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Abstract
Invasive species usually grow in human-disturbed habitats including urban areas where they face numerous pollutants, 
including metals that attract special attention due to their non-degradability and high accumulation potential. In this study 
we evaluated the contents of potentially toxic metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) in the invasive species Solidago 
gigantea. The strategy adopted by S. gigantea in response to excess trace metals in the soil was assessed. Metal contents were 
determined using atomic absorption spectrometry in leaves, stems and roots of S. gigantea collected from 30 sites located 
in areas affected by various human activities. Metal concentrations (total and bioavailable fraction) were also determined in 
corresponding soil samples. Results showed that S. gigantea was able to inhabit strongly polluted sites. High Bioaccumula-
tion Factor but low Translocation Factor values for Cd, Cu, Cr, Fe, Ni show that S. gigantea takes up metals from soil but 
reduces their transport to the aboveground parts and could be classified as a metal-tolerant species with exclusion strategy. 
The Bioaccumulation Factor values for Cd, Cu, Cr, Pb and Zn were remarkably higher in plants growing in areas character-
ized by low metal concentrations in soil compared to the ones affected by industry, with high metal concentrations. This 
suggests that S. gigantea that grows in polluted areas can reduce the uptake of potentially toxic metals. Regardless of the 
limited transport of metals to the aboveground organs, the content of metals in S. gigantea leaves differed between areas 
differing in human impact and the species can be used as a biomonitor.

Keywords Bioindication · Giant goldenrod · Industrial pollution · Invasive species · Metal-tolerant species · Trace metals · 
Urban areas

Introduction

A variety of toxic and potentially toxic substances are 
released into the environment due to numerous human 
activities, including municipal, industrial, commercial and 
agricultural operations (Wong et al. 2006). Metals are the 
pollutants that attract special attention (Ali et al. 2013; Liu 
et al. 2019; Luo et al. 2019). Their emissions vary according 
to the land use type as well as factors, such as geographi-
cal, climatic and sociological conditions (Sáňka et al. 1995). 
However, pollution is often increased in urban areas (Wong 

et al. 2006; Liu et al. 2019; Luo et al. 2019) and it has been 
shown that industrial activity and traffic have a strong impact 
on the contamination level (Sáňka et al. 1995). As metals are 
non-degradable, they accumulate in the environment (Ali 
et al. 2013), especially in soil, considered a regional sink for 
pollutants (Ferreira et al. 2018).

As plants are immobile and strongly bound to their 
habitats they have to cope with the toxic effects of metals 
present in the environment. Consequently, they developed 
three types of response to excess trace metals in soil: reduc-
tion in uptake or exclusion of metals, stress resistance, and 
accumulation (Baker 1981; Yang et al. 2007). According 
to Wójcik et al. (2014), most plants do not regulate metal 
uptake to the roots and restrict translocation to the shoots; 
these are known as excluders. The species characterized by 
active uptake and translocation of metals within their tissues 
are known as accumulators. When proportional relation-
ships between metal levels in soil and in plant parts can be 
seen, the species are known as indicators. One species may 
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employ quite diverse mechanisms for different metals (Baker 
1981). Understanding the status of elements in soil–plant 
systems is necessary to evaluate the risk that pollutants will 
enter plant tissues and the food chain (Nworie et al. 2019). 
Based on each of the above-mentioned mechanisms, plants 
are useful for certain applications in phytoremediation or 
assessment of the pollution level. Excluders may be used in 
phytostabilization, accumulators in phytoextraction, while 
indicators in the estimation of metal bioavailability and of 
the state of the environment (Wójcik et al. 2014).

Solidago gigantea Aiton (Giant goldenrod) is a peren-
nial herb from the Asteraceae family (Balicevic et al. 2015). 
The species is of much interest because of its invasiveness 
and a threat posed to biodiversity (Scharfy et al. 2009; 
Szymura and Szymura 2013). In fact, all non-native Soli-
dago species are considered highly successful invaders in 
Europe (Chmura et al. 2015; Szymura et al. 2016) and they 
rapidly colonize Asia and Australia (Tokarska-Guzik et al. 
2012). Solidago gigantea is native to North America and 
was introduced to Europe in the eighteenth century as an 
ornamental plant. The species is adapted to a wide range 
of soil conditions, spreads quickly and occupies anthropo-
genic, semi-natural as well as natural ecosystems. It prefers 
ruderal habitats, riversides, roadsides and abandoned agri-
cultural areas (Scharfy et al. 2009; Szymura et al. 2018). It 
is used as a medicinal plant (an urological, anticancer and 
anti-inflammatory agent) as well as a supplementary source 
of nectar and pollen for honeybees (Szymura and Szymura 
2015; Szymura et al. 2018). Similarly as other invasive 
plants S. gigantea can survive in harsh conditions and pose 
a threat to natural plants there; therefore, the knowledge 
about its ecology in polluted sites is important (Bobulska 
et al. 2018).

The invasiveness of S. gigantea is associated for exam-
ple with production of numerous wind-dispersed seeds, easy 
germination on a wide range of soils as well as fast vegeta-
tive growth (Balicevic et al. 2015; Chmura et al. 2015; Pisula 
and Meiners 2010). In addition to the negative impact on 
biodiversity invasive species may disturb biogeochemical 
cycles in colonized habitats, e.g., through increased absorp-
tion of nutrients in topsoil (Szymura and Szymura 2015). A 
study by Bobulska et al. (2019) showed that soil enzymes 
and physicochemical properties were altered in habitats 
invaded by S. gigantea. On the other hand, contents of trace 
metals and the bioaccumulation potential of this plant were 
rarely examined (Nowińska et al. 2012; Wójcik et al. 2014). 
According to Wójcik et al. (2014) and Kowalska et al. (2012) 
S. gigantea can inhabit soils strongly polluted with Ba, Cd, 
Cr, Cu, Ni, Zn and Pb and characterized by lower trace 
metal contents compared to other species growing in the 
same areas. However, Wójcik et al. (2014) stated that despite 
the significant biomass and ubiquity, the Goldenrod was not 
suitable for phytoextraction in waste dumps due to low metal 

contents. To the best of our knowledge, the literature lacks 
comprehensive information on the concentration and translo-
cation of metals in Solidago gigantea as well as its possible 
application in biomonitoring studies. On the other hand there 
are a few biogeochemical studies on Solidago canadensis, 
a closely related species, which showed that it can tolerate 
metal pollution in soils (Antonijević et al. 2012; Bielecka 
and Królak 2019a,b; Yang et al. 2007 and 2008, Xiang et al. 
2010) and discussed its possible application in bioindica-
tion and phytoremediation (Bielecka and Królak 2019a). In 
the study of Bobulska et al. (2018) the genus Solidago was 
proved to be an accumulator of Pb, Cu and Cr in polluted 
areas, which suggests that species of this genus have inter-
esting biogeochemical features expected in species used in 
environmental management. S. gigantea has spread through-
out Europe since the nineteenth century and it currently is 
permanently established in many natural and anthropogenic 
habitats (Tokarska-Guzik et al. 2012; Szymura et al. 2018); 
therefore, its suitability for application, e.g., in bioindication 
as well as its contribution to metal transfer to food chains 
are worth consideration. In addition, biogeochemical studies 
may shed more light on the explanation of its invasiveness: 
it has already been suggested that increased environmen-
tal pollution provides more opportunities for the invasion 
of alien species (Li et al. 2021) and that invasive plants in 
metal-polluted urban environments may be even more suc-
cessful than in natural sites due to the better adaptation or 
tolerance to stressful conditions compared to native plants 
(Yang et al. 2007; Sołtysiak et al. 2014). According to Li 
et al. (2021) invasive plants showed self-protective mecha-
nisms when exposed to heavy metals and metal pollution 
may favor plant invasion due to the widespread higher toler-
ance of invasive plants to heavy metals compared to native 
species. On the other hand, accumulation of anthropogenic 
pollutants by invasive species has been reported to influence 
the weed biological control system. Sorensen et al. (2009) 
observed that Mn, Se and Cr were transferred from Tama-
rix ramosissima plants to Diorhabda elongata beetles (the 
biological control agent) and the growth of the larvae of 
D. elongata was significantly reduced by Se contamination.

The aims of this work is to describe the strategy of 
S. gigantea in response to metal pollution and to propose 
its possible applications in environmental management. 
Therefore, contents of potentially toxic metals (Cd, Cr, Cu, 
Fe, Mn, Ni, Pb and Zn) in the roots, stems and leaves of 
S. gigantea growing in different types of human-disturbed 
environments were studied to assess the bioaccumulation 
and translocation ability of S. gigantea. It is hypothesized 
that: (1) S. gigantea can inhabit areas with high metal con-
centrations in soil; (2) in response to excess trace metals 
in soil, the species can reduce the uptake of metals or their 
translocation to aboveground organs. In addition, based on 
the results the first attempt was made to assess if S. gigantea 
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can be used as a bioindicator of metal pollution in urban and 
industrial areas.

The samples for the study were collected in 2018 in the 
urban areas of the Wrocław agglomeration (Lower Silesia, 
SW Poland), and the research was carried out at the Univer-
sity of Wrocław (Wrocław, Poland).

Material and methods

Sampling design

Thirty sampling sites were designated in and around the 
Wrocław agglomeration (Fig. 1). Each sampling square was 
at least 250 m away from the others. Location (geographical 
coordinates), characteristics, land use and detailed descrip-
tion of the study sites are given in Table 1. The climate of 
the region is considered mild, in the category of temperate 
climates, transitional between the maritime and continental 
type. The area is one of the warmest regions of Poland with 
the annual mean temperature about 8 °C and the vegeta-
tive season of 215–225 days. The lowest temperatures as 

well as precipitation totals are usually recorded in January, 
while the highest in July. The annual rainfall in the region is 
550–600 mm. Weak westerly winds prevail (Głowicki et al. 
2005; Fabiszewski 2005).

In September of 2018, ten mature, healthy-looking plants 
of S. gigantea were collected randomly in each sampling 
site within a square of 25  m2 and mixed as one sample. Five 
topsoil samples from a depth of 0–15 cm were also collected 
from each square and mixed into one sample (about 1 kg).

Chemical analysis

Soil samples were dried at room temperature, sieved through 
a 2-mm sieve to remove coarse material and homogenized 
in a Pulverisette two laboratory grinder (FRITSH GmbH 
Mahlen und Messen, Germany). Soil  pHH20 was measured 
potentiometrically (soil to distilled water ratio of 1:2.5) 
using an HI9107 microprocessor pH meter (Hanna Instru-
ments, USA). Soil samples (0.5  g) were digested with 
nitric acid (5 mL, 65%) and hydrogen peroxide (0.5 mL, 
30%) in an open system, with temperature set to 95 °C. 
The digests were diluted to 50 mL with deionized water 

Fig. 1  Location of sampling sites
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and then analyzed for Fe, Mn and Zn using flame atomic 
absorption spectrophotometry (FAAS) and for Cd, Cr, Cu, 
Ni and Pb using electrothermal atomic absorption spectrom-
etry (ETAAS) with a GF3000 Graphite Furnace (AVANTA 
PM AAS, GBC Scientific Equipment, Australia). The bio-
available fraction of metals in soils was determined after 
DTPA-extraction. The extracts were prepared by shaking air-
dried soils with extracting solution (0.005 M DTPA, 0.01 M 

 CaCl2 and 0.1 M TEA adjusted to pH 7.3), filtered (Benton 
Jones 2001) and analyzed for metals using the AAS methods 
described above.

Any adhering materials were removed from the plant 
surface, and plants were subsequently washed in deionized 
water, separated into leaves, stems and roots, dried at 80 °C 
to a constant weight and homogenized in a POLYMIXPX-
MFC 90 D laboratory mill (Kinematica AG, Switzerland). 

Table 1  Location and characteristics of study sites

* groups of study sites distinguished according to local sources of pollution and land use type

Nr Coordinates Description Sources of pollution/land use type Group*

1 51°06′07.6′′N 16°59′31.3′′E Study sites designated in surroundings of Hut-
men, the non-ferrous metals refinery located in 
Wrocław. The refinery is operating since 1946 
and its main activity involves the processing of 
copper and its alloys. The area is covered with a 
dense transportation network in the area (railway 
tracks and streets) (Lewicki 2014; Kubicz 2014; 
Meinhardt et al. 2016)

Non-ferrous metal refinery (Cd, Cu, Pb, Zn) 1
2 51°06′06.8′′N 16°59′31.1′′E
3 51°06′05.8′′N 16°59′35.6′′E
4 51°06′00.5′′N 16°59′11.8′′E
5 51°06′03.5′′N 16°59′23.0′′E

6 51°02′15.6′′N 17°08′11.0′′E A small industrial city located south-west of 
Wrocław. Study sites were located in the vicinity 
of operating Heat and Power Plant and a slag 
heap of a ferrochrome steel plant that was closed 
in 1995 (Biłyk and Kowal 1993; Meinhardt et al. 
2016)

Heat and power plant, slag heap of a former fer-
rochrome steel plant (Fe, Cr)

2
7 51°02′16.6′′N 17°08′31.9′′E
8 51°02′23.0′′N 17°08′42.2′′E
9 51°02′25.9′′N 17°07′46.1′′E
10 51°02′40.2′′N 17°07′56.4′′E
11 50°55′55.1′′N 17°17′40.9′′E Study sites were designated in a medium-size 

industrial town located about 25 km south-east 
from Wrocław. The dominant industry activities 
are connected with operation of ZM SILESIA 
S.A. (formerly known as ironworks Oława) that 
processes Zn, Pb and Cd alloys (Cuske et al. 
2013; Meinhardt et al. 2016; Potocki 2014)

Ironworks processing Zn, Pb and Cd alloys 1
12 50°55′47.0′′N 17°18′00.3′′E
13 50°55′46.1′′N 17°18′06.3′′E

14 50°55′40.0′′N 17°18′28.2′′E Study sites were located in residential area of 
a medium-size industrial town located about 
25 km south-east from Wrocław (Cuske et al. 
2013)

Residential area, no industrial pollution sources 3
15 50°55′55.0′′N 17°18′46.7′′E

16 51°11′12.1′′N 16°52′38.8′′E Study sites were located along rural roads in the 
area covered by agricultural fields and small for-
est complexes (Fabiszewski 2005)

Agricultural area, no industrial pollution sources 3
17 51°12′22.1′′N 16°53′13.5′′E
18 51°12′06.9′′N 16°52′31.4′′E
19 51°11′54.1′′N 16°52′58.9′′E Study sites located in a small village situated in 

forested area north-west of Wrocław (Fabisze-
wski 2005)

Residential area, no industrial pollution sources 3
20 51°11′50.2′′N 16°53′08.6′′E

21 51°01′59.0′′N 17°00′08.2′′E Study sites were located near a village situated on 
the south edge of Wrocław city. The dominating 
percent of the area is occupied by fields, mead-
ows, pastures and forests (Fabiszewski 2005). 
Samples were collected alongside rural roads

Agricultural area, no industrial pollution sources 3
22 51°01′57.3′′N 17°00′16.7′′E
23 51°01′56.5′′N 17°00′20.7′′E
24 51°01′53.5′′N 17°00′32.3′′E
25 51°01′47.3′′N 17°00′24.2′′E
26 50°57′44.1′′N 17°01′50.9′′E Rural region located about 15 km south of 

Wrocław. Sampling sites were designated in the 
sides of unpaved roads or fallow lands. The area 
is covered by a patchwork of villages, fields and 
small forests, free from industry. The area is 
distinguished by the high quality soils with the 
highest agricultural usefulness in the country, 
conducive to field crops, vegetable plants and 
horticulture (Fabiszewski 2005; Potocki 2014)

Agricultural area, no industrial pollution sources 3
27 50°57′43.1′′N 17°01′54.1′′E
28 50°59′03.2′′N 16°59′42.1′′E
29 50°59′04.8′′N 16°59′41.8′′E
30 50°57′21.1′′N 16°59′14.0′′E
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The plant samples (0.5 g) were digested in an open system 
using the methods described above for soil samples (Kalra 
2019). The digests were analyzed for Fe, Mn and Zn using 
FAAS and for Cd, Cr, Cu, Ni and Pb using ETAAS.

All the elements were tested against atomic absorption 
spectrometry standard solutions (Sigma-Aldrich, USA) and 
blanks. The results were calculated on a dry-weight basis. 
The accuracy of the methods was checked against certi-
fied reference materials: IPE 952 Grass (mixture)/Poaceae 
(Wageningen Evaluating Programs for Analytical Labora-
tories, The Netherlands) for plants and METRANALQCM 
31 light sandy soil (trace elements) (ANALYTIKA® spol. 
s r.o., Czech Republic) for soil samples. The recovery rates 
(percent) for IPE 952 were: Cd 97.5 Cr 93.3, Cu 103, Fe 
101, Mn 97.3, Ni 94.2, Pb 97.3, Zn 98.4 and for METRA-
NALQCM 31: Cd 96.8, Cr 102, Cu 104, Fe 99.2, Mn 97.0, 
Ni 106, Pb 107, Zn 94.7.

Data analysis

The study sites were grouped into three categories according 
to the local sources of pollution and land use type to ana-
lyze differences in metal concentrations and bioaccumula-
tion depending on the level of environmental pollution: (1) 
study sites located near a non-ferrous metal refinery and 
ironworks (numbers 1–5 and 11–13); (2) study sites located 
near a heat and power plant and a slag heap of a former 
ferrochrome steel plant (number 6–10); (3) study sites in 
non-industrial areas (residential and agricultural) (numbers 
14–30) (Table 1).

Shapiro–Wilk’s W-test was used to check the normal-
ity of data. Since the variables were not normally distrib-
uted nonparametric tests were chosen. The differences in 
metal contents in the organs of S. gigantea as well as in soils 
between the three groups of study sites were determined by 
non-parametric Kruskal–Wallis ANOVA with the median 
post hoc test. The relationship between the concentration of 
metals in plants and in soil was evaluated using the Spear-
man correlation coefficient (Zar 1999). In all the performed 
tests the significance level was set at 0.05.

After the Box-Cox transformation of the variables, the 
matrices of the contents of six elements (Cd, Cr, Cu, Mn, 
Fe, Zn) in plant leaf samples from 30 sites were subjected 
to principal component and classification analysis (PCCA) 
(Legendre and Legendre 1998).

To evaluate the ability of S. gigantea to take up elements 
from soil, the Bioaccumulation Factor (BF) (Bidar et al. 
2009) was calculated as the ratio of metal concentrations in 
plant roots to their DTPA-extracted concentrations in soil. 
Concentrations of bioavailable metals were preferred over 
total concentrations as neutral soil extraction is considered 
a better indicator of metal phytoavailability than total metal 
contents in soil (Stefanowicz et al. 2016; Dambiec et al. 

2017). The translocation Factor (TF) was calculated as the 
ratio of metal concentrations in the stems/leaves to those in 
the roots to assess the mobility of metals in the plant and 
internal metal transport (Bonanno et al. 2018; Bidar et al. 
2009).

All calculations were done with Statistica 13 (StatSoft 
Inc. 2016).

Results and discussion

Metal content in soils

Soil pH ranged from 5.7 to 7.7 (mean of 6.9), within the 
range noted in typical habitats occupied by S. gigantea 
(Bielecka 2017; Szymura and Szymura 2013). Total metal 
contents in the soil in the study sites indicated wide ranges 
of metal levels that characterized S. gigantea stands (Fig. 2). 
Groups of study sites differed significantly in Cd, Cu, Cr, 
Fe, Pb and Zn concentrations (Kruskal–Wallis ANOVA, 
p < 0.05). Cadmium, Cu, Pb and Zn contents in soils from 
groups 1 and 2 were significantly higher than in group 3 
(median test, p < 0.05). Cadmium, Cu and Pb contents in all 
soils from groups 1 and 2 were higher than the geochemi-
cal background in Poland (0.18, 7.1, 9.8 mg  kg−1, respec-
tively) (Czarnowska 1996). In addition, Zn contents in all 
sites in group 1 and the maximum values in groups 2 and 3 
exceeded the geochemical background for Zn (30 mg  kg−1) 
(Czarnowska 1996). On average, the Cr content in group 
2 was the highest and significantly higher than in group 3 
(median test, p < 0.05) but in each group maximum values 
only were higher than values typical for the geochemical 
background (27 mg   kg−1) (Czarnowska 1996). Iron and 
Mn contents were relatively high compared to the mean 
soil content in Poland and the geochemical background 
(1200 and 289 mg  kg−1, respectively) (Czarnowska 1996; 
Kabata-Pendias 2011) in all groups of study sites and their 
values in group 1 were significantly the highest (median 
test, p < 0.05). Nickel contents did not differ between the 
groups of study sites and in each group maximum values 
only were higher than the values typical for the geochemical 
background (10.2 mg  kg−1) (Czarnowska 1996). Metal con-
tents in soil that exceed background values indicate either 
the presence of geochemical anomalies or the enrichment of 
elements caused by human activity (Gałuszka and Migasze-
wski, 2011). Highly elevated total soil concentrations of Cu, 
Pb, Zn and Cd (Fig. 2) reported in the study sites affected 
by the industrial processing of copper products and their 
alloys with zinc and lead (study sites 1–5 in group 1) were 
consistent with the previous studies of Meinhardt (2016) 
who reported Cd, Cu, Pb and Zn soil pollution in the vicin-
ity of this industrial plant. Relatively high concentrations of 
Zn and the highest Pb contents were also noted in soil near 
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the zinc smelter (study sites 11–13 in group 1). The main 
cause of soil pollution with Zn and Pb in this region was 
atmospheric precipitation of metalliferous dusts emitted by 
the zinc smelter (Cuske et al. 2013). Increased Cr contents 
in soil in group 2 were associated with the former activity 
of the ferrochrome smelter and the presence of a slag heap 
(Karczewska and Bortniak 2008). Average metal contents 
in soils in group 3 were not higher (Cd, Cu, Cr, Mn, Ni) or 
only slightly higher (Pb and Zn) than the background values 
given above. It can be assumed that the study sites in group 3 
were mostly unpolluted and characterized by metal contents 
similar to the geochemical background.

The total concentration of metals in soils is a useful indi-
cator of the extent of soil contamination but the environ-
mental risk from metal and plant accumulation depends on 
the bioavailability of the elements (Kandziora-Ciupa et al. 
2017; Liu et al. 2019). The bioavailable metal contents in the 
soil (Fig. 2) showed similar relations between the groups of 

study sites: the average metal concentrations in group 3 were 
significantly lower than in groups 1 and 2 (for Cr, Pb and 
Zn) or lower than in group 1 (for Cd and Cu). No significant 
differences between the groups were found for Fe, Mn and 
Ni contents.

The results of this study showed that soil was strongly 
polluted in many S. gigantea sites. The ability of this spe-
cies to grow in strongly contaminated soils was previously 
reported by Wójcik et al. (2014) who studied plants that 
spontaneously inhabited Zn-Pb waste deposits character-
ized by extremely high total Zn, Pb and Cd concentrations 
(7300–171,790, 1390–2226, 66–1464 mg   kg−1, respec-
tively). Similarly, Kowalska et  al. (2012) reported that 
S.  gigantea colonized industrial areas characterized by 
relatively high trace metal contents in soil (in mg  kg−1): 
Ba > 300, Cr 140, Cu 110, Ni 80 and Pb 70. In addition, 
Bielecka (2017) noted that other species of the Solidago 
genus tolerated high metal contents in soil. The tolerance 

Fig. 2  Total (tot) and bioavailable (bioav) metals content [mg  kg−1 
DW] in soil in each group (Gr 1, Gr 2 and Gr 3) of the study sites. 
The values with different letters are significantly different (the median 

test, p < 0.05): italic font indicates differences between groups in 
terms of total metal content and bold font indicates differences 
between groups in terms of bioavailable metal content
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to a wide range of soil pollution allows the species to colo-
nize many different habitats and may give an advantage over 
other, especially native, species. According to Yang et al. 
(2008) S. canadensis, a species of the same genus, became a 
better competitor under Pb pollution because the facilitating 
efficiency of mycorrhizae on nutrient acquisition was pro-
moted by high Pb contents in soil (300 and 600 mg/kg soil).

Metal contents and translocation in Solidago 
gigantea

The Bioaccumulation Factor (BF) was calculated to estimate 
metal relocation from soil to plant roots (Table 2). Factor 
values higher than one indicate a plant’s ability to take up 
metals from soil (Galal and Shehata 2015). For Cd, Cu, Cr, 
Fe, Ni and Zn BFs were greater than 1 (except for Cu and Zn 
in group 1) (Table 2), thus confirming the high uptake effi-
ciency for these metals from soil into the roots of the species 
studied (Eid et al. 2012). These observations are consistent 
with Bobulska et al. (2018) who showed that Cr and Cu were 
the elements efficiently removed by the Solidago genus in 
polluted areas. However, noteworthy was the fact that in the 
present study the BF values for Cd, Cu, Cr, Pb and Zn were 
remarkably higher in group 3 compared to other groups. This 
result indicates that the BF values were lower in the areas 
with higher metal concentrations in soil which suggests that 
S. gigantea was able to reduce the uptake efficiency of these 
elements from soil with high metal concentrations. Similar 
relationships between the concentrations of Pb and Zn in soil 
and their accumulation in S. canadensis, a closely related 
species, were observed by Bielecka and Królak (2019a). Fur-
thermore, Yang et al. (2007) suggested that S. canadensis 
in Pb polluted soil had an ability to exclude Pb or reduce 
the uptake of Pb. The lowest BF values, lower than 1 in all 
groups of study sites, were observed for Mn and Pb. Despite 
the fact that Mn is regarded as an easily bioavailable metal 
(Kabata-Pendias 2011; Weiss et al. 2003), low Mn uptake 
was previously observed for a few species of wild herba-
ceous plants growing near power stations (Mandzhieva et al. 
2016) and Plantago major growing in heavy-traffic affected 

soil (Galal and Shehata 2015), which confirmed that some 
plants can limit the uptake of easily bioavailable metals.

The contents of Cd, Cu, Cr, Mn, Pb and Zn in S. gigantea 
organs differed significantly between the groups of study 
sites (Kruskal–Wallis ANOVA, p < 0.05) (Fig. 3). Similar 
relations between the groups as for soil were observed. Cad-
mium contents in roots, stems and leaves were the highest in 
group 1 compared to groups 2 and 3 (median test, p < 0.05). 
Chromium contents in leaves were significantly higher in 
group 2 than in groups 1 and 3; in roots they were signifi-
cantly higher in group 2 than in group 1; and in stems they 
were significantly higher in group 2 than in group 3. Cu 
and Zn contents in all organs in group 1 were significantly 
higher than in group 3. Lead contents in roots in groups 1 
and 2 were significantly higher than in roots in group 3. Dif-
ferences in Mn contents were noted in aboveground organs 
only: leaves in group 3 contained significantly more Mn than 
in groups 1 and 2, and in the case of stems significant dif-
ferences were noted between groups 3 and 1. In some study 
sites metal contents in plant organs were highly elevated 
when compared to the average contents in plants given by 
Markert (1992): Cd > 0.5 mg  kg−1 in roots in all study sites 
in groups 1 and 3 as well as in stems and leaves in group 1; 
Cu > 20 mg  kg−1 in roots in all groups and in leaves in group 
1; Cr > 1 mg  kg−1 in roots in all groups as well as in leaves 
in group 2; Zn > 150 mg  kg−1 in all organs in group 1; and 
Fe > 200 mg  kg−1 in roots in all groups. The results sug-
gest that metal contents in the organs of S. gigantea reflect 
the level of environmental metal pollution. Elevated metal 
contents were observed in the organs of S. gigantea grow-
ing in the vicinity of industrial plants, e.g., Cd, Cu, Zn near 
a processing facility for copper products and their alloys 
(Meinhardt 2016) or the zinc smelter (Cuske et al. 2013); 
Cr in plants near the slag heap of the former ferrochrome 
smelter (Karczewska and Bortniak 2008). The cause of the 
relatively high Mn contents in plants in group 3 can be the 
use of fertilizers in agricultural areas (Reimann and de Cari-
tat 1998; Adriano 2001).

Regardless of the above-mentioned differences between 
the study sites, there were significant differences in element 

Table 2  Mean bioaccumulation 
factor (BF) and translocation 
factor (TF) values in each group 
of study sites

Group Cd Cu Cr Fe Mn Ni Pb Zn

BF 1 1.16 0.42 1.94 2.77 0.64 7.29 0.02 0.55
2 1.56 2.33 1.03 2.17 0.31 1.52 0.14 2.34
3 5.34 4.20 10.72 2.86 0.45 1.20 0.30 10.94

TF stem/root 1 0.37 0.26 0.16 0.042 0.41 0.30 0.55 1.10
2 0.37 0.37 0.11 0.036 0.49 0.68 0.79 1.23
3 0.44 0.39 0.09 0.033 0.70 0.65 3.53 1.36

TF leaf/root 1 0.44 0.56 0.39 0.10 1.49 0.56 0.26 1.65
2 0.17 0.48 0.54 0.08 1.67 0.35 0.22 1.66
3 0.21 0.65 0.30 0.06 2.64 1.12 1.39 1.99
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contents between the organs in all groups of study sites 
(Kruskal–Wallis ANOVA, p < 0.05). The concentrations of 
Cd, Cr, Cu, Fe, Ni and Pb were the highest in roots, while of 
Zn and Mn in leaves. The lowest Cr, Cu, Fe, Mn, Ni contents 
were observed in stems. High concentrations in roots suggest 
limited mobility and translocation of these metals taken up 
by S. gigantea. Accordingly, the Translocation Factor (TF), 
which illustrates internal metal transport in plants (Galal 
and Shehata 2015), was below 1 for the majority of metals 
(Table 2). The limited mobility of elements between roots 
and shoots characterizes excluder plants with the mecha-
nism of resistance to trace metal pollution (Baker 1981; 
Mandzhieva et al. 2016). In many plant species avoidance 
mechanisms accounting for resistance could be, e.g., bind-
ing of metals by mycorrhizal fungi or binding to root cell 
walls (Lambers et al. 2008). A similar scheme of metal 
accumulation has been reported for another invasive species 

(S. canadensis) whose underground organs contained more 
Cu and Pb than aboveground organs (Antonijević et al. 
2012; Bielecka and Królak 2019b; Yang et al. 2008). Metal 
sequestration in roots enables plants to continue uninhibited 
growth, and it is an important mechanism of metal tolerance 
(Jasion et al. 2013; Page et al. 2006). On the other hand, 
Mn and Zn were transported from roots to the aboveground 
organs of S. gigantea, as shown by TF values > 1 (Table 2). 
Similar behavior was previously reported by Zheljazkov 
et al. (2008) for five medicinal plant species growing in pol-
luted soil: metal concentrations in plant parts were in the 
order: roots > leaves > flowers > stems for Cd, Pb and Cu, 
and leaves > roots > flowers > stems for Mn and Zn. In addi-
tion, Page et al. (2006) and Jasion et al. (2013) showed that 
Zn and Mn transport in plant organs was high and active. 
These metals are essential micronutrients for plants (Lam-
bers et al. 2008) and readily transported to shoots via xylem 

Fig. 3  Metals content [mg  kg−1 DW] in the organs of S. gigantea in 
each group (Gr 1, Gr 2 and Gr 3) of the study sites. The values with 
different letters are significantly different (the median test, p < 0.05): 
regular font indicates differences between groups in terms of metal 

content in roots; bold font indicates differences between groups in 
terms of metal content in stems and italic font indicates differences 
between groups in terms of metal content in leaves
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(Nworie et al. 2019). However, Jasion et al. (2013) reported 
that in Tanacetum vulgare not only essential metals such as 
Mn and Zn but also toxic, non-essential Cd was transported 
to shoots. Similarly, TF values of > 1 for Mn, Zn but also 
for toxic Pb were reported for Polygonum arenastrum grow-
ing in areas affected by industry (Dambiec et al. 2017). In 
the present study, active translocation of Ni and Pb (TF > 1) 
was observed in group 3 where soil was relatively free from 
pollution. Consequently concentrations of these potentially 
toxic metals in S. gigantea did not exceed their natural con-
tents in plants given by Markert (1992) and Kabata-Pendias 
(2011) and they were not likely to pose a toxicity threat. 
Bielecka and Królak (2019a) reported that Translocation 
Factors for Pb and Zn in S. canadensis had higher values 
in the environment with low metal concentrations in soil 
compared to polluted industrial areas.

Regarding the high BF values for Cd, Cu, Cr, Fe and 
Ni and limited translocation of these potentially toxic met-
als from roots to aboveground parts, it can be assumed that 
S. gigantea could be classified as a metal-tolerant species 
(Vamerali et al. 2010). Wójcik et al. (2014) also stated that 
S. gigantea was characterized by lower trace metal concen-
trations compared to other species (e.g., Anthyllis vulner-
aria, Echium vulgare or Hieracium piloselloides) that inhab-
ited the same Zn-Pb waste deposits. As an invasive species, 
S. gigantea cannot be a suitable plant to use in phytoreme-
diation. However, the low potential to translocate Cd, Cu, 
Cr, Fe and Ni from belowground to aboveground organs in 
combination with the high BF for these metals suggest that 
S. gigantea contributes to the reduction in metal mobility 
and leaching into ground water in areas already inhibited, 
and it also reduces metal bioavailability for entry into the 
food chain (Galal and Shehata 2015). On the other hand, the 
relatively high Zn concentration and its transport to stems 
and leaves suggest that harvesting the species could contrib-
ute to cleaning the soil (phytoextraction) if the biomass were 
harvested at the time of the maximum Zn contents.

Potential use of Solidago gigantea in bioindication

PCCA ordination (Fig. 4) showed differences between the 
metal contents in the leaves of S. gigantea from the different 
study sites and enabled differentiation between sources of 
pollution. Groups arranged on the factor plane closely cor-
respond to the three categories (groups 1, 2 and 3) related to 
local sources of pollution and land use type: (1) study sites 
1–5 and 12–13, located in industrially polluted sites near 
the non-ferrous metal refinery and the ironworks, for which 
factor 1 returned positive scores; (2) study sites 6–11 located 
in the former metallurgical area, for which factor 2 and fac-
tor 1 returned positive and negative scores, respectively; (3) 
the remaining study sites (14–30), for which factors 1 and 2 
returned negative scores, were located mainly in agricultural 

regions with no large industrial plants, in some cases near 
roads characterized by various traffic levels. As was pre-
viously reported the identified three groups of study sites 
differed significantly in respect of Cd, Cu, Cr, Mn and Zn 
concentrations in the leaves of S. gigantea (Kruskal–Wallis 
ANOVA, p < 0.05) (Fig. 3).

The projection of the variables on the factor plane showed 
that S. gigantea leaves from industrially polluted sites with 
positive scores of the first factor were characterized by the 
highest concentrations of Cd, Cu and Zn. The high content 
of these metals in the areas affected by the non-ferrous metal 
refinery were previously recorded by Meinhardt (2016). Sol-
idago gigantea from the former metallurgical area with posi-
tive scores of the second factor highly correlated with high 
Cr and Fe contents. The former ferrochrome steel plant in 
Siechnice and its slag heap can be the main sources of these 
metals (Karczewska and Kabała 2010; Meinhardt 2016). 
Plants from rural regions were correlated more closely with 
Mn. Manganese concentrations in these plants were higher 
than in the leaves of S. canadensis growing in a region heav-
ily contaminated with metals (31–61 mg  kg−1) (Antonijević 
et al. 2012). Manganese is used as a micronutrient in fertiliz-
ers and as a disinfecting agent so it is a typical element that 
occurs in urban and agricultural sewage (Reimann and de 
Caritat 1998; Adriano 2001). The observed relation between 
metal contents in plants and human activity suggests that S. 
gigantea could be used as a biomonitor of metal pollution 
(Kabata-Pendias 2011). What is even more positive, Spear-
man correlations (p < 0.05) were found between the total 

Fig. 4  Ordination plot of study sites (1–30) based on concentrations 
of Cd, Cr, Cu, Fe, Mn and Zn in leaves of Solidago gigantea and pro-
jection of metal content on the component plane
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and bioavailable concentrations of Cd, Cu and Zn in soil and 
all of the studied organs of S. gigantea (Table 3). Similar 
correlations were found between Pb contents in soil (total 
and bioavailable) and roots of S. gigantea. Such correlations 
indicate that S. gigantea reflects the cumulative effects of 
environmental pollution in soil and confirm its potential use 
in the biomonitoring of elements in general, and Cd, Cu and 
Zn in particular (Kabata-Pendias 2011). Non-native plants 
are usually not recommended for monitoring purposes, but 
S. gigantea is permanently established in European flora 
(Tokarska-Guzik et al. 2012) and it is noteworthy that, as 
well as furnishing information about pollutant loads, the spe-
cies has several other features expected from a passive bio-
monitor candidate: wide distribution and abundance, ease of 
identification and sampling, and tolerance to habitat condi-
tions and pollution (Weiss et al. 2003; Zhou et al. 2008). The 
elevated concentrations in industrial areas should be taken 
into account when using this species for medicinal purposes 
to minimize potential human exposure (Mandzhieva et al. 
2016; Szymura et al. 2018).

Conclusion

The present study has shown that S. gigantea is able to toler-
ate elevated levels of potentially toxic metals in soils and to 
inhabit areas strongly polluted by industry. The species has 
high BF but low TF values for Cd, Cu, Cr, Fe, Ni. There-
fore it can be assumed that S. gigantea easily takes up these 
metals from soil along with their low mobility to the above-
ground organs and could be classified as a metal-tolerant 
species that adopts the exclusion strategy. The BF values 
for Cd, Cu, Cr, Pb and Zn were remarkably higher in plants 
growing in unpolluted areas characterized by low metal con-
centrations in soil compared to the ones affected by industry, 
characterized by high metal concentrations, which suggests 
that S. gigantea growing in polluted areas can reduce the 
uptake of these potentially toxic metals. These properties 
can be responsible for the possible advantage of S. gigantea 
in competition with other species growing in areas affected 
by human activity and facilitate its invasiveness. Solidago 
gigantea can reduce the mobility of metals by biding them 

in roots and its contribution to toxic metal transfer into food 
chains is relatively low. In addition, it has been shown that 
the species may be used as a biomonitor of metal pollution, 
in particular Cd, Cu, Cr and Zn, as concentrations of these 
elements in leaves of S. gigantea differed between sites dif-
fering in land use.
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