paper pulp quality 
increased with increasing age of clones. The older wood 
was more suitable for manufacturing secondary products 
such as pulp, paper, and fiber-board [29].

The lowest total DM yield of our clones was measured 
in the 2-year harvests (Fig. 2). The yields were especially 
low in the third harvest (2y2018), with the exception of 

clone S2, and in the fourth 2-year harvest (2y2020) for all 
clones due to growth weakening by too frequent harvest-
ing. Our results suggested that the more often the cop-
pice is harvested, the lower its capacity to regrow from 
the stool. The yield can also be influenced by climate con-
ditions, mainly the amount of precipitation during the 
growing period [54]. The low DM yield in the 4th harvest 
(2y2020) could have been caused by the below-average 
precipitation in 2018 and 2019. The precipitation in Feb-
ruary 2018 was only 8.4 mm (Additional file 1: Table S1). 
Contrarily, the increase of DM yield in the first 4-year 
and the first 2-year harvest (2y2014) could be a result of 
the above average precipitation in 2012, the total annual 
precipitation was 707  mm (highest in January) and in 
2013 was 751  mm, while the mean total annual pre-
cipitation in Příbram-Podlesí since 1961 has been only 
630 mm (Additional file 1: Table S1). These weather con-
ditions could stimulate shoot sprouting from stools in the 
first year after harvest. The DM yield was probably also 

Fig. 2  Dry matter yield (mean, t· ha−1) of aboveground biomass (branches + stem) for willow S1 [(S. schwerinii × S. viminalis) × S. viminalis)] and S2 
(S. smithiana); and poplar P1 (P. maximowiczii × P. nigra) and P2 (P. nigra) clones after harvest rotation periods of four 2 years (4 × 2y), two 4 years 
(2 × 4y) and one 8 years (1 × 8y). For each clone, harvest rotations with the same lowercase letters were not significantly different. Differences 
between the rotations were evaluated by the Kruskal–Wallis test at p ≤ 0.05. Number of replicates, n = 8
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affected by the order of harvest. Weger and Bubeník [55] 
stated that the biomass yield of willow and poplar clones 
cultivated in 3-year rotation usually increased until the 
third or fourth harvest. Comparison of individual clone 
productivity showed substantial differences among them 
(Fig.  2). The DM yield per hectare decreased in 1 × 8y 
and 4 × 2y rotations in the order S2 > P1 > S1 > P2. Con-
versely, in 2 × 4y rotations, the poplar clone P1 (167 t 
ha−1) achieved higher total yields than the willow clone 
S2 (147 t ha−1), and P2 (32 t ha−1) was higher than S1 (24 
t ha−1). This corresponds to the same order as a harvest 
performed in time zero, and this trend indicated that the 
rotation length for poplar clones should be about 4 years, 
which is supported by the results of Weih [56], who con-
cluded that the optimal rotation period was 4–6  years. 
Weger et al. [49] even recommended 5–6-year rotations 
to increase DM yield of P1 clones.

The most productive clones in our study were willow 
S2 and poplar P1, depending on the length of rotation. 
P1 with a 2 × 4y rotation achieved the highest mean total 
DM yield (20.9 t ha−1 y−1) while S2 was next highest with 
18.4 t ha−1 y−1 for a 2 × 4y rotation. Our findings con-
firmed that S2 generally achieved the highest yield of all 
studied willow clones under Czech climatic conditions 
[57]. The yield of P1 strongly depended on the length of 
rotation. The DM yields of S2 and P1 in our study were 

slightly higher than in other studies on sites with uncon-
taminated soil, because we did not include the low yield 
of harvest in time zero. In the field experiments of Weger 
[58], average yields of 14.6 t ha−1 y−1 for clone P1 and 14 t 
ha−1 y−1 for clone S2 were found in the third harvest in a 
3-year rotation on different sites, but Weger and Bubník 
[55] reported that S2 yielded 27.6 t ha−1 y−1 of DM when 
cultivated under optimum conditions. Clone S1 showed 
a good DM yield of 10.3 t ha−1 y−1 only in 1 × 8y rotation, 
but in other rotations, the DM yield was low (3 t ha−1 
y−1). The P2 clone exhibited the lowest yields in the 1 × 8y 
(2 t ha−1 y−1) and 4 × 2y (1.4 t ha−1 y−1) rotations among 
all observed clones, with only the 2 × 4y rotation show-
ing higher yields than S1 (4 t ha−1 y−1). Biomass yield is 
strongly associated, not only with rotation length, but 
also with environmental condition [59]; therefore, in our 
study, the locally bred clones, S2 and P1, had substan-
tially better yields than the internationally recognized 
clones, S1 and P2.

Composition of wood
In the final harvest performed in 2020, we measured the 
content of the main wood components from willow and 
poplar shoots harvested after 2, 4 and 8 years (Table 2). 
The contents of ash and extractives were significantly 
higher for poplar than willow clones, primarily for clone 

Table 2  Composition of wood of willow and poplar clones from harvest in 2020

Composition of wood (mean ± standard error) of willow S1 (S. schwerinii × S. viminalis) × S. viminalis) and S2 (S. smithiana); and poplar, P1 (P. maximowiczii × P. nigra) 
and P2 (P. nigra) clones, harvested in 2020 in 2-year, 4-year and 8-year periods. For each clone, periods with the same lowercase letters were not significantly different, 
and in each period, clones with the same upper-case letters were not significantly different. Differences between the periods and between the clones were evaluated 
by the Kruskal–Wallis test at p ≤ 0.05. Number of replicates, n = 4

Composition of wood (%) Period Clones

S1 S2 P1 P2

Ash 2y 2020 2.06 ± 0.16 aAB 2.14 ± 0.06 aB 2.62 ± 0.13 aA 2.22 ± 0.03 aAB

4y 2020 1.90 ± 0.12 aB 1.97 ± 0.08 aAB 2.44 ± 0.04 aA 2.49 ± 0.12 aA

8y 2020 2.03 ± 0.09 aB 2.10 ± 0.13 aAB 2.86 ± 0.16 aA 1.90 ± 0.39 aAB

Extractives 2y 2020 6.32 ± 0.45 aAB 4.12 ± 0.47 aB 8.94 ± 0.10 aA 8.20 ± 0.12 aAB

4y 2020 3.03 ± 0.51 bB 5.37 ± 0.99 aAB 8.24 ± 0.42 aA 7.26 ± 0.22 abAB

8y 2020 4.72 ± 0.31 abA 4.96 ± 0.38 aA 6.36 ± 1.06 aA 3.85 ± 0.82 bA

Lignin 2y 2020 28.19 ± 0.98 aA 26.90 ± 0,77 aA 26.12 ± 1.11 aA 24.27 ± 1.71 aA

4y 2020 24.24 ± 2.42 aA 24.07 ± 1.87 aA 24.72 ± 1.13 aA 25.38 ± 0.39 aA

8y 2020 26.22 ± 0.98 aA 28.47 ± 2.20 aA 26.28 ± 0.24 aA 26.33 ± 0.80 aA

Cellulose 2y 2020 35.48 ± 0.35 aA 34.96 ± 1.04 aA 33.89 ± 1.69 aA 31.93 ± 1.70 bA

4y 2020 36.87 ± 0.93 aAB 44.09 ± 4.79 aA 32.36 ± 1.63 aB 32.28 ± 0.69 abA

8y 2020 35.88 ± 0.28 aA 39.72 ± 2.33 aA 33.52 ± 0.74 aA 37.72 ± 0.85 aA

Hemicellulose 2y 2020 27.95 ± 1.84 aA 31.88 ± 2.29 aA 28.43 ± 0.25 aA 33.38 ± 2.54 aA

4y 2020 33.96 ± 1.96 aA 24.50 ± 5.47 aA 32.24 ± 2.99 aA 32.59 ± 0.17 aA

8y 2020 31.15 ± 0.71 aA 24.75 ± 5.40 aA 30.98 ± 0.47 aA 30.20 ± 0.46 aA

Holocellulose (cellulose + hemicellulose) 2y 2020 63.43 ± 1.75 aA 66.84 ± 1.28 aA 62.32 ± 1.54 aA 65.31 ± 1.09 aA

4y 2020 70.83 ± 2.87 aA 68.59 ± 0.68 aA 64.60 ± 1.45 aA 64.87 ± 0.85 aA

8y 2020 67.03 ± 0.98 aA 64.47 ± 3.21 aA 64.50 ± 1.21 aA 67.92 ± 0.78 aA
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P1. In poplar, the ash content ranged from 1.90% to 
2.86% and the extractives from 3.85% to 8.94%. In wil-
low clones, both the ash and the extractives were lower, 
with no significant differences in the content of ash and 
extractives among the different harvest periods. Higher 
extractive contents were generally found in young shoots, 
and decreased with increasing rotation length similar to 
the study of Guidi et al. [30] (Table 2).

The main wood components lignin, cellulose and hemi-
cellulose, did not show any significant differences among 
clones, or length of harvest rotations, with the exception 
of cellulose content in S2 with 4-year harvest. According 
to Borukanlu et al. [29], this could be caused by a faster 
growth rate, which increases tree-ring widths and cel-
lulose content. For all clones, the lignin content varied 
from 24.1% to 28.5%, hemicellulose from 24.5% to 34.0%, 
and cellulose from 31.9% to 44.1%. In general, the high-
est content of holocellulose (cellulose + hemicellulose) 
and consequently the lowest content of lignin (except for 
P2) was found in 4-year wood (Table 2). Guidi et al. [30] 
observed decreased lignin content and increased cellu-
lose content with increasing length of harvest period of 
poplar clones (Populus deltoides). This is probably due to 
the higher proportion of bark with high lignin content in 
young shoots [53]. Conversely, the higher lignin content 
in 8-year shoots could be a result of the greater stem lig-
nification of the older trees [60].

In our study, no close relationship between harvest 
period length and lignin, cellulose and hemicellulose 
content in the harvested biomass was found (Addi-
tional file 1: Fig. S2a–c). However, the results indicated, 
especially for poplar clones, that Cd, Pb and Zn con-
centrations increased with increasing lignin content 
(Additional file 1: Fig. S2d, g and j). This could be related 
to the high lignin affinity for Pb, Cd and Zn ions, binding 
them to its carboxylic and phenolic surface groups [33]. 
Lignin is also a cell wall material that acts as a mechanical 
barrier against external stressors such as metals [61, 62]. 
PTEs like Cd are known to induce oxidative stress [61], 
while H2O2 elicits secondary reactions, such as enhanced 
peroxidase activity, which can increase the degree of 
lignification.

A similar trend, was found for cellulose, where the pop-
lar clones again showed increased concentrations of Cd, 
Pb and Zn with increasing cellulose content (Additional 
file 1: Fig. S2e, h and k). Conversely, for the poplar clones 
and for S1 (only with Cd and Zn), the PTE concentra-
tions tended to decrease with increasing hemicellulose 
content. This trend for hemicellulose was opposite to the 
lignin trend, but was statistically significant for Cd and 
Zn (Additional file 1: Fig. S2f and l). The decrease in Cd, 
Pb and Zn concentrations with increasing hemicellulose 
content may be related to the relationship between lignin 

and hemicellulose. Increased hemicellulose content led 
to a decrease in lignin and also Cd, Pb and Zn. All the 
investigated clones showed significant decrease in lignin 
content with increasing hemicellulose content (Addi-
tional file 1: Fig. S2o). However, the relationship between 
Cd, Pb and Zn concentration and wood components 
could be affected not only by the increased lignification 
due to PTEs, and the high affinity of lignin for Pb, Cd and 
Zn, but also the type of clone, antagonistic and synergis-
tic relationships among PTEs, their mobility and relative 
content in the soil.

Concentrations of PTEs in wood
The ability of willows and poplars to accumulate Cd 
(11–29  mg  kg−1), Zn (93–279  mg  kg−1) and Pb (13–
47 mg  kg−1) in the wood biomass was confirmed under 
field conditions (Fig. 3). Considering the total content of 
PTEs in the soil (Cd 7.3  mg  kg−1, Zn 218  mg  kg−1, and 
Pb 1368 mg kg−1) the clones showed higher accumulation 
capacity for Cd and Zn, while the Pb accumulation was 
low relative to its soil content due to low soil Pb availabil-
ity. The Cd and Zn concentrations in trees showed similar 
trends (Fig. 3), consistent with the findings of Tőzsér et al. 
[63], who reported a positive correlation between Cd and 
Zn accumulation. We observed the highest Cd concen-
trations in aboveground biomass (branches + stem) of 
both willow clones: S2 harvested in 2y2016 (29  mg  kg−1) 
and S1 harvested in 4y2016 (28 mg kg−1). The same clones 
also showed the highest Zn concentrations, S2 har-
vested in 2y2016 (279 mg kg−1) and S1 harvested in 4y2016 
(259 mg kg−1). The ability of willow clones to accumulate 
higher Cd and Zn concentrations than poplar clones had 
already been shown by other authors [34, 64]. High Cd 
and Zn concentrations were found in both willow clones, 
especially in 2-year rotations (Fig. 3), where the DM yield 
was low (Fig.  2). This could be caused by the limited 
internal dilution effect of PTEs under low biomass yield 
[65, 66]. Michels et al. [67] reported poplar Cd concen-
trations varying from 13.0 to 26.5 mg kg−1, similar to our 
results, with the range of Cd content in wood from 10 
to 15.8 mg kg−1 (Fig. 3). These authors also found higher 
Zn concentrations in wood biomass (304–524  mg  kg−1) 
compared to our study (93–169 mg kg−1), with lower Cd 
(3.0 mg  kg−1) and higher Zn (378 mg  kg−1) soil content 
compared to our site.

The highest Pb concentrations accumulated in P1 
(47.4 mg  kg−1) and P2 (42.4 mg  kg−1) in the 1 × 8y rota-
tion. In the shorter rotations, Pb concentrations in pop-
lar clones were lower, ranging from 15.5 to 31.7 mg kg−1; 
however, the P1 clone had higher Pb concentrations in 
all the rotations. The increased capacity of P1 to accu-
mulate Pb was also documented in previous studies [25, 
34]. Fischerová et  al. [68] compared various species of 
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Fig. 3  Concentrations of Cd, Pb and Zn (mean ± standard error, mg·kg−1) in aboveground biomass (branches + stem) of willow S1 [(S. schwerinii × S. 
viminalis) × S. viminalis)] and S2 (S. smithiana); and poplar, P1 (P. maximowiczii × P. nigra) and P2 (P. nigra) clones in individual harvests. Numbers 
on bars (2–8) indicate rotation length. For each clone, harvests with the same lowercase letters were not significantly different. Differences 
between harvests were evaluated by the Kruskal–Wallis test at p ≤ 0.05. Number of replicates, n = 8
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fast-growing trees and hyperaccumulators and confirmed 
the high capacity of the clone ‘Henry’ (Populus maximow-
iczii × P. nigra), the same hybrid as P1, to accumulate Pb. 
They explained it by the released poplar root exudates, 
which can mobilize additional soil Pb. Clone P2 showed 
high Pb concentrations only in the 1 × 8y rotation. The 
experiments of other authors [25, 34, 39] also confirmed 
low Pb content in wood by this clone compared to other 
tested clones. Lead concentrations in branches and stems 
of the willow clones ranged from 13  mg  kg−1 in 2-year 
rotations to 33.8  mg  kg−1in the 1 × 8y rotation (Fig.  3), 
which was significantly higher compared to shorter 2 × 4y 
and 4 × 2y rotations for all clones with no significant dif-
ferences in Pb concentration between the two rotations. 
The significantly higher Pb content found in the 1 × 8y 
rotation was probably related to the longer exposure 
time of the trees. In a 3-year-long experiment, Tőzsér 
et al. [63] found a significantly increased accumulation of 
Cd and Zn that correlated with exposure time of trees, 
whereas the Pb concentration was not affected, probably, 
due to low Pb mobility and limited transport from roots 
to branches [69, 70].

Removal of PTEs by trees, and their remediation efficiency
The total removal of PTEs by willow and poplar SRCs fol-
lowed the order, Cd < Pb < Zn (Fig. 4), which differed from 
the order of total soil PTEs contents. Cd and Zn removal 
decreased in the harvest order 2 × 4y > 1 × 8y > 4 × 2y for 
the most investigated clones, except for S1, which cor-
responded to biomass yield. The clones, S2, P1 and P2 
showed higher Cd and Zn removal in 2 × 4y rotations 
than in 1 × 8y rotation, but only P2 showed the significant 
differences. Comparing the 2 × 4y and 4 × 2y rotations, 
the differences were significant for both poplar clones. 
The removal of Cd and Zn by the 4 × 2y rotations was 
significantly lower than the 1 × 8y rotation, only for P1. 
In contrast, Cd and Zn removal by S1 was significantly 
higher in the 1 × 8y rotation than in 4 × 2y or 2 × 4y rota-
tions (Fig. 4). In general, the trend for Cd and Zn removal 
paralleled the biomass yield. Our findings also confirmed 
that the biomass yield was the crucial parameter deter-
mining the phytoextraction efficiency of SRCs clones [34, 
38]. By defining the removal of PTEs as concentration 
of PTEs in biomass × DM yield of biomass, it is obvious 
that clone ability to accumulate high PTEs concentra-
tion also influence the efficiency of phytoextraction, as 
shown by clone S1 for Cd and Zn removal in 8-year rota-
tion. Clones suitable for phytoextraction of PTEs must 
optimally combine high biomass productivity with high 
metal uptake and translocations [71]. The removal of Cd 
and Zn by individual clones in 2 × 4y and 4 × 2y rotations 
decreased in the order, S2 > P1 > S1 > P2. In these rota-
tions, S1 with high concentrations of Cd and Zn showed 

higher removal than P2. In 1 × 8y rotations, S1 exceeded 
both poplar clones in Cd and Zn removal, although P1 
in a 1 × 8y rotation achieved a substantially higher DM 
yield than S1 in the order S2 > S1 > P1 > P2 (Fig. 4). S2 was 
the most promising clone for removal of Cd and Zn in 
every rotation period. For example, with a 2 × 4y rotation, 
S2 removed 2474  g Cd ha−1 and 27.865  g Zn ha−1. The 

Fig. 4  Mean amounts of Cd, Pb and Zn (g·ha−1) removed 
by the harvested biomass of willow S1 [(S. schwerinii × S. viminalis) × S. 
viminalis)] and S2 (S. smithiana); and poplar, P1 (P. maximowiczii × P. 
nigra) and P2 (P. nigra) clones after different harvest rotation periods: 
four harvests at 2-year intervals 4 × 2y (2y2014, 2y2016, 2y2018, 2y2020), 
two harvests at 4-year intervals 2 × 4y (4y2016,4y2020), and one 
harvest at 8 years 1 × 8y (8y2020) are shown in individual columns. 
For each clone, harvest rotations with the same lowercase letters 
were not significantly different and for each harvest rotation, clones 
with the same upper-case letters were not significantly different. 
Differences between the rotations were evaluated by the Kruskal–
Wallis test at p ≤ 0.05. Number of replicates, n = 8
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next most efficient clone for PTE removal in 2 × 4y and 
4 × 2y rotations was P1; but in the 1 × 8y rotation, S1 was 
slightly better.

Pb removal per hectare decreased in the order 
1 × 8y > 2 × 4y > 4 × 2 for all the investigated clones (Fig. 4) 
and decreased in the order P1 > S2 > S1 > P2 in all rota-
tions. The most promising clone for Pb removal was P1, 
similar to our previous studies [25, 34]. Interestingly, 
despite the fact that the 1 × 8y rotation showed reduced 
biomass production compared to the 2 × 4y rotation, the 
significantly higher Pb concentrations in aboveground 
biomass confirmed the increased Pb removal compared 
with the other rotations. This finding suggests that longer 
rotations can lead to higher efficiency of Pb phytoextrac-
tion and this is likely to be related to the increasing con-
tent of cellulose and lignin in the wood of poplar clones 
(Additional file 1: Fig. S2).

The relative removal of contaminants represented by 
RF decreased in both horizons as follows: Cd > Zn > Pb 
(Table  3). The significant differences in RFs of Cd, Pb 
and Zn among the rotations (4 × 2y, 2 × 4y, 1 × 8y) and 
clones (S1, S2, P1, P2) corresponded with the data of 
PTE removal because of mean element soil metal content 
was applied for the calculation. According to Crow and 

Houston [47], 75–95% of willow and poplar SRC roots 
occur within the plough soil about 30–36 cm deep with 
the root distribution about 60% in upper (0–18 cm) layer, 
and 40% in bottom (19–36  cm) layer. Therefore, RFs in 
our study were calculated for a 40-cm depth profile rep-
resenting the majority of roots in our shallow soil. The 
Pb RF achieved by the best P1 clone was below 0.11% in 
horizon 0–20  cm and 0.1% in horizon 20–40  cm. Very 
low values were caused by extremely high Pb concentra-
tion in both soil layers (1368 mg kg−1; 672 mg kg−1) and 
the low mobility and plant accumulation capacity of this 
element.

The RFs for Cd and Zn made a different more prom-
ising story. In 2 × 4y rotations, S2 showed 9.07% Cd 
extracted from horizon 0–20 cm and 5.62% from horizon 
20–40 cm, while the extracting Zn levels were 3.43% from 
horizon 0–20 cm and 2.04% from horizon 20–40 cm after 
removal by S2 from the soil content during 8 years. The 
calculated Cd, Pb and Zn RFs in our field experiment 
were higher than in other field experiments. For instance, 
Jensen et al. [72] reported after 1 year an RF of Cd = 0.13% 
and RF of Zn = 0.029% and Zárubová et  al. [34] after 
4  years an RF of Cd = 0.85% and RF of Zn = 0.15%. In 
mentioned field experiments RFs only horizon 0–20 cm 

Table 3  Mean remediation factors

Mean (± SE) remediation factors (%) expressed per 8 years for willow and poplar clones in 0–20 cm horizon and in 20–40 cm horizon. Differences between clones S1 
(S. schwerinii × S. viminalis) × S. viminalis) and S2 (S. smithiana); and poplar, P1 (P. maximowiczii × P. nigra) and P2 (P. nigra) and harvest rotations period: four 2 years 
(4 × 2y), two 4 years (2 × 4y) and one 8 years (1 × 8y), were evaluated by Kruskal–Wallis tests. Clones with the same uppercase letters for each harvest rotation were not 
significantly different. Individual harvest rotations for each clone with the same lowercase letters were not significantly different. Number of replicates, n = 8

Rotation period Clones

S1 S2 P1 P2

Horizon 0–20

Cd (%) 4 × 2y 1.81 ± 0.37 bBC 6.49 ± 0.73 aAB 3.09 ± 0.25 bB 0.39 ± 0.08 bC

2 × 4y 2.17 ± 0.28 abB 9.07 ± 0.89 aA 5.66 ± 0.45 aA 1.35 ± 0.28 aB

1 × 8y 5.46 ± 1.02 aA 8.20 ± 0.99 aA 4.99 ± 0.50 aAB 0.66 ± 0.26 bB

Pb (%) 4 × 2y 0.006 ± 0.001 bB 0.023 ± 0.003 bA 0.032 ± 0.003 bA 0.003 ± 0.001 bB

2 × 4y 0.008 ± 0.001 bB 0.048 ± 0.005 abA 0.064 ± 0.007 abA 0.009 ± 0.002 aB

1 × 8y 0.047 ± 0.007 aAB 0.089 ± 0.013 aA 0.109 ± 0.012 aA 0.012 ± 0.004 aB

Zn (%) 4 × 2y 0.63 ± 0.15 bBC 2.19 ± 0.31 aAB 1.06 ± 0.11 bB 0.12 ± 0.03 bC

2 × 4y 0.76 ± 0.10 abB 3.43 ± 0.39 aA 2.28 ± 0.25 aA 0.41 ± 0.09 aB

1 × 8 y 1.96 ± 0.40 aA 2.64 ± 0.38 aA 1.90 ± 0.22 aA 0.21 ± 0.09 bB

Horizon 20–40

Cd (%) 4 × 2y 1.13 ± 0.23 bBC 4.03 ± 0.46 aAB 1.92 ± 0.15 bB 0.24 ± 0.05 bC

2 × 4y 1.35 ± 0.17 abBC 5.62 ± 0.55 aAB 3.51 ± 0.28 aB 0.83 ± 0.18 aC

1 × 8y 3.38 ± 0.63 aA 5.08 ± 0.61 aA 3.09 ± 0.31 aAB 0.41 ± 0.16 bB

Pb (%) 4 × 2y 0.005 ± 0.001 bB 0.020 ± 0.002 bA 0.028 ± 0.005 bA 0.003 ± 0.001 bB

2 × 4y 0.007 ± 0.001 bB 0.042 ± 0.004 abA 0.056 ± 0.006 abA 0.008 ± 0.001 aB

1 × 8y 0.041 ± 0.007 aAB 0.077 ± 0.012 aA 0.096 ± 0.010 aA 0.010 ± 0.003 aB

Zn (%) 4 × 2y 0.38 ± 0.09 bBC 1.31 ± 0.19 aAB 0.63 ± 0.07 bB 0.07 ± 0.02 bC

2 × 4y 0.45 ± 0.06 abBC 2.04 ± 0.23 aAB 1.36 ± 0.15 aB 0.25 ± 0.05 aC

1 × 8 y 1.17 ± 0.24 aA 1.58 ± 0.23 aA 1.14 ± 0.13 aA 0.13 ± 0.05 bB
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was observed. Results of our field experiments calculated 
per annum were always lower than the values reported by 
Vysloužilová et al. [17] after 3 years: RF of Cd = 22.3% and 
RF of Zn = 4.3% for willow clones. Komárek et  al. [38] 
reported an annual RF of Cd = 1.27%, RF of Pb = 0.4% 
and RF of Zn = 0.33% for poplar clones, while Fischerová 
et  al. [68] reported an annual RF for Cd = 8.1%, RF of 
Pb = 0.025% and RF of Zn = 2.92% for willow (Cd, Zn) and 
poplar clones (Pb). Higher RF values are always found in 
pot experiments because of the greater removal capabil-
ity of trees with limited root space. These findings were in 
agreement with the conclusions of Dickinson and Pulford 
[6] that a substantial reduction in soil Cd contamination 
could be achieved through phytoextraction by selected 
Salix clones even under field conditions.

Our experiments confirmed the efficient extraction of 
PTEs from the soil. Using our best clone, S2, with 4-year 
rotations, the removal of 1 mg Cd∙ kg−1 of soil from hori-
zon 0–20  cm would require 12  years, while the extrac-
tion of 1  mg of Zn∙  kg−1 from horizon 0–20  cm would 
only take 1 year. From horizon 20–40 cm, it would take 
32 years for 1 mg Cd and 3 years for 1 mg of Zn. Removal 
of 1 mg Pb∙ kg−1 of soil using clone P1 with 8-year rota-
tions would require 5.5 years from horizon 0–20 cm and 
12.5  years from horizon 20–40  cm. It should be noted 
that the phytoextraction potential depends not only on 
the SRC clone and rotation period, but also on the spe-
cific area, bioavailability of the metal to plants, the soil 
properties, and the soil fertility [73].

Conclusions
In summary, we found large differences between clones 
of willow and poplar species, and harvest intervals in 
biomass production and the removal of individual PTEs 
from the medium–high contaminated soil. The 4-year 
growing period resulted in higher yields of the tested 
clones, with the exception of S1. The yield of tree bio-
mass did not adversely affect the accumulation of the 
PTEs, and the dilution of PTEs concentration by dry 
matter production was not significant; therefore, PTE 
removal was closely correlated with biomass produc-
tion. The best phytoextraction potential for Cd and Zn 
removal was found for clone S2 in 2 × 4y rotations and for 
Pb removal for clone P1 in 1 × 8y rotations. The phyto-
extraction potential presented by remediation factor (RF) 
showed very promising results for removal of mobile Cd 
(9.07%, representing 0.7  mg Cd∙kg−1 of soil) in the top 
horizon 0–20  cm with 2 × 4y rotations from seriously 
contaminated soil. The RF of Zn reached 3.43% in the top 
horizon 0–20 cm, and these values corresponded to the 
removal of 7.0 mg Zn∙ kg−1 of soil from horizon 0–20 cm. 

Pb remediation efficiency was negligible regardless of 
the clone. Plant accumulation of PTEs in poplar clones 
correlated well with contents of lignin and cellulose and 
negatively with hemicellulose, but this trend was not 
exhibited for willows.
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