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1. Introduction
Geographically, alien plant species are able to adapt to 
a wide range of ecological conditions. This ability allows 
them to quickly colonize areas beyond their natural 
distribution range [1,2]. Invasive alien species show a 
wide range of responses to environmental conditions, 
and in different spatial scales they often colonize highly 
disturbed and fragmented habitats, especially within 
towns, cities, and their surrounding areas. Invasive 
plants are able to modify the soil environment and 
thereby facilitate the further encroachment of new 
individuals of the same or other invasive species [3].

There is a great deal of evidence that invasive 
species may modify the physical and chemical 
properties of soils [4]. This includes having an impact 
on the biogeochemical cycles of N and other elements 
[5-8], on the quantity and quality of soil organic matter 
[9], and on soil pH [10]. Changes to the chemical 

properties of soil due to the influence of vegetation have 
been observed in many different ecosystems [5,11-15], 
and recently special attention has been focused on the 
role of alien species in soil nutrient enrichment [16,17]. 
Different plant species, including alien ones, have been 
shown to directly impact the modification of biotic soil 
environments [7,10,18]. Invasion of geographically 
alien plant species may not only have an impact on the 
chemical properties of soils but also on the different 
processes that take place in an ecosystem. One alien 
plant species that may cause significant changes 
in bioceonoses and the pedosphere is Reynoutria 
japonica.

The natural distribution range of Reynoutria japonica 
includes Japan, Korea, Taiwan, and the northern part 
of China [19,20], where it predominantly occurs as a 
pioneer species on volcanic cones [21,22] and plays 
the role of a nurse plant. R. japonica was introduced 
to Europe from its natural range in Asia as a decorative 
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Abstract:  The study was conducted on six sites that are dominated by Japanese knotweed (Reynoutria japonica) and that vary in the level of 
industrialization and habitat transformation by humans. The aim of the research was to investigate the chemical-physical features 
of soil under a closed and dense canopy of R. japonica, the chemical composition of the R. japonica leaves, and to compare 
the content of certain elements in the soil-plant-soil system. The soil organic carbon (Corg) content varied from 1.38±0.004% to 
8.2±0.047% and the maximum in leaves was 49.11±0.090%. The lowest levels of total nitrogen (Ntot) in soil were recorded on 
the heavily disturbed sites (till 0.227±0.021%). Soil pH varied greatly, ranging from acidic (pH=4.0) to neutral (pH=7.7). Heavy 
metal content differed significantly among the study sites. At all of the sites, both in the case of soil and plant leaves, Zn was 
a dominant element and its concentration ranged from 41.5 to 501.2 mg·kg-1 in soils and from 38.6 to 541.7 mg·kg-1 in leaves. 
Maximum accumulations of P (2103.3±15.3 mg·kg-1) and S (2571.7±17.6 mg·kg-1) were observed on the site that had been 
influenced by agricultural practices. The results obtained showed that R. japonica is able to accumulate high levels of heavy metals.
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plant in 1825, and within the same year it was named 
the most interesting decorative plant of the year by The 
Society of Agriculture and Horticulture in Utrecht [23]. 
Therefore, Japanese knotweed was used in Europe 
to stabilize mobile sands and in the reclamation of 
derelict lands [24]. The first notes on the presence of 
R. japonica in Poland date to the second part of the 
19th century [25].

In Poland, Japanese knotweed predominantly 
grows in secondary, anthropogenic habitats, including 
areas along roads, railway tracks, dumping sites of 
urban and industrial waste, around cemeteries, and 
in town parks. It less frequently occurs in natural 
ecosystems, mainly along river valleys, forest edges, 
and in places which were partially disturbed by human 
activities, such as corridors of rivers that flow through 
damp forests, whose banks have been straightened 
or laid with concrete. R. japonica tolerates a wide 
spectrum of soil conditions and may occur in both very 
poor, acidic soils and in more neutral, rich ones [26].

Outside its natural distribution range, Reynoutria 
japonica does not possess any specific habitat 
requirements, allowing it to grow in many different 
environments. In the USA, its presence has been 
noted in a wide range of habitats, including dry sandy 
soils, waterlogged soils, dumping sites, rocky shores, 
and floodplains with very damp soils [27]. Because 
fragmented parts of R. japonica rhizomes and stems 
germinate very quickly and easily, the species can be 
easily dispersed by water and animals [28]. However, 
its distribution is mainly facilitated by human activity, 
namely by the massive movement of topsoil that 
contains parts of Japanese knotweed propagules [29].

In most cases information regarding the distribution 
of Reynoutria japonica is limited to information about the 
places where the species grows, whereas information 
about the characteristics of its habitats is not provided. 
Furthermore, apart from some very general and limited 
information, e.g., stating that R. japonica occurs in 
sands, loams, or gravels, along river corridors, etc., no 
data on the type of soil where it grows is available [27].

Reynoutria japonica has been the subject of 
many detailed investigations with varying objectives. 
These have included research on the historic and 
current distribution ranges of the species [e.g., 30,31], 
predictions of the impact of potential global climate 
changes on its future distribution ranges [19], its 
genetic diversity [32], and also on its influence on 
native species of plants and animals [25,26,33,34]. At 
present, among the available, published data, there is 
a lack of sufficient information about the influence of 
R. japonica on the physical and chemical properties 
of soil that forms under its canopy [4,35] and on the 

impact of the chemical composition of R. japonica 
leaves on the soil chemical properties. In its natural 
distributional range in Japan, this species is the first 
to colonize the fresh, volcanic lava. In this way, similar 
to many other early-succession species, it hastens the 
soil-formation processes by decreasing the soil bulk 
density, increasing water capacity and also  the content 
of soil organic matter and nutrients compounds [36]. 
Furthermore, during primary succession in the soils 
forming under the canopy of R. japonica on Mt. Fuji, 
higher concentrations of different forms of nitrogen 
were recorded compared with neighbouring sites that 
were unoccupied by Japanese knotweed [37]. However, 
to the best of the authors’ knowledge, no data on the 
impact of R. japonica on soil formation is available. 
Thus, the aim of our study was to estimate the physical 
and chemical properties of soils under a dense cover 
of R. japonica and determine the chemical composition 
of leaves of that species within habitats that differ 
distinctively in level of anthropogenic transformation.

2. Experimental Procedures
2.1 Study sites
The experiments were conducted on sites that differed in 
the level of transformation as a result of human pressure 
within an area located in northern and southern Poland 
(Table 1). Six sites representing different levels of 
environmental disturbance from very low to extremely 
high were chosen (Table 1). Site selection was based on 
the following criteria:

I. the massive presence of a single-species cover of 
Reynoutria japonica and

II.  a transformed sequence of genetic soil horizons 
that reflected different degrees of former human pressure. 
Prior to site selection, preliminary soil profile samples 
were taken using an Edelman-corer (ø=7.5 cm).

A site representing the lowest level of disturbance 
(1 – very low) was located at the edge of a pine wood 
that had been planted on the habitat of a broadleaved 
forest. Apart from the small input of mineral material of 
an external origin, the soil of Site 1 is characterized by 
an undisturbed pattern of soil horizons. In the case of 
the next two sites (Site 2 – low, and Site 3 – medium), 
which are situated within direct proximity of the 
riverbeds of regulated rivers: a mountain river (site 2) 
and a river flowing through agricultural land (site 3). The 
soil structure at these sites has been transformed by the 
supply of sediments originating from both floodwater and 
runoff from arable fields. Another important feature of 
the soils of sites 2 and 3 was the mechanical destruction 
of the topsoil horizons by agricultural practices and 
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construction work performed to regulate the river banks. 
Soils of the sites representing disturbance levels 4–6 
are located on the borders of a graveyard (Site 4), on a 
waste dumping site (Site 5), and on the edge of a post-
coal mining spoil heap which had been transformed as 
the result of the deposition of industrial and urban waste 
(Site 6). The most important features of the sites are 
presented in Table 1.

2.2 Soil sampling
Soil samples for chemical analyses were taken from 
the organic accumulation layer (A) that represents the 
main rooting area of most herb layer species, including 
Reynoutria japonica. At the laboratory, air-dried 
samples were sieved (<2 mm) and analyzed, following 
the standard procedures given by Bednarek et al. 
[38], for pH measured potentiometrically in H2O and in
1 mol L-1 KCl using a glass electrode, total organic C 
(%) according to the Tiurin method, total N content (%) 
using the Kjeldahl method, CaCO3 using the Scheibler 
method, and exchangeable Al3+, Ca2+, Mg2+, Na+, K+ after 
sample extraction in 1 mol L-1 CH3COONH4 at 7.0 pH 
using Atomic Absorption Spectrometry analysis and 
hydrolithic acidity (Hh) according the Kappen method. 
In addition, the total element content in the soil was 
analyzed after wet mineralization in nitrohydrochloric 
acid (3HCl+HNO3) and assayed using Inductively 
Coupled Plasma Optical Emission Spectrometry 
(ICP-OES) [39].

2.3 Plant leaf sampling
Leaves of Reynoutria japonica for chemical analyses 
were sampled at the end of the vegetation season in late 
September and early October. At least ten undamaged 

leaves from different individuals were collected at each 
site. Latex gloves were used during manual sampling 
to ensure isolation of the sampled plant material from 
human skin. Preliminary preparation of samples for 
analyses included washing leaves with distilled water, 
drying at room temperature, and at 105oC followed 
by homogenization. Sampling procedures of plant 
material and its preparation for the laboratory analyses 
were performed according to the instructions given by 
MacNaeidhe [40] and Markert [41].

The total content of the following elements was 
measured in the plant material: Ca, Mg, K, Na, Fe, Al, Zn, 
Cd, Pb, P, S, Cr, Cu and Ni. Similarly to the procedures 
for the soil samples, the total element content in 
plant tissues was analyzed after wet mineralization in 
nitrohydrochloric acid and assayed using ICP-OES [39]. 
Each sample was analyzed in triplicate for all properties 
being investigated, both in the case of soil and leaf 
samples.

2.4 Statistical analyses
Significant differences in the content of measured 
soil chemical parameters among the study sites and 
differences in the leaf concentrations of the analyzed 
elements among the sites were estimated using the 
Kruskal-Wallis test. In addition, the Spearman correlation 
rank was applied in order to determine whether there 
is a relationship between the concentration of heavy 
metals in the plant tissues of Reynoutria japonica leaves 
and in the soil samples. Furthermore, linear regression 
analysis was carried out to assess the influence of the 
heavy metal content in the soil on their concentration in 
plant tissues. All statistical analyses were done using 
the Statistica 10.0 package.

Site
 name

Disturbance
 level

Site attributes
Site coordinates

Habitat Soil Vegetation

Ryn 1 – very low edge of a pine forest haplic cambisol (eutric)

Single-species 
patches of R. 
japonica with 
a high share 

of ruderal and 
nitrophilous 

species

53o 57’ 12,40” N
21o 33’ 47,57” E

Szczyrk 2 – low zone adjoining the river bed of a 
regulated, mountainous river 

fluvic endogleic 
cambisol

49o 41’ 42,11” N
18o 59’ 08,74” E

Ligota 3 – medium
zone adjoining the river bed of a 
regulated river flowing through 

arable fields 
fluvic cambisol 49o 52’ 25,68” N

18o 57’ 19,76” E

Sosnowiec-
Zagórze 4 – high 

cemetery border with the 
dumping site of organic topsoil 

material 
Hortic anthrosol 50o 16’ 48,79” N

19o 10’ 22,69” E

Sosnowiec-
Dębowa Góra 5 – very high 

dumping site with building 
materials and used electronic 

equipment 

technic regosol, technic 
anthrosol

50o 15’ 37,84” N
19o 08’ 48,48” E

Chorzów 6 – extreme 
spoil heap of coal-mining 

excavation material, with a high 
share of fine-grained material

technic regosol, technic 
anthrosol

50o 17’ 58,42” N
18o 58’ 34,10” E

Table 1. Characteristics of the study sites.
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3. Results
3.1  Chemical properties of soils in sites along 

the disturbance gradient
The Corg content in the soils of the study sites 
studied varied from 1.38±0.004% (Site 3 – medium) 
to 8.2±0.047% (Site 6 – extreme) and significant 
differences according to the Kruskal-Wallis test were 
observed only between those two sites (P=0.0154). 
The highest Ntot content was recorded in the soils of the 
sites that represented a high level of disturbance (mean 
till 0.227±0.021%); however, the differences among 
the sites were not significant (Table 2). The CaCO3 
content showed a distinct difference between two highly 
disturbed sites, namely between Site 4, located at the 
edge of a graveyard, and Site 6, located on the edge of 
a coal-mine spoil heap (P =0.0073).

Soils of the study sites are characterized by a wide 
range of pH, and can be classified as varying from 
very acidic, through acidic, weakly acidic, neutral, and 
alkaline. The pH values were between 4.0 and 7.5 in 
KCl and from 5.0 to 7.7 in H2O (Table 2). According 
to the result of the Kruskal-Wallis test, statistically 
significant differences (P=0.0017 and P=0.0019, for pH 
in H2O and in KCl, respectively) were recorded between 
Site 2 and Sites 3 and 6. The highest levels of hydrolithic 
acidity (Hh) were noted for the soil from Site 2 (mean 
8.32±3.07 cmol(+)·kg-1 (Table 2), and this value was 
significantly higher (P=0.0063) than those recorded for 
Sites 3 and 6 (1.283±0.04 and 1.207±0.253 cmol(+)·kg-1, 
respectively).

All the exchangeable cations (Al3+, Ca2+, K+, Mg2+ 
and Na+) varied greatly among the sites investigated 
(according to the Kruskal-Wallis test, p values ranged 
from 0.0017 to 0.0153). The highest value for Ca2+ was 
noted in the soil of Site 3. Al3+ was highest in the case of 
Site 2, K+ and Mg2+ were highest at Site 6, and Na+ was 
highest at Sites 4 and 5 (Table 2).

The highest Al, Ca, Fe, Mg, P, S, and Na contents 
were recorded in soils from Site 6 (spoil heap), which 
represented the highest level of disturbance. These 
differences were confirmed by the results of the 
Kruskal-Wallis test (Table 2). Significant differences 
in heavy metal content in soils were detected among 
the study sites. The highest concentrations of Cr 
(27.4±0.458 mg·kg-1), Cu (79.7±0.400 mg·kg-1), and 
Ni (36.7±0.500 mg·kg-1) were recorded at Site 6 (spoil 
heap), whereas the highest concentrations of Pb 
(158.07±0.25 mg·kg-1), Cd (6.7±0.04 mg·kg-1), and Zn 
(501.2±0.252 mg·kg-1) were recorded at Site 4, which is 
located around the cemetery. The rank of the decreasing 
content of heavy metals in the soils from the study sites 
is as follows (Table 2):

Site 1 – very low: Zn>Pb>Cr>Cu>Ni>Cd,
Site 2 – low: Zn>Cr>Pb>Ni>Cu>Cd,
Site 3 – medium: Zn>Cr>Pb>Ni>Cu>Cd,
Site 4 – high: Zn>Pb>Cu>Cr>Cd>Ni,
Site 5 – very high: Zn>Pb>Cu>Cr>Ni>Cd,
Site 6 – extreme: Zn>Cu>Pb>Ni>Cr>Cd.

3.2  Element concentration in R. japonica 
leaves

The highest Corg content, reaching 49.1±0.090%, was 
recorded in leaves from Site 2, and this result was 
significantly higher than that of the leaves from Sites 
6 (spoil heap) and 4 (waste dump near the cemetery). 
The highest concentrations of Al (361±3.6 mg·kg-1), Ca 
(19,623.3±25.2 mg·kg-1), and Fe (312.3±2.5 mg·kg-1) 
were observed in the leaves collected on sites with high, 
very high, and extreme disturbance levels, whereas the 
highest Mg concentration (6,351.7±7.6 mg·kg-1) was 
recorded on the least disturbed sites. Leaves from Site 
3, which had a medium disturbance level (agricultural 
pressure), had the highest concentrations of P 
(2,103.3±15.3 mg·kg-1) and S (2,571.7±17.6 mg·kg-1).

The heavy metal concentrations in Reynoutria 
japonica leaves from the study sites are given below:

Site 1 – very low: Zn>Cu>Cr>Pb>Ni>Cd,
Site 2 – low: Zn>Cu>Cd>Pb>Ni>Cr,
Site 3 – medium: Zn>Cu>Pb>Cr>Ni>Cd,
Site 4 – high: Zn>Pb>Cu>Cd>Cr>Ni,
Site 5 – very high: Zn>Pb>Cu>Cr>Ni>Cd,
Site 6 – extreme: Zn>Cu>Pb>Cr>Ni>Cd.

3.3  Comparison of selected elements’ content 
in the ‘soil-plant-soil’ system

The elemental concentrations found in soil and leaves 
are very diverse. The Fe concentration was higher in soil 
(from 6,608.3±38.2 to 45,920±53 mg·kg-1, respectively) 
than in leaves (from 137±1.0 to 266.3±1.5 mg·kg-1) for 
all of the sites studied. The same situation was also 
observed in the case of Al. An opposite situation was 
observed for Ca and Mg, for which the concentrations 
in leaves were higher than in soils (Table 2). Reverse 
relations in concentration of Ca and Mg were observed 
in the case of very high and extreme sites (Sites 5 
and 6). Moreover, the P (2,103.3±15.3 mg·kg-1) and S 
(2,571±17.6 mg·kg-1) concentrations were higher in the 
leaves than in the soils in mentioned sites (700.3±0.6 
and 199.7±1.5 mg·kg-1, respectively) . The content of the 
elements in the soil and plants that were investigated 
are shown in Table 2.

The Cu, Cr, Ni, and Pb concentrations were higher 
in the soils than in Reynoutria japonica leaves for all of 
the study sites, regardless of their disturbance level. 
Furthermore, in the case of Cu, a clear tendency of 
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increasing concentration in soil content at sites with 
a higher disturbance level was observed. The Cd 
concentration at Sites 1 and 2, which had a very low 
and low disturbance level, respectively, were higher in 
leaves as compared to the soil (Site 1 = 0.267±0.015, 
Site 2 = 2.17±0.010 mg·kg-1). The Zn concentration was 
higher in leaves than in the soil at Site 2 (75.8±0.15) and 
Site 4 (541.7±7.638 mg·kg-1), whereas at the other study 
sites the concentration was higher in the soil (Table 2).

3.4  Heavy metal concentrations in the soil and 
leaves

The Spearman correlation rank showed a significant, 
positive relationship between the soil and leaf 
concentrations for Pb (r=0.88, p=0.000001), Zn 
(r=0.63, P=0.005) and Cd (r=0.53, p=0.02). According 
to the results of the regression analysis, the content 
of those metals in the soil had a positive impact on 
their concentrations in Reynoutria japonica leaves
(r2 for Pb, Cd and Zn reached 0.78; 0.61 and 0.47, with 
p=0.00000007; 0.00008; and 0.001, respectively).

4. Discussion
Reynoutria japonica maintains a relatively high growth 
rate even in conditions with a N deficiency [37] or in 
soils that have been contaminated with heavy metals 
[42]. For these reasons, there is a very wide range of 
results available in the published data on the influence 
of R. japonica on the chemical properties of soils under 
its canopy. Many authors emphasize the role of alien, 
invasive species, including Japanese knotweed, on the 
increase in the availability of nutrients compared to sites 
that are not invaded by such species [4,43-45].

Our studies showed distinctive differences in the 
physical and chemical properties of soils among the 
sites. Such results are mainly due to the types of the 
initial and current substrates the soil is composed of, 
especially due to their distinctively anthropogenic 
character. The chemical properties of soils developing 
under Reynoutria japonica canopies are very diverse; 
for example, their pH level is very wide. In the case of 
the sites that we investigated, it ranged from 4.0 to 7.7. 
Barney et al. [27]  recorded similar pH values in Canada 
(4.5–7.4), whereas in Wales, Palmer [46] mentioned the 
3–8 range, and in the case of Belgium, the soil pH under 
R. japonica varied from 4.4 to 7.3 [45]. Such a wide range 
in pH is due to the character of the soil substrate and the 
concentration of soluble alkaline mineral elements.

The Corg and Ntot content of soils under a dense 
canopy of Reynoutria japonica is very uneven, mainly 
as a result of the deposition of external material of a 

mineral character in the case of sites located within town 
borders, or organic sediments from floodwater or arable 
fields. The latter situation occurs on sites located on less 
disturbed land, outside urban areas. A similar situation 
with comparable values of organic matter content under 
a R. japonica canopy was described by Vanderhoeven 
et al. [45] and Ehrenfeld [5]. Both the above- and below-
ground parts of Japanese knotweed play a role in the 
increase in soil total organic matter content. In this 
way, the species influences the content of soil organic 
matter and indirectly the soil chemistry. As a geophyte,  
R. japonica leaves the ground bare in the winter, which 
in turn influences the functioning of the soil, especially its 
physical and chemical properties. Japanese knotweed 
possesses annual, above-ground stems that can reach 
3 metres in height and which allow it to produce big 
patches of very dense canopy composed of a single 
species. In addition, the rhizomes of R. japonica grow 
very quickly and may reach a depth of 2 metres [29], 
which allows the species to play an important role in 
the cycling of many elements in the ‘soil-plant’ system. 
Many studies also have been performed concerning 
pollution in contaminated areas using tree leaves and 
soils as biological indicators [47].

The maximum concentration of P in the soils under 
the Reynoutria japonica that we studied reached a 
value of 700 mg·kg-1, exceeding the levels recorded 
by Vanderhoeven et al. [45]. The maximum soil P 
concentration measured by these authors was 29.85 
mg·kg-1 for the sites occupied by R. japonica, whereas 
at sites free of that species, the P concentration 
only reached 23.55 mg·kg-1. At our study sites, the P 
concentration was related to the character of the deposits 
introduced by humans. Barney et al. [27] provided a 
similar explanation for the observed P concentration. 
According to Dassonville et al. [4], in Europe, the wide 
range of nutrient content under the cover of alien species 
is strictly related to the initial habitat conditions, i.e., the 
soil conditions present under the anthropogenic layer of 
sediments and deposits. The rhizomes of R. japonica 
may grow deep into the natural mineral horizons where 
they reach the alkaline elements. Previous observations 
by Dassonville et al. [4] in this respect are confirmed in 
the results of our studies.

The Ca concentration in the soils investigated ranged 
from 803.2 to >20,000 mg·kg-1 and the Mg concentration 
ranged from 499.3 to >7000 mg·kg-1. These values are 
significantly higher than those given by Vanderhoeven 
et al. [45], which reached 576–4560 mg·kg-1 for Ca and 
76.1–275.1 mg·kg-1 for Mg. The differences observed 
are the result of the disturbance level of a habitat, and in 
the case of our study sites, it is also due to the presence 
of sediments of different grain sizes, which originated 
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from coal combustion and building materials (Sites 5 
and 6). Both Ca and Mg are very mobile elements in 
soil-vegetation systems [15] and alien species have an 
impact on the biogeochemical cycles of many elements. 
Thus, as suggested by Ehrenfeld [5], alien species may 
directly modify the concentration of many elements in 
the soils in this way.

The concentrations of heavy metals in soils under 
the Reynoutria japonica canopy were high and in most 
cases they corresponded with the results obtained 
by other authors [4,48]. The maximum Fe content at 
our study sites exceeded the level of 45000 mg·kg-1 
(the minimum reached 6,608.3 mg·kg-1), which is 
comparable with the data from sites located in Wrocław, 
in south-western Poland (>47,000 mg·kg-1), and in 
Prague, Czech Republic (>43,800 mg·kg-1) that were 
given by Sołtysiak et al. [48]. These authors conducted 
their studies along roadsides, within and outside the 
cities mentioned above. It is worth emphasizing that 
the minimum concentrations of Fe in the soils were 
distinctively higher at our study sites than in localities 
from Wrocław (740 mg·kg-1), although they were 
significantly lower than the minimum values recorded 
for the Prague sites (>2,7000 mg·kg-1) that were given 
by Sołtysiak et al. [48].

The Zn content in soils varied, with the lowest 
level recorded on the least disturbed site (Site 1 = 
41.5 mg·kg-1). The maximum Zn concentration that we 
recorded exceeded 500 mg·kg-1 (Site 4), although it 
is lower than the maximum level of Zn recorded in the 
soils in Wrocław (>2,600 mg·kg-1) [48]. The higher Zn 
concentration in soils at Site 4 compared to the other sites 
may be related to the presence of the metals contained 
in the wastes from the neighbouring cemetery that were 
dumped in the topsoil. On the other hand, the minimum 
value for Zn content, 41.5 mg·kg-1, was higher than that 
given by Sołtysiak et al. [48] for Wrocław (10.5 mg·kg-1), 
but lower than the one for the Prague site (54.7 mg·kg-1). 
The results given by Vanderhoeven et al. [45] indicate 
much lower concentrations of Zn in soils under a canopy 
of Reynoutria japonica in Belgium (4.8–24.2 mg·kg-1).

The Pb, Cu, and Cr concentrations in the soils of 
our study sites reached the following ranges: Pb from 
15.3 (Site 2) to 158.1 mg·kg-1 (Site 4), Cr from 9.7 (Site 
4) to 27.4 mg·kg-1 (Site 6), and Cu from 5.9 (Site 1) to 
79.7 mg·kg-1 (Site 6). In most cases, the concentrations 
did not differ from the natural geochemical background 
and did not exceed the concentration norms for Poland 
[49]. The Cd concentration was the lowest among all 
of the heavy metals investigated and varied from 0.14 
(Site 1) to 6.7 mg·kg-1 (Site 4). Such a range of values is 
influenced by the presence and types of anthropogenic 
deposits located at those sites. In the case of Pb, its 

maximum concentration (158.1 mg·kg-1) was higher 
than those recorded for Prague (68.4 mg·kg-1), but lower 
than the values for Wrocław (203.0 mg·kg-1). The higher 
values for Wrocław were probably due to the location 
of the sites near roads with high traffic, in contrast with 
most of our sites, which were situated away from busy 
roads. The Cr concentrations at all of our study sites 
were lower than in Prague and Wrocław [48]. In Belgium, 
Vanderhoeven et al. [45] observed a much lower level of 
soil contamination with Cu (0.11–0.34 mg·kg-1), so their 
results do not correspond with ours or those obtained by 
Sołtysiak et al. [48]. 

4.1  Chemical composition of Reynoutria 
japonica leaves

The maximum concentration of P in the leaves of 
Japanese knotweed that we studied exceeded the 
level of 2,100 mg·kg-1, which is probably due to the 
input of natural and artificial fertilizers (organic and 
mineral), which contain high amounts of P (Site 3, 
which was influenced by agricultural activities) and the 
transport of sediments during high-water periods. An 
additional important source of P in this area was the 
uncontrolled inflow of communal sewage containing 
high amounts of detergents into the river catchment. 
Higher concentrations of P than those we observed 
were reported by Dassonville et al. [35] (>2400 mg·kg-1) 
and Vanderhoeven et al. [45] for Belgium, which was 
explained as the consequence of the decomposing 
biomass from the highly productive ecosystems present 
in that area [16]. Kourtev et al. [10] showed that in 
experimental conditions, soil microbial communities 
that form under a dominant alien plant species may 
influence the biochemical processes that take place in 
the soil and the content and cycling of many nutrients in 
the soil environment.

The maximum Ca concentrations in Reynoutria 
japonica leaves from our study sites varied from 2,406 
to >19,500 mg·kg-1and Mg from 2,670 to >6,300 mg·kg-1. 
Such high values may reflect the soil conditions on those 
sites. According to the results obtained by Dassonville et al.
[35], it is clear that Ca concentrations in plant material 
may exceed the level of 22,000 mg·kg-1, which is a much 
higher figure than those that we observed. The minimum 
Ca levels that we obtained were also lower than those 
reported by other, already mentioned authors who gave 
the values of 5,700 and 7,490 mg·kg-1, respectively. 
An opposite situation is observed in the case of Mg 
concentration in R. japonica leaves when compared 
with the results obtained by other researchers [5,13,48]. 
Both the minimum and the maximum values of Mg 
concentration that we recorded are higher than those 
given by Dassonville et al. [4], Dassonville et al. [35], and 
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Vanderhoeven et al. [45], who recorded a maximum level 
of 4,136 mg·kg-1 and a minimum of 618–1,150 mg·kg-1.

The Fe concentration in Reynoutria japonica leaves 
did not depend on the level of the disturbance of a site 
and reached comparable levels at all the sites studied, 
varying from 137.0 to 312.3 mg·kg-1, whereas the values 
recorded by Sołtysiak et al. [48] for Wrocław and Prague 
were 224.5 and 227.0 mg·kg-1, respectively.

The Zn concentration in Reynoutria japonica leaves 
varied between 38.6 and 541.7 mg·kg-1, and these values 
were similar to those recorded for the soils of those 
sites. Other authors also reported low Zn concentrations 
in leaves, below the level of 62.9 mg·kg-1, from other 
parts of Europe [4,45,48].

Maximum concentrations of Pb, Cu, Cd, and Cr in 
the leaves of Reynoutria japonica reached the following 
ranges: Pb = 0.87–9.77 mg·kg-1, Cu = 3.75–7.89 mg·kg-1, 
Cd = 0.17–5.28 mg·kg-1, and Cr = 1.01–1.84 mg·kg-1 
(Table 2). These results are comparable with those of 
Sołtysiak et al. [48]; our maximum values correspond 
with the results for Wrocław, and our minimum ones 
correspond with those for Prague. Only in the case of 
Pb was the maximum concentration of that element in 
the leaves of R. japonica noticeably higher than the 
one given by Sołtysiak et al. [48] for Wrocław. It should 
also be stressed that the maximum Cu concentration 
that we observed was similar to the results reported by 
Dassonville et al. [35] (7.8 mg·kg-1) and Vanderhoeven 
et al. [45] (7.84 mg·kg-1) for Belgium.

The potential application of Reynoutria japonica as 
a hyperaccumulator of heavy metals has already been 
investigated in Europe [50] and in Japan [51]. In those 
cases, Japanese knotweed populations from areas 
with soils contaminated with Cu (3,000 mg·kg-1 of dry 
mass), Zn (10,000 mg·kg-1), and Cd (100 mg·kg-1) were 
analyzed. The results of those investigations showed 
that R. japonica accumulates these metals in both its 
rhizomes and its leaves, especially in the cell walls 
[51]. A typical, average level of the above-mentioned 
elements in soils not contaminated with heavy metals 
reached 20, 110, and 2 mg·kg-1 of dry mass, for Cu, 
Zn, and Cd, respectively. The concentrations of those 
metals recorded in plant tissues were 2,300, 6,700, and 
62 mg·kg-1 of a dry mass, respectively. It appears that in 
comparison with other plant species growing on soils rich 
in heavy metals, R. japonica accumulates much higher 
amounts of these elements. Similar studies conducted 
by Hulina and Dumija [50] pointed to a high concentration 
of Cu, Zn, Pb, and Cd in R. japonica leaves. In addition, 
Tateno and Hirose [52] observed that amounts of organic 
nitrogen, ammonium, and nitrates in the soil were a 
few times higher under a canopy of R. japonica than 
in places unoccupied by that species. Thus, according 

to those authors [52], Japanese knotweed plays an 
important role in the process of enrichment of soil with 
nutrients during primary succession. 

5. Conclusions
Reynoutria japonica is a species with wide ecological 
amplitude, and thus is able to adapt and grow in very 
diverse ecological conditions. Outside its natural 
geographical distribution range, these features allow 
the species to rapidly colonize areas with soil that was 
mechanically disturbed due to human pressure. Although 
Japanese knotweed may also occur in relatively weakly 
disturbed sites, it encroaches and establishes much 
more dynamically in highly disturbed and deregulated 
ecosystems.

Soils under a dense canopy of Reynoutria japonica 
are characterized by a wide variety of their physical and 
chemical parameters, which in turn depend on the type 
of the anthropogenic materials (inflow/sediments) that 
dominate the soil substrates. Thus, the type of human 
pressure is a key factor that shapes the physical-
chemical soil conditions independent of the level of 
habitat disturbance. Although R. japonica is a species 
that possesses the ability to modify soil conditions, in 
the case of ecosystems that are highly transformed due 
to human pressure, the soil-forming role of Japanese 
knotweed is of secondary importance. Due to its 
phalanx growth form, R. japonica may easily invade 
any available habitats that are free of competition and 
consequently inhibit or eliminate the native herb layer 
species from such sites. This, in turn can lead to the 
development of extensive, single-species patches of 
Japanese knotweed in highly transformed urban and 
industrial areas. 

Reynoutria japonica is able to grow on sediments 
or soils with a very wide pH range. Furthermore, it 
possesses a high level of tolerance for soils/substrates 
that have been severely contaminated with heavy 
metals. Our studies showed that Japanese knotweed 
is not only able to accumulate P in its leaves, but also 
some other heavy metals. R. japonica is regarded as 
a dangerous, invasive species in Europe (for example, 
in the UK active control of R. japonica populations is a 
statutory obligation that is regulated by a legislative act).

Acknowledgements
The authors would like to thank for two anonymous 
reviewers, whose comments were valuable to the final 
version of this paper.

328



O. Rahmonov et al.

References

[1] Orians G.H., Site characteristics favoring invasions, 
In: Mooney H.A., Drake J.A. (Eds.), Ecology of 
biological invasions of North America and Hawaii, 
Springer, New York, 1986

[2] Sax D.F., Stachowicz J.J., Brown J.H., Bruno 
J.F., Dawson M.N., Gaines S.D., et al., Ecological 
and evolutionary insights from species invasions, 
Trends Ecol. Evol., 2007, 22, 465–471

[3] Walker L.R., Smith S.D., Impacts of invasive plants 
on community and ecosystem properties, In: 
Luken J.O., Thieret J.W. (Eds.), Assessment and 
management of plant invasions, Springer-Verlag, 
New York, 1996

[4] Dassonville N., Vanderhoeven S., Vanparys V., 
Hayez M., Gruber W., Meerts P., Impacts of alien 
invasive plants on soil nutrients are correlated with 
initial site conditions in NW Europe, Oecologia, 
2008, 157, 131–140

[5] Ehrenfeld J.G., Effects of exotic plant invasions on 
soil nutrient cycling processes, Ecosystems, 2003, 
6, 503–523

[6] Haubensak K.A., D’Antonio C.M., Alexander J., 
Effects of nitrogen-fixing shrubs in Washington 
and coastal California, Weed Technol., 2004, 18, 
1475–1479

[7] Hawkes C.V., Wren I.F., Herman D.J., Firestone 
M.K., Plant invasion alters nitrogen cycling by 
modifying the soil nitrifying community, Ecol. Lett., 
2005, 8, 976–985

[8] Simon E., Vidic A., Braun M., Fábián I., Tóthmérész 
B., Trace element concentrations in soils along 
urbanization gradients in the city of Wien, Austria, 
Environ. Sci. Pollut. Res., 2013, 20, 917–924

[9] Saggar S., McIntosh P., Hedley C., Knicker H., 
Changes in soil microbial biomass, metabolic 
quotient and organic matter turnover under 
Hieracium pilosella L., Biol. Fertil. Soils, 1999, 30, 
232–238

[10] Kourtev P., Ehrenfeld J., Haggblom M., 
Experimental analysis of the effect of exotic and 
native plant species on the structure and function 
of soil microbial communities, Soil Biol. Biochem., 
2003, 35, 895–905

[11] Hobbie S., Effects of plant species on nutrient 
cycling, Trends Ecol. Evol., 1992, 7, 336–339

[12] Milić D., Luković J., Ninkov J., Zeremski-Škorić T., 
Zorić L., Vasin J., et al., Heavy metal content in 
halophytic plants from inland and maritime saline 
areas, Cent. Eur. J. Biol., 2012, 7, 307–317

[13] Pajević S., Borišev M., Rončević S., Vukov D., 
Igić R., Heavy metal accumulation of Danube 

river aquatic plants – indication of chemical 
contamination, Cent. Eur. J. Biol., 2008, 3,  
285–294

[14] Rahmonov O., Relation between vegetation and 
soil in the initial phase of succession in sandy 
areas, University of Silesia Press, Katowice, 2007

[15] Van Breemen N., Finzi A.C., Plant-soil interaction: 
ecological aspects and evolutionary implications, 
Biogeochemistry, 1998, 42, 1–19

[16] Chapuis-Lardy L., Vanderhoeven S., Dassonville 
N., Koutika L.S., Meerts P., Effect of the exotic 
invasive plant Solidago gigantea on soil phosphorus 
status, Biol. Fertil. Soils., 2006, 42, 481–489

[17] Rahmonov O., Malik I., Orczewska A., The 
influence of Salix acutifolia Willd. on soil formation 
in sandy areas, Pol. J. Soil Sci., 2004, 37, 77–84

[18] Mummey D.L., Rillig M.C., The invasive plant 
species Centaurea maculosa alters arbuscular 
mycorrhizal fungal communities in the field, Plant 
Soil, 2006, 288, 81–90

[19] Beerling D.J., Huntley B., Bailey J.P., Climate and 
the distribution of Fallopia japonica: use of an 
introduced species to test the predictive capacity of 
response surfaces, J. Veg. Sci., 1995, 6, 269–282

[20] Ohwi J., The flora of Japan, Smithsonian Institution, 
Washington, 1965

[21] Adachi N., Terashima I., Takahashi M., Central 
dieback of monoclonal stands of Reynoutria 
japonica in an early stage of primary succession 
on Mt. Fuji, Ann. Bot., 1996, 77, 477–486

[22] Tezuka Y., Development of vegetation in relation to 
soil formation in the volcanic island of Oshima, Izu, 
Japan, Jpn. J. Bot., 1961, 17, 371–402

[23] Bailey J.P., Conolly A.P., Prize-winners to pariahs – 
A history of Japanese knotweed s.l. (Polygonaceae) 
in the British Isles, Watsonia, 2000, 23, 93–110

[24] Conolly A.P., The distribution and history in the 
British Isles of some alien species of Polygonum 
and Reynoutria, Watsonia, 1977, 11, 291–311

[25] Tokarska-Guzik B., The establishment and spread 
of alien plant species (Kenophytes) in the flora of 
Poland, University of Silesia Press, Katowice, 
2005

[26] Beerling D.J., Bailey J.P., Conolly A.P., Fallopia 
japonica (Houtt.) Ronse Decraene, J. Ecol., 1994, 
82, 959–979

[27] Barney J.N., Tharayil N., Di Tommaso A., Bhowmik 
P., The biology of invasive alien plants in Canada. 
5. Polygonum cuspidatum Sieb. & Zucc. [=Fallopia 
japonica (Houtt.) Ronse Decr.], Can. J. Plant. Sci., 
2006, 86, 887–905

329



Chemical composition of the leaves of Reynoutria japonica Houtt. 
and soil features in polluted areas

[28] Weber E., Invasive plant species of the world. A 
reference guide to environmental weeds, CABI 
Publishing, Wallingford-Oxon, 2003

[29] Child L., Wade M., Hathaway S., Strategic invasive 
plant management, linking policy and practice: 
a case study of Fallopia japonica in Swansea, 
South Wales (United Kingdom), In: Brundu G., 
Brock J., Camarda I., Child L., Wade M. (Eds.), 
Plant invasions: species ecology and ecosystem 
management, Bachuys Publishers, Leiden, 2001

[30] Mandák B., Pyšek P., Bímová K., History of the 
invasion and distribution of Reynoutria taxa in the 
Czech Republic: a hybrid spreading faster than its 
parents, Preslia, 2004, 76, 15–64

[31] Pyšek P., Mank B., Francírková T., Prach K., 
Persistence of stout clonal herbs as invaders in 
the landscape: a field test of historical records, In: 
Brundu G., Brock J., Camarda I., Child L., Wade 
M. (Eds.), Plant invasions: species ecology and 
ecosystem management, Bachuys Publishers, 
Leiden, 2001

[32] Hollingsworth M.L., Bailey J.P., Hybridisation and 
clonal diversity in some introduced Fallopia species 
(Polygonaceae), Watsonia, 2000, 23, 111–121

[33] Maertz J.C., Blossey B., Nuzzo V., Green frogs 
show reduced foraging success in habitats invaded 
by Japanese knotweed, Biodiv. Cons., 2005, 14, 
2901–2911

[34] Simon E., Puky M., Braun M., Tóthmérész B., 
Assessment of the effects of urbanization on trace 
elements of toe bones, Environ. Monit. Assess., 
2012, 184, 5749–5754

[35] Dassonville N., Vanderhoeven S., Gruber W., 
Meerts P., Invasion by Fallopia japonica increases 
topsoil mineral nutrient concentration, Ecoscience, 
2007, 14, 230–240

[36] Hirose T., Tateno M., Soil nitrogen patterns induced 
by colonization of Polygonum cuspidatum on Mt. 
Fuji, Oecologia, 1984, 61, 218–223

[37] Chiba N., Hirose T., Nitrogen acquisition and use 
in three perennials in the early stage of primary 
succession, Fun. Ecol., 1993, 7, 287–292

[38] Bednarek R., Dziadowiec H., Pokojska U., 
Prusinkiewicz Z., The ecological and soil research 
[Badania ekologiczno-gleboznawcze], Polish 
Scientific Press, Warszawa, 2004, (in Polish)

[39] Olesik J.W., Elemental Analysis Using ICP-OES 
and ICP/MS, Anal. Chem., 1991, 63, 12–21

[40] MacNaeidhe F., Procedures and precautions 
used in sampling techniques and analysis of trace 

elements in plant matrices, Sci. Total Environ., 
1995, 176, 25–31

[41] Markert B., Sample preparation (cleaning, drying, 
homogenisation) for trace element analysis in plant 
matrices, Sci. Total Environ., 1995, 176, 45–61

[42] Mizuno N., Takahashi A., Wagatsuma T., Mizuno 
T., Obata H., Chemical composition of guttation 
fluid and leaves of Petasites japonicus v. giganteus 
and Polygonum cuspidatum growing on ultramafic 
soil, Soil Sci. Plant Nutr., 2002, 48, 451–453

[43] Duda J.J., Freeman D.C., Emlen J.M., Belnap J., 
Kitchen S.G., Zak J.C., et al., Differences in native 
soil ecology associated with invasion of the exotic 
annual chenopod Halogeton glomeratus, Biol. 
Fertil. Soils, 2003, 38, 72–77

[44] Liao C., Peng R., Luo Y., Zhou X., Wu X., Fang 
C., et al., Altered ecosystem carbon and nitrogen 
cycles by plant invasion: a meta-analysis, New 
Phytol., 2008, 177, 706–714

[45] Vanderhoeven S., Dassonville N., Meerts P., 
Increased topsoil mineral nutrient concentrations 
under exotic invasive plants in Belgium, Plant Soil, 
2005, 275, 169–179

[46] Palmer J.P., Fallopia japonica (Japanese knotweed) 
in Wales, In: De Waal L.C., Child L., Wade M., Brock 
J.H. (Eds.), Ecology and management of invasive 
riverside plants, John Wiley & Sons, Chichester, 
1994

[47] Simon E., Braun M., Vidic A., Bogyó D., Fábián I., 
Tóthmérész B., Air pollution assessment based 
on elemental concentration of leaves tissue and 
foliage dust along an urbanization gradient in 
Vienna, Environ. Pollut., 2011, 159, 1229–1233

[48] Sołtysiak J., Berchová-Bímová K., Vach M., Brej 
T., Heavy metals content in the Fallopia genus in 
Central European Cities – study from Wroclaw and 
Prague, Acta Bot. Sil., 2011, 7, 209–218

[49] Kabata-Pendias A., Pendias H., Biogeochemia 
pierwiastków śladowych, Polish Scientific Press, 
Warszawa, 1993, (in Polish)

[50] Hulina N., Dumija L., Ability of Reynoutria japonica 
Houtt. (Polygonaceae) to accumulate heavy 
metals, Period. Biol., 1999, 101, 233–235

[51] Nishizono H., Kubota K., Suzuki S., Ishii F., 
Accumulation of heavy metals in cell walls of 
Polygonum cuspidatum roots from metalliferous 
habitats, Plant Cell Physiol., 1989, 30, 595–598

[52] Tateno M., Hirose T., Nitrification and nitrogen 
accumulation in the early stages of primary 
succession on Mt. Fuji, Ecol. Res., 1987, 2, 113–120

330


	1. Introduction 
	2. Experimental Procedures 
	2.1 Study sites 
	2.2 Soil sampling 
	2.3 Plant leaf sampling 
	2.4 Statistical analyses 

	3. Results 
	3.1 Chemical properties of soils in sites along the disturbance gradient 
	3.2 Element concentration in R. japonica leaves 
	3.3 Comparison of selected elements’ content in the ‘soil-plant-soil’ system 
	3.4 Heavy metal concentrations in the soil and leaves 

	4. Discussion 
	4.1 Chemical composition of Reynoutria japonica leaves 

	5. Conclusions 
	Acknowledgements 
	References



