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a b s t r a c t
The purpose of the work was to determine the content of Ni, Co, Pb, Zn, Cu, Cr, Cd, Fe, and Mn in. 
Phragmites australis (Cav.) Trin. ex Steud (root, stem, leaf) and bottom sediments of Biebrza river, and 
also to investigate whether Phragmites australis may have potential application in bio-monitoring of 
the aquatic environment. The research concerned the identification of factors and processes gov-
erning the behavior of selected metals in the river. The metals were determined by means of atomic 
absorption spectrometry. Results showed that the metal content in various Phragmites australis organs 
varied, and the largest content occurred in the roots. Limited mobility and translocation of metals 
present in the plant make it a good species for the phyto-stabilization of bottom sediments, in par-
ticular in the case of Fe. Statistical models factor analysis (CA) allowed identifying the main routes 
of metals transport from the Biebrza river catchment. These are canals, streams and ditches draining 
various areas of use.
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1. Introduction

Intensified development of the economy has a negative 
impact on the environment and especially threatens natural 
water ecosystems [1]. A variety of contaminants, including 
heavy metals, get into the surface waters [2]. Heavy metals 
occurring in rivers come from both natural and anthropo-
genic sources [3]. In the face of intense human activity, natu-
ral sources of metals from leaching and weathering of rocks 
in the environment can be usually neglected. However, 
anthropogenic sources are of great importance. They are 
mainly related to the discharge of industrial, mine and 
municipal sewage, atmospheric pollution, transport, runoff 
from areas used for agriculture and intensive fertilization 
[4–6]. In addition, heavy metals are harmful to the envi-
ronment due to their properties, because they are toxic and 
not biodegradable [7]. The degree of rivers contamination 

with heavy metals can be determined based on bottom sedi-
ments and aquatic plant studies [8,9]. River sediments and 
aquatic plants are an integral part of surface waters, mainly 
due to active participation in the circulation of elements. 
There is a large dependence between the content of metals 
in river sediments and macrophytes and their concentration 
in water [10]. Contaminants in bottom sediments can be 
collected by rooted aquatic plants. According to Marchand 
et al. [11], rooted macrophytes have a high capacity to accu-
mulate heavy metals from sediments. Their metal accu-
mulation features make them interesting research objects. 
They are a local bio-filter that easily reaches the place of 
contamination and absorbs it [12]. The heavy metal accu-
mulation process in macrophytes is complex. It depends on 
biotic and abiotic factors, among others, from temperature, 
redox potential, pH, amount and form of water-soluble ions, 
as well as plant species and types of elements, as well as 
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their interactions [13]. Macrophytes take, move, accumulate 
and/or decompose contaminants through various metabolic 
changes. Water plants are able to release metals during the 
decomposition of organic matter (MO) and then metals are 
transported to organisms with higher trophic levels [14,15]. 
Due to their constant contact with water and bottom sedi-
ments, macrophytes have been used for many years as a bio-
logical indicator material [16,17] and used in bio-monitoring 
of the aquatic environment [18–20]. The subject of this work 
is to test the metal content in the aquatic environment of 
the Biebrza river. This area is slightly transformed by man, 
there are no mines, heavy industry, large agglomerations, 
and population density is still small. The presence of for-
ests, wetlands, peatlands, and a clean environment, make 
this area a mainstay for many species of plants and animals 
that are often rare both on the national and European scale. 
Due to its natural values, the Biebrza river catchment was 
protected by the creation of a national park. The signifi-
cance of the park is even greater because, at present, only 
half of the existing wetlands remained in the world [21]. 
The Biebrza National Park is presented as a model of an 
almost entirely natural wetland area of Europe. The out-
standing natural value of this region has contributed to the 
study of the Biebrza river ecosystem. Achieving an appro-
priate quality of the Biebrza river aquatic environment will 
enable maintaining the greatest possible biodiversity of the 
aquatic and water-land ecosystem and preventing their 
degradation as a result of water pollution. It may also be 
reflected in finding a golden mean between economic devel-
opment and the needs of the population and the protection 
of natural values, that is, through the so-called sustainable 
development. The objectives of the study were as follows: 
(1) determination of the contents of Ni, Co, Pb, Zn, Cu, Cr, 
Cd, Fe and Mn in Phragmites australis (Cav.) Trin. ex Steud 
(root, stem, leaf) and bottom sediments of Biebrza river and 
also to investigate whether Phragmites australis (Cav.) Trin. 
ex Steud may have potential application in biomonitoring 
of aquatic environment, (2) identifying similarities or dif-
ferences between sampling sites, (3) impact assessment and 
identification of metal sources based on river sediments and 
plant material analysis, (4) obtained results will form the 
basis for establishing an ecological monitoring system for 
the natural area of Biebrza river catchment. A special role, 
in this case, is played by macrophytes due to their natural 
abilities to remove chemical contaminants from the aquatic 
environment.

2. Methods

2.1. Study area

Biebrza River is a right-bank tributary of Narew river, 
155.3 km long, of which 152.5 km of the river is within the 
borders of the Biebrza National Park. The area of the river 
catchment is 7051.2  km2. Biebrza River is a typical low-
land river with low falls. The channel of the river strongly 
meanders creating numerous bends and oxbow lakes. It is 
the most meandering river in Poland. The width of the bed 
is from a few meters in the initial course of the river to a 
dozen or so near the estuary. The Biebrza river catchment is 
characterized by a large uneven distribution of tributaries, 

the right-bank catchment constitutes 75.5% of the total 
tributaries, and the left-bank basin is only 24.5%. Right-
bank tributaries are Niedźwiedzica, Lebiedzianka, Netta 
and Augustowski Canal, Kopytkówka, Ełk and Jegrznia, 
Dybła, Klimaszewnica, and Wissa. The left-bank tributaries 
of Biebrza river are Nurka, Sidra, Kamienna, Brzozówka, 
Krzeczówka, Biebła, and Kosódka. The landscape of the 
river valley is characterized by a high level of naturalness. 
Within Biebrza river valley, there is the largest in Poland 
(about 100,000  ha), as well as one of the largest, peat bog 
complex in Europe with fragments of raised and transitional 
bogs, the mineral plateau of the marshland hornbeam, as 
well as oxbow lakes and natural river meanders [22]. Due 
to its high natural values, the Biebrza river catchment was 
covered by the highest form of protection through the cre-
ation of a national park in its area, that in 1995 was included 
in the list of RAMSAR conventions, that is, wetland areas 
of international importance. The climate in the studied area 
is characterized by long winters, short pre-spring period, 
relatively short vegetation, high air humidity (annual aver-
age of 80%), average annual air temperature from 4.8°C to 
8.3°C and frequent mists. It is also characterized by rela-
tively high heavy rainfalls of 600–700 mm y–1 [23]. Regional 
policy aimed at sustainable development of industry, taking 
into account the preservation of the uniqueness of the natu-
ral environment, also confirms the unique character of the 
studied area. The main sources of pollution in the Biebrza 
river catchment result from the development and function-
ing of larger settlement units located within the catchment. 
The quality of the aquatic environment of the Biebrza river 
is affected by sewage treatment plants, lack or incomplete 
efficiency of the sewerage network, small industry (wood, 
meat, food), agriculture (fertilization and plant protection), 
motor vehicle traffic.

2.2. Sampling and preparation of samples

Samples of bottom sediments and Phragmites australis 
(Cav.) Trin. ex Steud (leaves, stems, and roots) were collected 
in August 2018 from 11 measuring points (source of the 
river, Lipsk, Ostrów, Sztabin, Jagłowo, Polkowo, Dolistowo, 
Goniądz, Osowiec, Brzostowo, and Rutkowskie) on Biebrza 
river (Fig. 1).

The selection of measuring points was dependent on the 
spatial distribution of pollution sources in the Biebrza river 
catchment. Bottom sediment was collected in the boundary 
zone from the upper layer, where deposition of suspended 
material and accumulation of heavy metals occurs [24]. A 
dozen individual samples of bottom sediments were col-
lected at a depth of 5–10 cm below the water surface at each 
designated measurement point. After mixing the test mate-
rial, a representative sample of approximately 1,000  g was 
obtained [25]. The plant material was taken from the same 
places as the bottom sediments. Macrophyte research sam-
ples were created from the combination of several individ-
ual plant samples. Phragmites australis (Cav.) Trin. ex Steud is 
a cosmopolitan species that is widespread throughout the 
world. It creates compact and dense clumps. It is the larg-
est herb in the Polish flora. It is a typical swamp and aquatic 
plant. It is very vital and grows very quickly. It also grows in 
waters strongly contaminated with municipal sewage.
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2.3. Analytical procedures

Bottom sediment samples were dried to “air-dry con-
dition” and stored until testing. Before proceeding with 
chemical analyzes, the bottom sediment samples were 
dried at 40°C and sieved through a 0.2  mm sieve. Bottom 
sediments were mineralized with hydrochloric and nitric 
acid in a volume ratio of 3:1 in a closed CEM Corporation 
(USA) microwave system. All determinations were carried 
out in triplicate. The samples, after filtration, were quantita-
tively transferred to 50 ml graduated flasks. The content of 
heavy metals was determined by flame atomic absorption 
spectrometry on the atomic absorption spectroscopy (AAS) 
iCETM 3500 Thermo Scientific spectrometer (UK and USA). 
Results of sediment analyzes were verified using certified 
reference material for sediments NCS DC 73317a. Calculated 
measurement error did not exceed 5% of the certified value. 
The reaction of bottom sediments was determined by poten-
tiometric method. Organic substance content was deter-
mined based on the weight difference of samples before and 
after combustion at 450°C. The pH of sediments in the water 
was tested potentiometrically.

The plants transported to the laboratory were washed 
with running water and distilled water, then dried at 80°C 
[26]. Dried roots, stems and leaves were homogenized 
and digested with hydrochloric and nitric acid in 3:1 vol-
ume ratio in a closed CEM microwave system. Content of 
heavy metals was determined by flame atomic absorption 
spectrometry on the AAS iCETM 3500 Thermo Scientific 
spectrometer (UK and USA). The measurement error of 
the analysis was determined by comparing the obtained 
results with characteristics of the grass mixture - European 
Reference Materials (ERM®) - CD281 and strawberry leaves 
- LGC7162. Calculated measurement error did not exceed 
5% of the certified value.

Obtained results of investigated metals content were given 
in relation to dry mass of plants and compared with literature 

data also referring to dry matter of plants. The physiological 
norm of metal content for plants is given according to data 
provided by Kabata-Pendias and Pendias [27], Markert [28]. 
In the analysis of plant results the bioconcentration coeffi-
cient expressed as the ratio of metal content in the plant root 
to metal content in bottom sediments was calculated. The 
translocation coefficient was also calculated as a quotient 
of the content of the examined metal in roots and stems as 
well as in roots and leaves of the examined macrophytes.

2.4. Assessment of bottom sediments pollution degree

Obtained results of tested metals contents (Ni, Co, Pb, 
Zn, Cu, Cr, Cd, Fe, and Mn) were given in relation to air dry 
sediments and compared with literature data. To assess the 
degree of heavy metal contamination of sediments, the pro-
posed classification of water sediments in Poland was used 
[24] and the contents of investigated metals were compared 
to the geochemical background proposed by Turekian and 
Wedepohl [29]. To assess the quality of bottom sediments 
of Biebrza river, the degree of sediment pollution was also 
used, using the geochemical index (Igeo).

Geochemical index (Igeo) is defined using the following 
formula [30]:

I
Cm

geo GM
=









log

,2 1 5
	 (1)

where Cm is the content of analyzed metal (mg kg–1), GM is 
the geochemical background (mg kg–1).

The Igeo values are divided into seven classes, that is, 
non-polluted sediment class 0 (Igeo ≤ 0), poorly polluted sedi-
ment class 1 (0 < Igeo < 1), moderately contaminated sediment 
class 2 (1 < Igeo < 2), averagely contaminated sediment class 3 
(2 < Igeo < 3), highly contaminated sediment class 4 (3 < Igeo < 4), 
very heavily polluted class 5 (4  <  Igeo  <  5), extremely con
taminated sediment class 6 (Igeo ≥ 5).

 

Fig. 1. Sampling points on the Biebrza river.
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2.5. Statistical analysis

Relations between heavy metal content in plants and 
sediments were measured by Pearson correlation analy-
sis. The significance of correlations between data sets at 
p < 0.05 was identified using the Pearson correlation coeffi-
cient. Recently, a multidimensional statistical approach has 
become popular to better understand the quality of aquatic 
environment and ecological status, due to their ability to 
process large amounts of spatial and temporal data from 
different monitoring sites. In the scientific literature, vari-
ous statistical techniques are used for this type of research, 
including hierarchical cluster analysis (HCA), factor analysis 
(FA) and discriminant analysis (DA).

HCA and FA were used to investigate possible sources 
of heavy metals in plants and sediments. In the HCA analy-
sis, the distance between clusters of heavy metal content was 
measured by the square of the Euclidean distance according 
to the Ward method. As a rotation method, Varimax with 
Kaiser normalization was used [31]. To assess the credibil-
ity of the FA, the Kaiser-Meyer-Olkin (KMO) measures were 
used. Multidimensional statistical techniques have been suc-
cessfully applied to characterize and assess surface water 
quality and to identify temporal and spatial changes caused 
by natural and anthropogenic factors in studies conducted in 
Argentina [32], Bulgaria [33], Pakistan [34], and Japan [35]. 
Pearson correlation analysis, HCA and FA were performed 
using the Statistica ver.13.0 for Windows package.

3. Results and discussion

3.1. Metals content in bottom sediments

When analyzing the aquatic environment with respect 
to metal content, it should be remembered that bottom sed-
iments may be carriers as well as potential sources of pollu-
tion [36]. According to Baldantoni et al. [37], the amount of 
metals in sediments is an indicator of a long-term accumu-
lation of elements in water reservoirs. The content of tested 
metals (Ni, Co, Pb, Cu, Zn, Fe, Mn, Cr, and Cd) in bottom 
sediments from 11 measurement points on Biebrza river is 
presented in Table 1.

In general, the average metal content in river sediments 
occurred in the following decreasing order Fe > Mn > Zn > 
Cu > Co > Pb > Ni > Cr > Cd. The highest amounts of Fe and 
Mn were found in sediments, while the lowest – Cd, and this 
is largely the result of the geochemical properties of these 
elements. Biebrza River catchment is an area of wetlands 
and peat bogs that can be a natural source of Fe and Mn 
in bottom sediments. In most cases, the geochemical back-
ground established by Turekian and Wedephol [29] is used 
to assess river sediment contamination, and studies have 
shown that all analyzed metals are at the level of geochemi-
cal background, except from Cd (Table 1). In turn, according 
to the classification used in Poland, the analysis of sediment 
test results showed the geochemical background exceeded 
for Co and Cu (Table 1). On the other hand, the average con-
tents of analyzed elements in the bottom sediments of the 
Biebrza River are much smaller than the average amount 
of these metals in sediments in Poland [25]. For all tested 
trace elements (Ni, Co, Pb, Cu, Zn, Fe, Mn, Cr, and Cd), it 
was shown that 100% of collected bottom sediment samples 

reached the negative Igeo value, thus they can be classified as 
uncontaminated bottom sediments - class 0 (Table 2).

The pH of bottom sediments was similar to neutral and 
slightly alkaline, ranging from 7.6 to 8.2 pH. Sediments were 
characterized by relatively low content of MO, which ranged 
from 0.2% to 1.3% (Table 1).

3.2. Metal content in Phragmites australis

Chemical composition of surface waters is shaped as a 
result of many processes including, among others, substance 
exchange in the system of bottom sediment and aquatic 
plants. Macrophytes play an important role in aquatic eco-
systems [15,17,26]. These organisms have a characteristic 
structure adapted to life in conditions of constant contact 
with water. They have an extensive system of micronutrient 
uptake from the environment. They are considered reliable 
indicators of the quality of the aquatic environment [14,20]. 
Many authors Bonanno [18], Mazej and Germ [26], Vereecken 
et al. [38], Srivastava et al. [39], showed that the content of 
trace elements accumulated by aquatic plants was propor-
tional to their content in the aquatic environment and could 
help to estimate levels of pollution.

Ranges of mean contents of the studied elements in 
roots, stems, and leaves of Phragmites australis collected on 
the Biebrza River, are presented in Table 1. Based on the 
obtained results, it was observed that all tested plants show 
similar metal absorption capacity. Most metals occur in the 
roots, which was also confirmed by research performed by 
Cardwell et al. [14], Aksoy et al. [40], Vardanyan and Ingole 
[36], Parzych and Cymer [41]. It was shown that the contents 
of Ni, Pb, Cu, Zn and Mn in the plant material were within 
the limits of natural contents determined by Kabata-Pendias 
and Pendias [27] and Markert [28]. In contrast, Co, Cr, and 
Cd contents in roots and above-ground parts exceeded phys-
iological values (Table 1). The roots of Phragmites australis, 
referring to these elements, have reached a higher level indi-
cating a protective barrier limiting the movement of Co, Cr 
and Cd from underground organs to above-ground shoots, 
which is also confirmed by research by Hozhina et al. [42]. 
According to Baldantoni et al. [37], high content of metals in 
roots and low in stems and leaves indicates that sediments 
are the main source of metals and only not much is trans-
ferred to above-ground parts. There were also significant Fe 
contents in Phragmites australis (root – 9,153 ± 4,651, stem – 
399  ±  521, and leaf – 711  ±  1,119  mg  kg–1) and did not fall 
within the limit values for plants (50–200 mg kg–1). Iron con-
tent above 500 mg kg–1 is considered to be toxic to plants [43]. 
Such high contents of this element may prove the cumula-
tive properties of this species in relation to Fe. According to 
Kabata-Pendias and Pendias [27], Fe belongs to the elements 
of low mobility in the plant and is absorbed mainly in under-
ground parts. The strong accumulation of Fe in macrophytes 
has been described by Parzych et al. [44]. According to Otte 
and Jakub [45], deviations from natural contents may indi-
cate plants that may be suitable for biological monitoring. 
The average contents of analyzed metals in the plant material 
can be lined up in the following sequences: roots Fe > Mn > 
Zn > Cu > Co > Ni > Pb > Cr > Cd, stem Fe > Mn > Zn > Cu > 
Co > Ni > Pb > Cr > Cd, leaves Fe > Mn > Zn > Cu > Co > Ni 
> Cr > Pb > Cd.
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3.3. Bioconcentration factor and translocation factor coefficients

To assess the movement of metals from sediment to the 
roots of plants, the bioconcentration factor (BF) was calcu-
lated as shown in Table 3.

The average value of BF was increased in the following 
order: Mn > Fe > Cr > Cd > Co > Zn > Ni > Cu > Pb. The tests 
have shown higher metal contents in the roots of Phragmites 
australis than in sediments and the BF coefficient exceeded 
the unity. Phragmites australis can be used to phyto-stabilize 

contaminated bottom sediments, because metals are taken 
up by the roots, limiting mobility to above-ground parts [46]. 
Therefore, Phragmites australis can be considered the root 
battery of these metals [47].

The translocation factor (TF) provides information on 
the internal transport of metals within the plant. Values of 
translocation coefficients illustrate the mobility of analyzed 
metals in the stem-root and leaf-root relationship. TF  >  1 
values indicate a high degree of movement. The obtained 
mean values of the transport coefficient from roots to stems 

Table 1
Basic statistical data (n–11) of the content of studied indicators in bottom sediments and Phragmites australis (root, stem, and leaf) in 
Biebrza river

Element mg kg−1 DM Ni Co Pb Cu Zn Fe Mn Cr Cd

Root

Min-max 2.6–8.8 4.5–13.3 1.1–11.5 12.6–20.7 32.3–68.5 2,096–1,4786 79–603 1.6–9.6 0.13–0.61
Mean ± SD 5.3 ± 2.1 8.7 ± 2.7 5.1 ± 3.3 16.7 ± 2.6 50.5 ± 12.2 9,153 ± 4,651 408 ± 204 4.5 ± 2.6 0.42 ± 0.15
Coefficient of variation 
(%)

38.5 31.5 64.7 15.5 24.2 50.8 50.2 56.5 36.7

S-W test 0.2 0.98 0.17 0.52 0.63 0.04 0.03 0.09 0.45

Stem

Min-max 1.2–3.7 1.1–6.4 0.2–2.0 8.5–17.2 1.3–50.1 40–1,845 35–575 0.21–3.16 0.05–0.75
Mean ± SD 2.1 ± 0.7 3.0 ± 1.5 0.9 ± 0.5 11.5 ± 2.7 33.0 ± 13.9 399 ± 521 234 ± 178 1.45 ± 0.99 0.39 ± 0.24
Coefficient of variation 
(%)

33.7 47.8 52.7 23.2 42.3 130.6 76.2 67.91 62.43

S-W test 0.20 0.21 0.16 0.18 0.27 0.00 0.34 0.26 0.64

Leaf

Min-max 1.5–4.3 0.9–7.9 0.2–2.3 9.3–14.3 16.9–34.4 61–3,910 42–527 0.1–3.3 0.02–0.51
Mean ± SD 2.3 ± 0.8 3.3 ± 1.9 1.2 ± 0.7 11.6 ± 1.7 24.7 ± 4.6 711 ± 1,119 241 ± 190 1.3 ± 1.2 0.32 ± 0.16
Coefficient of variation 
(%)

35.7 57.1 55.5 15.2 18.6 157.3 78.9 93.2 50.0

S-W test 0.08 0.07 0.76 0.18 0.45 0.00 0.09 0.04 0.16

Bottom sediments

Min-max 1.3–6.6 1.9–9.5 0.39–9.3 6.8–15.2 5.2–92.8 1,093–6,476 18–363 0.4–4.7 0.01–0.53
Mean ± SD 3.6 ± 1.8 4.8 ± 2.7 4.2 ± 3.3 10.8 ± 3.2 31.0 ± 25.1 2,680 ± 1,727 98 ± 93 2.1 ± 1.6 0.20 ± 0.2
Coefficient of variation 
(%)

50.2 56.9 78.4 30.7 80.9 64.5 94.8 76.8 91.7

S-W test 0.18 0.15 0.25 0.10 0.06 0.05 0.00 0.05 0.09
pH min-max 7.6–8.2
MO (%) min-max 0.2–1.3
Natural levels in plants 0.1–5a 0.01–0.8a 0.1–5b 5–30a 10–70b 50–200b 20–500a 0.02–0.5a 0.05–0.2a

Geochemical 
background

68c 5d 19c 2d 20c 10d 45c 6d 95c 48d 47,700c 850c 90c 5d 0.3c 0.5d

aKabata-Pendias and Pendias [27], bMarkert [28], cTurekian and Wedephol [29], dBojakowska [24].

Table 2
Value of the geochemical index (Igeo) in bottom sediments of Biebrza river

Metal Ni Co Pb Cu Zn Fe Mn Cr Cd

Igeo –4.62 ± 0.64 –2.40 ± 0.61 –2.75 ± 1.06 –2.41 ± 0.65 –2.20 ± 1.32 –4.38 ± 0.70 –3.38 ± 0.95 –5.72 ± 0.82 –0,34 ± 0.74
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and leaves are smaller than 1.0 (Table 3). Mobility of tested 
metals in Phragmites australis differed in the analyzed parts 
(stem, leaf). Higher TFs were recorded for most of the stud-
ied elements between roots and leaves with the exception of 
Zn, Cr, and Cd, for which TF was higher between the root 
and the stem. The lowest TF values were recorded for Fe 
(stem/root - 0.10 and leaf/root - 0.12), which, combined with 
high BCF - 3.42, suggests that Phragmites australis can be 
used to phyto-stabilize the Fe-contaminated sediments.

4. Interpretation of results using statistical analyses

Statistical analyses began with the Shapiro-Wilk normal-
ity test. The test results indicate that most variables have a 
normal distribution. The variability of the parameters exam-
ined was tested on the basis of the coefficient of variability. 
High values of the variability coefficient indicate the pres-
ence of sources of the metals tested, while the small ones 
may indicate their contents close to natural ones. During 
the analyses, it was noticed that variables characterized by 
large values of variability coefficients did not have normal 
distribution as opposed to variables with small coefficients of 
variation, which had a normal distribution.

During the analyses, in the majority of cases, higher val-
ues of coefficients of variability for a specific metal in bot-
tom sediments were observed in comparison with individual 
organs of the studied plants (Table 1). It can be deduced from 
this that bottom sediment is more susceptible to external 
contaminants compared to macrophytes. Research by Jia et 
al. [48] showed another element of the aquatic environment, 
in which the variability of metals occurrence is greater than 
in bottom sediments. This element is water. It is known that 
water is more vulnerable to seasonal fluctuations, therefore 
bottom sediment is more appropriate to assess the level of 
ecological threats to the aquatic environment. According to 
MacDonald et al. [49], bottom sediment is a good indicator 
for assessing the long-term impact of metals on the aquatic 
environment.

The paper does not include the Pearson correlation 
matrix showing the relationships between investigated met-
als in bottom sediments and organs of aquatic plants as well 
as MO and pH due to its size. However, attention was paid to 
the most characteristic dependencies from the points of view 
of the issues described in the publication. Strong Pearson 

correlations were observed from r = 0.60 to r = 0.90 between 
metals in bottom sediments, which may indicate their com-
mon sources. But this mechanism is not always present, 
which was confirmed by research conducted by Ma et al. 
[50]. Analyses also indicate positive relationships between 
the amount of MO and metals in sediments, as shown by 
Pearson correlation coefficients ranging from r  =  0.69 to 
r = 0.92. MO binds metal ions immobilizing them in bottom 
sediments. Iron present in the sediments also binds to ions 
of the investigated metals, which is indicated by large values 
of Pearson correlation coefficients r  =  0.61 to r  =  0.90. The 
well-known metal adsorption mechanism on iron oxides has 
been of key importance here. The behavior of metals in bot-
tom sediments is also strongly influenced by the reaction of 
sediments. Analyses revealed negative significant Pearson 
correlation coefficients from r  =  –0.44 to r  =  –0.88 between 
the reaction of sediments and the content of metals in them. 
Metals present in more acidic sediments may change their 
form to a more mobile. Sediment reaction is one of the most 
important of their properties affecting the behavior of metals 
and other components.

In order to identify possible sources of heavy metals in 
sediments and macrophytes, a multivariate statistical anal-
ysis (FA) was used. FA is widely used to identify sources of 
pollution [51–54]. On the basis of FA, a large number of vari-
ables was reduced to only two (factor 1 and factor 2) based 
on the “scree criterion” and “Kaiser criterion” together 
representing 52% of global variability of phenomena and 
processes occurring in the analyzed system (Table 4).

Factors 1 and 2 are correlated with some variables based 
on significant so-called factor loads, the values of which are 
greater than 0.7. The obtained factor loads are equivalents 
of correlation coefficients. Factor loads can also correlate 
with each other. Factor 1, explaining 33% variability, is cor-
related with metals present in sediments and may indicate 
active point and surface sources of these elements within the 
Biebrza river. A positive factor load representing MO is also 
associated with its supply to sediments from river catch-
ment regions. The catchment area is forests, wetlands and 
peat bogs. MO has binding properties in relation to metals 
as previously indicated. The enrichment mechanism is the 
main mechanism in the analyzed system as indicated by 
the level of the total variance (variability) - 33%. The sec-
ond factor 2, which explains only 19% of variability, is asso-
ciated with enrichment in metals in most cases of leaves of 
the studied macrophytes. Places, from which samples of 
sediments and aquatic plants (macrophytes) were collected, 
were usually located near bridges, through which commu-
nication routes run. Moving car vehicles are the source of 
the so-called road dust generated mainly during braking, 
abrasion of tires on the road surface, abrasion of brake pads 
and corrosion. As indicated by domestic and foreign stud-
ies, road dust contains large amounts of metals that can 
accumulate and migrate within the environment [55,56]. 
Therefore, metals contained in macrophyte leaves can pass 
from road dust accumulating on their surfaces during the 
movement of vehicles car. Therefore, factor 2 allowed for 
the identification of the second source of metals within 
the Biebrza river, that is, moving motor vehicles on roads 
running on bridges. However, factor 1 has the most impact 
on the supply of metals to the Biebrza river. To carry out 

Table 3
Transfer factor of metals from roots to other organs of Phragmites 
australis from Biebrza river (mean)

Element Root/sediment Stem/root Leaf/root

Ni 1.50 0.41 0.44
Co 1.82 0.35 0.37
Pb 1.21 0.17 0.23
Cu 1.44 0.69 0.71
Zn 1.62 0.65 0.49
Fe 3.42 0.10 0.11
Mn 4.11 0.57 0.59
Cr 2.17 0.32 0.28
Cd 2.11 0.92 0.76
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further analysis of the reduced amount of data, the values 
of unobservable variables (factors 1 and 2) should be esti-
mated. Estimations obtained (quantities determined based 
on a sample to assess the entire population) are called factor 
values. Distribution of factor values was analyzed along the 
river surveyed in Fig. 2.

The largest factor values representing factor 1 were at 
the source point of the Biebrza River and at the point named 
Polkowo. Before the research point - the source has its estu-
ary in the tributary of the Biebrza River – Sidra River. The 

largest sources of contamination of the Sidra River include 
the Agricultural School in Różany Stok and mechanical and 
biological treatment plant processing 65 m3 of sewage daily. 
Sidra is a small river with irregular banks flowing through 
farmland, meadows, and pastures where cattle graze. In 
addition, the Sidra River is supplied with drainage ditches 
along its entire length. Agricultural activity related to fer-
tilization, mechanization of agriculture and field runoff is, 
in this case, the main source of metals at this point. Before 
the Polkowo point, the Augustów Canal flows into the 
Biebrza River, collecting pollution from the urbanized area 
of Augustów, sewage treatment plants, and surrounding 
fields and pastures. This is the main source of metals at this 
point. Factor 2 is related to the absorption of metals through 
the leaves of macrophytes. The origin of metals absorbed 
by macrophytes is associated with road dust generated on 
communication bridges. The biggest impact of the second 
factor takes place in the following points: Ostrów, Polkowo, 
Osowiec, and Rutkowskie.

Zhang et al. [57] used HCA to characterize spatial 
changes in surface water quality and to classify a possible 
source based on a relatively small, short-term data set. The 
HCA cluster analysis was carried out to assess the similarity 
of groups that create sampling sites. The applied statistical 
method HCA (Fig. 3) allowed to divide 11 sampling points 
into two groups (clusters).

The first cluster 1 (Jagłowo, Rutkowskie, Osowiec, 
Brzostowo, Goniądz, Sztabin, and Ostrowie) was identi-
fied, as well as cluster group 2 (Dolistowo, Lipsk, Polkowo, 
springs of Biebrza river). It turned out that before the points 
included in the first group (cluster 1), there are no tributaries 
of the Biebrza river in the form of rivers, canals or streams. 
However, before the points forming the second group 
(cluster 2), such tributaries occur Dolistowo - a tributary of 
Brzozówka river, Lipsk and the springs of Biebrza river - 
Sidra river and Polkowo - the Augustów Canal. In addition, 
in Augustów, (Qdśr –3850 m3 d–1), Lipsk (Qdśr –250 m3 d–1) and 
Dolistowo (Qdśr –120 m3 d–1), the largest municipal sewage 
treatment plants in Biebrza river catchment are located. In 
connection with the above, the CA analysis allowed us to 
identify the point sources of Biebrza river pollution in the 
form of its tributaries and sewage treatment plants trans-
porting contaminants from agricultural and urban areas.

5. Summary

Analysis of results of the geo-accumulation index for 
all analyzed trace elements showed that bottom sediments 
collected from the Biebrza River are uncontaminated (class 
0). The research of plant material showed that the highest 
contents of studied elements occur in the roots of Phragmites 
australis. Limited mobility and translocation of metals 
present in the plant make it a good species for the phyto-
stabilization of bottom sediments, in particular in the case 
of Fe. Analysis of Pearson correlation revealed a common 
source of metals detected in the bottom sediments of the 
Biebrza River. Metals are bound to a large extent by MO 
and iron oxides. FA allowed identifying two sources of met-
als in sediments and macrophytes. The first source, as more 
important, are active point and surface sites associated 
with municipal and agricultural management. The second 

Table 4
Factor analysis results (FA), factor loads >0.70

Variables Factor 1 Factor 2

Ni Sediment 0.97 0.21
Root 0.18 –0.04
Stem 0.16 0.63
Leaf 0.54 0.81

Co Sediment 0.95 –0.07
Root 0.09 –0.05
Stem 0.22 0.61
Leaf 0.32 0.87

Pb Sediment 0.88 0.03
Root –0.00 –0.10
Stem 0.61 0.47
Leaf –0.03 0.74

Cu Sediment 0.83 0.13
Root 0.23 0.40
Stem –0.34 0.78
Leaf 0.50 0.48

Zn Sediment 0.88 –0.08
Root 0.38 0.05
Stem –0.11 0.34
Leaf 0.10 0.48

Fe Sediment 0.79 0.22
Root –0.71 0.13
Stem –0.38 –0.13
Leaf 0.03 0.36

Mn Sediment 0.44 0.22
Root –0.75 0.20
Stem –0.70 –0.26
Leaf –0.79 0.28

Cr Sediment 0.89 0.22
Root –0.29 0.16
Stem –0.13 0.72
Leaf 0.29 0.67

Cd Sediment –0.66 –0.25
Root 0.59 –0.66
Stem 0.19 –0.77
Leaf –0.01 –0.88

M 0.88 0.40
Sediment pH –0.75 –0.15
Explained variance 33% 19%
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Fig. 2. Linear variability of factor values (FA) along the Biebrza river.
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source, no longer relevant, is associated with road dust pro-
duced by moving motor vehicles on roads located on the 
bridges of Biebrza River.

Statistical models (FA and HCA) allowed to identify the 
main routes of metals transport from Biebrza river catch-
ment. These are canals, streams and ditches draining the area 
diversified in terms of use.
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