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a b s t r a c t
In this paper, we evaluated the effects of herbaceous plants and bryophytes on the physicochemical 
properties of waters flowing through the mid-forest spring niche. The research was carried out in 
the Kamienna River valley, in Northern Poland. In streams, submerged macrophytes belonging to 
the Pellio endiviifoliae-Cratoneuretum commutati community were found. Herbaceous plants (Cardamine 
amara, Glyceria plicata, Mentha aquatica, Stellaria uliginosa) and bryophytes (Brachythecium rivulare, 
Palustriella commutata, Pellia endiviifolia) of the highest classes of stability and with the highest cover 
coefficients were chosen for chemical research. During growing seasons, the pH and concentrations of 
potassium (K+), nitrate (NO3

–), sulfate (SO4
2–), phosphate (PO4

3–), iron (Fe3+) and manganese (Mn2+) ions in 
the stream flowing through the mid-forest spring niche were significantly modified by plants via the 
uptake and accumulation of macro- and trace elements C. amara had the greatest capacity to modify 
stream ion concentrations among the plants assessed. The plant stood out against other species with 
its above-average capacity to accumulate phosphorus (P), potassium (K) and magnesium (Mg). This 
species accumulated high quantities of nutrients (3,439.7 mmol × kg–1), which were mainly comprised 
of macroelements. On the other hand, in P. endiviifolia thalli, above-average levels of Fe and Mn were 
noted. The accumulation potentials of C. amara and P. endiviifolia indicate that the presence of these 
species significantly affect the physicochemical properties of water. This information has an important 
practical dimension, which is related to the potential use of C. amara and P. endiviifolia as water quality 
modifying agents.

Keywords: �Stream; Bryophytes; Herbaceous plants; Accumulation nutrients elements; Hierarchical 
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1. Introduction

The greatest degree of plant species diversity is found 
in river valleys [1–4]. Further, diverse plant species play an 
essential role in shaping the physicochemical properties of 
flowing waters [5,6]. The species composition of plant com-
munities occurring in the zone of river water flow depends 
mainly on water and soil conditions [4,7–9]. The direction 
and range of changes in the physicochemical parameters of 

waters are determined primarily by the species composition 
of plant communities, soil fertility, and anthropogenic factors 
[10–13].

Macrophytes growing along streams and rivers and their 
valley bottoms, in addition to the stabilization of the shore-
line, accumulate high levels of nutrients, often in quantities 
exceeding physiological demands, which affect physico-
chemical properties of flowing waters [14]. Studies on the 
accumulation potential of plants are important for identify-
ing new practices that can be used to improve water quality. 
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Data previously reported in the literature have indicated the 
high level of potential of plants growing in river valleys to 
selectively accumulate above-average quantities of nutrients 
[15–17]. Studies on the accumulation potential of macro-
phytes in river valleys [18–22] confirm that plants depending 
on the species take up to 47% of nitrogen compounds and 
about 60% of phosphorus compounds from flowing waters, 
and are protected against eutrophication. The quantity of the 
elements accumulated by plants depends to a large extent 
on factors dependent on the plants themselves (species, age, 
developmental phase), as well as the bioavailability of nutri-
ents [23]. The diverse requirements of plants and the sea-
sonal variability of the environment make the nature of the 
plant-environment relationship in the growing season very 
dynamic [24–26]. Despite extensive information available in 
the literature regarding the relationship between the phys-
icochemical properties of waters and the content of macro- 
and trace elements in plants, the accumulation potential of 
many species remains undetermined. This applies especially 
to headwater areas [27] since they are ecological niches con-
taining high levels of biological diversity [28]. Moreover, the 
physicochemical transformation of waters in the upper part 
of the stream network is often neglected, despite its signif-
icant impact on the water quality of lower courses [25,29]. 
The characterization of the capacity of macrophytes to accu-
mulate nutrients in streams and their impact on the physico-
chemical properties of waters flowing through the mid-forest 
spring niche may provide researchers with the information 
needed to use particular species in water treatment processes 
[17,30,31]. Indication of species which, under conditions of 
limited anthropopressure, are good accumulators of selected 
elements, may significantly affect efforts to improve water 
quality [32].

This study aimed to determine whether the presence of 
submerged macrophytes in streams affected the physico-
chemical properties of waters by accumulating nutrients. For 
this purpose, (1) a species inventory of macrophytes present 
in the stream was performed, (2) the plant chemistry was 
assessed three times throughout growing seasons from 2012 
to 2014, and (3) the physicochemical properties of stream 
water immediately in front of and behind the spring niche 
were determined throughout monthly cycles (2012–2014). 
The conducted research allowed researchers to compare the 
quality of stream waters in spring niche in different growing 
seasons and beyond. Further, we were able to establish which 
physicochemical parameters studied were significantly mod-
ified by the vegetation of the spring niche and plant spe-
cies with the highest accumulation potential concerning the 
nutrients tested.

2. Materials and methods

2.1. Study area

The research was carried out in the upper course of the 
Kamienna Creek, a left-bank tributary of the Słupia River, 
in Northern Poland (54°19′N; 17°10′E), Fig. 1. The catchment 
of the creek studied was located in post-glacial landscape 
of Central Pomerania. It was entirely covered by forests of 
diverse spatial composition, which contained a predomi-
nance of beech, pine and spruce in its upland portion and 

black alder in its valley bottom [26]. The area is influenced by 
anthropogenic factors that have the potential to modify the 
eco-chemical state, and overall quality, of the ecosystem. Soils 
surrounding the spring niche (Sapric Histosols) were charac-
terized by their spatially diverse thickness that did not exceed 
1 m and their acidity. The soil contained high concentrations 
of nitrogen, potassium, calcium, and magnesium, and had 
relatively low levels of phosphorus [12]. Underground water 
systems that flow along the valley slopes form a network of 
small streams that cross the peatland, which is covered with 
herbaceous vegetation and bryophytes. The highest degree of 
plant species diversity of was found in the immediate vicin-
ity of groundwater outflow. Most species developed on the 
sandy bottom of the stream, except for bryophytes, which 
sporadically covered stones and dead branches.

2.2. Sampling and analysis of water

Water samples were collected for testing every month, 
from January 2012 to December 2014, immediately in front 
of and behind the spring niche. A total of 72 water samples 
were analyzed throughout the 36-month study. Water tem-
perature; pH, using the potentiometric method (CPI 551 
Elmetron, Poland); electrolytic conductivity (EC) (CC 315, 
Elmetron, Poland) and dissolved oxygen content (O2), using 
an oxygen probe (HI 9146), were measured in the field. 
Other parameters were measured in the laboratory. For this 
purpose, water samples were collected in 500  mL polyeth-
ylene bottles. Bicarbonate (HCO3

–) ion content was deter-
mined by titration with 0.1 mol × L–1 hydrochloric acid (HCl) 
solution, while K+, Na+, Ca2+, Mg2+, NH4

+, Cl–, NO3
–, PO4

3– and 
SO4

2– concentrations were assessed using ion chromatogra-
phy (881 Compact IC pro, Metrohm, Switzerland). Further, 
Zn2+, Fe3+, Cu2+, Ni2+, and Mn2+ concentrations were assessed 
using atomic absorption spectrometry (Analyst 300, Perkin-
Elmer (USA)), and Al3+ and Sr2+ concentrations were deter-
mined by microwave plasma atomic emission spectrome-
try (Agilent 4100 MP-AES, Australia). Water samples were 
filtered through a 0.20 μm sterile syringe filter and diluted 
with deionized water at a ratio of 1:4. The accuracy of the 
output was assessed using a certified reference material 
(Multi-element Ion Chromatography Standard, Certified 89 
866-50ML-F, Fluka, France). Thanks to the autosampler sys-
tem, all analyzes of examined water samples were performed 
within 24 h of the moment they were sampled.

2.3. Sampling and analysis of plants

Within the spring niche, a plant inventory was made 
using the Braun–Blanquet method [33], consisting of 12 phy-
tosociological images. Individuals of particular taxa were 
identified and counted, and then they were classified in the 
appropriate phytosociological system [34]. The constancy 
classes of species (S) and coverage factors (D) [35] in the 
years 2012–2014 were characterized. The nomenclature of 
herbaceous plants is given according to Mirek et al. [36] and 
bryophytes according to Ochyra et al. [37].

Seven representative species with the greatest constancy 
classes and coverage coefficients were selected for chemical 
analysis. These consisted of herbaceous plants including C. 
amara L., G. plicata (Fr.) Fr., M. aquatica L., and S. uliginosa 
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Murray and bryophytes: B. rivulare Schimp, P. commutata 
(Hedw.) Ochyra and P. endiviifolia (Dickson 1801) Dumortier 
1835. Plant samples were collected three times during each 
growing season (May, July, September) between 2012 and 
2014. A single sample consisted of shoots from a dozen or so 
specimens of a given species. In the case of herbaceous plants, 
parts of aboveground shoots were collected and in the case of 
bryophytes, the entire thalli were collected. Sixty-three plant 
samples were collected in total for chemical analysis. In the 
laboratory, the plants were washed using distilled water to 
remove residual sediments, then dried (65°C) in drying oven 
and homogenized (IKA A11). Until the analysis, samples 
were stored in closed polyethylene bags. Nitrogen was deter-
mined using the Kjeldahl method (automatic distiller, K-360 
Büchi, Switzerland) after samples were digested in a mixture 
of 98% H2SO4 and 30% H2O2 in a 1:1 ratio by volume. P, K, Ca, 
Mg, Zn, Fe, Cu, Ni, Mn, Al, and Sr were analyzed after sam-
ples were digested in a mixture of 65% HNO3 and 30% H2O2 
at a 1:1 ratio by volume and subsequently supplemented 
with deionized water (Hydrolab HLP10, Poland) to a volume 
of 50 mL. The content of P in solutions was determined by 
the molybdenum-blue method (spectrophotometer UV-VIS, 
Hitachi U-5100, Japan), whereas K, Mg, Ca, Zn, Cu, Ni, Fe, 
and Mn content was determined by flame atomic absorption 
spectrometry using an Analyst 300 spectrometer from Perkin-
Elmer (USA). Al and Sr content were determined in the same 
solutions by atomic microwave plasma atomic emission spec-
trometry (Agilent 4100 MP-AES , Australia). All the analysis 
were performed in three replicates. The tests were carried out 
using the original standards provided by Merck (Germany) 
(1 g.1 L–1). The quality of analysis was controlled based on cer-
tified reference material (aquatic plants, CRM 060 , Belgium). 
The error associated with the analysis of certified materials 
did not exceed the range deemed permissible (±3%).

2.4. Statistical analysis

The distribution of data regarding the physicochemical 
properties of water samples and the macro- and trace-element 

content within plants were tested using the Shapiro–Wilk test. 
Physicochemical characteristics of the water flowing in and 
out of the spring niche were compared using the non-para-
metric Mann–Whitney U test. The results of assessments 
of stream water were interpreted within growing seasons 
(May, June, July, August, September) and out of growing sea-
sons (January, February, March, April, October, November, 
December) from 2012 to 2014. In order to characterize the 
submerged macrophytes in the stream, constancy classes (S) 
and coverage factors (D) for each species were determined. 
Constancy classes determined the relative species purity 
within a syntax on. Five classes were defined as follows: 
Class I (1%–20% of occurrences), II (21%–40%), III (41%–
60%), IV (61%–80%) and class V (81%–100%) [34]. Coverage 
factor (D) numerically expresses the average share of 
particular species and was calculated from Eq. (1) as follows:

D =
×( )sum of the average coverage percentage 100

number of phyytosociological images
	 (1)

Both constancy classes and coverage factors determine 
the role of a particular species in the community which 
makes it possible to compare individual species. Data assess-
ing macro- and trace element content in bryophytes and her-
baceous plants were compared using the Kruskal–Wallis test 
(K–W) and the post hoc (Tukey HSD) test. The accumulation 
of macro- and trace elements in the species studied were cal-
culated using the accumulation nutrient elements method, 
which comprehensively reflects so-called nutritional factors 
[38]. The value of the sum of components and its ionic com-
position determine the flow of elements between the soil 
and the plant. The percentage of each component in the sum 
depends on the nutritional requirements of the plant species 
about macro- and trace elements [38,39]. The sum of elements 
(Y) in mmolc

 kg–1 was calculated based on Eq. (2):

Y Z
z

= ∑








 	 (2)

Fig. 1. Hydrographic network (in blue), the boundaries of the Kamienna Creek catchment (in red) and research spring niche location 
(in black).
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where Z indicates the concentration of each element 
(mg  ×  kg–1) and z indicates atomic weight divided by ion 
valence. After the calculation of Y, the percentage (X) of each 
element in the sum was calculated based on Eq. (3) as follows:

X Z
z

Y=








×









 ×

−100 1 	 (3)

Diversity in terms of the varied accumulation potential of 
tested plants in relation to macro- and trace element content 
is presented on a Ward method dendrogram. This method 
illustrates the hierarchical structure of a set of objects due 
to the decreasing similarity between them [40]. The Ward 
method differs from all others because it uses the analysis of 
variance approach to estimate the distance between clusters. 
It is treated as very effective, although it tends to create small 
size clusters. All calculations were performed using the soft-
ware package Statistica 13.3. (Statsoft Inc., USA).

3. Results

3.1. Physicochemical properties of waters in stream

Water temperatures recorded during the 36-month study 
period were between 6.3°C and 9.5°C and were closely 
related to weather conditions. The water samples were either 

neutral or slightly alkaline, and pH values ranged from 7.40 
to 7.61. The average EC of water flowing into the niche was 
between 292.86 and 364.40 µS × cm–1 and decreased as water 
flowed through the niche, reaching values that ranged from 
283.57 to 345.00 µ S  ×  cm–1. The concentration of dissolved 
oxygen varied spatially, from 5.77 to 5.88 mg × L–1 and 8.49 to 
8.60 mg × L–1 in front of and behind the spring niche, respec-
tively (Table 1).

Further, Na+ content was determined to be between 
5.19 and 5.36 mg × L–1 in front of the spring niche and 5.18 
and 5.22 mg × L–1 behind the niche (Table 1). Slightly lower 
concentrations of K+ ions were determined, in which val-
ues ranged from 1.03 to 1.24  mg  ×  L–1. Values determined 
depended on the position and date of sampling. Samples 
had very low concentrations of NH4

+ ions (0.06–0.19 mg × L–1) 
throughout the research period. Cations were predominantly 
identified as Ca2+, which were present at concentrations 
between 42.20 and 59.25  mg  ×  L–1. Other cations, includ-
ing Mg2+ (2.70–3.77 mg × L–1), Fe3+ (1.14–1.46 mg × L–1) and 
Mn2+ (0.12–0.30 mg × L–1), were present at significantly lower 
concentrations. Further, Zn2+, Cu2+, Ni2+, Al3+, and Sr2+ concen-
trations were below the limit of detection (<0.01  mg  ×  L–1) 
irrespective of the location sampled and time point of collec-
tion (Table 3).

The most commonly identified anion was HCO3
–, 

which was present at concentrations between 163.83 and 

Table 1
Mean values of physicochemical parameters of water inflowing and outflowing from the mid-forest spring niches over the growing 
seasons and during growing seasons with U Mann–Whitney test results

Parameter Outside the growing seasons Growing seasons

Inflow of water Outflow of 
water

U Mann– 
Whitney test  
(p-values)

Inflow of water Outflow of 
water

U Mann– 
Whitney test  
(p-values)

Temperature (°C) 7.3 ± 1.08 6.3 ± 2.03 – 8.6 ± 0.42 9.5 ± 0.79 –
pH 7.40 ± 0.20 7.58 ± 0.26 – 7.45 ± 0.26 7.61 ± 0.22 <0.05
EC (µS cm–1) 292.86 ± 71.45 283.57 ± 67.52 – 364.40 ± 86.62 345.00 ± 85.35 –
O2 (mg L–1) 5.77 ± 1.04 8.60 ± 1.28 <0.01 5.88 ± 0.56 8.49 ± 0.40 <0.01
Na+ (mg L–1) 5.36 ± 0.51 5.18 ± 0.47 – 5.19 ± 0.36 5.22 ± 0.38 –
K+ (mg L–1) 1.24 ± 0.22 1.15 ± 0.25 – 1.16 ± 0.11 1.03 ± 0.12 <0.05
NH4

+ (mg L–1) 0.17 ± 0.16 0.19 ± 0.14 – 0.06 ± 0.11 0.11 ± 0.21 –
Mg2+ (mg L–1) 3.12 ± 1.32 2.70 ± 1.40 – 3.77 ± 1.85 3.57 ± 1.96 –
Ca2+ (mg L–1) 45.10 ± 20.25 42.20 ± 17.82 – 59.25 ± 12.88 58.03 ± 15.11 –
HCO3

– (mg L–1) 181.80 ± 4.24 163.83 ± 6.52 <0.01 182.38 ± 6.95 164.08 ± 3.33 <0.01
Cl– (mg L–1) 7.34 ± 0.76 7.56 ± 0.90 – 6.68 ± 1.05 6.44 ± 1.00 –
NO3

– (mg L–1) 2.28 ± 1.18 1.23 ± 0.89 – 2.57 ± 0.95 0.91 ± 0.46 <0.05
SO4

2– (mg L–1) 21.54 ± 2.49 22.45 ± 1.94 – 20.14 ± 1.11 21.32 ± 0.56 <0.05
PO4

3– (mg L–1) 0.80 ± 0.16 0.52 ± 0.39 – 0.93 ± 0.14 0.45 ± 0.46 <0.05
Zn2+ (mg L–1) <0.01 <0.01 – <0.01 <0.01 –
Fe3+ (mg L–1) 1.46 ± 0.3 1.43 ± 0.4 – 1.45 ± 0.3 1.14 ± 0.2 <0.05
Cu2+ (mg L–1) <0.01 <0.01 – <0.01 <0.01 –
Ni2+ (mg L–1) <0.01 <0.01 – <0.01 <0.01 –
Mn2+ (mg L–1) 0.29 ± 0.07 0.28 ± 0.05 – 0.30 ± 0.04 0.12 ± 0.02 <0.05
Al3+ (mg L–1) <0.01 <0.01 – <0.01 <0.01 –
Sr2+ (mg L–1) <0.01 <0.01 – <0.01 <0.01 –
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182.38 mg × L–1, depending on the sampling point (Table 1). 
Concentrations of NO3

– ranged from 2.28 to 2.57  mg L–1 in 
front of the niche and from 0.91 to 1.23  mg L–1 behind the 
spring niche, and showed seasonal variation. The aver-
age SO4

2– content of water samples ranged from 20.14 to 
21.54  mg L–1 in front of the spring niche and from 21.32 to 
22.45  mg  L–1 directly behind the niche (Table 1). The con-
centration of PO4

3– ions in front of the niche ranged from 
0.80 to 0.93 mg L–1 and decreased as a result of contact with 
macrophytes. In such instances, concentrations ranged from 
0.45 to 0.52 mg L–1.

3.2. Characteristics of plant communities in stream

The spring niche studied contained macrophytes belong-
ing to the Pellio endiviifoliae-Cratoneuretum commutati commu-
nity and those that associated with Cratoneurion commutati, 
34 species, including 25 vascular plants and 9 bryophytes 
were identified. Among these plants, C. amara, Cratoneuron 

filicinum, Chrysosplenium alternifolium, Geranium robertianum, 
Lemna minor, Veronica beccabunga, P. endiviifolia, B. rivulare, 
P. commutata, Epilobium parviflorum and Oxalis acetosella were 
identified. The number of species in individual phytosociolog-
ical images ranged from 8 to 15 (average 12). Coverage of the 
bottom of the stream by bryophytes ranged from 45% to 95% 
(average 75%), while coverage by herbaceous plants ranged 
from 20% to 60%, (average 40%). The species chosen for chem-
ical tests belonged to the highest constancy class and had the 
greatest coverage factors (Table 2). P. endiviifolia and P. commu-
tata showed the highest degree of constancy (V), and Pel_end 
had the highest coverage factor (D) among plants assessed. In 
the group of plants assessed, B. rivulare and Stellaria nemorum 
were members of a low constancy class (II) and had the lowest 
coverage factors (283 and 133, respectively).

3.3. Macro- and trace elements concentration in plants

The plants selected for subsequent research accumu-
lated elements to varying degrees during the research 
period. Average nitrogen content values ranged from 
9,333.3 mg × kg–1 (Pal_com) to 25,433.3 mg × kg–1 (Car_ama) 
(Fig. 2). The largest variability in N content during grow-
ing seasons was found in Gly_pli, and the lowest degree of 
variability was observed in Pal_com and Bra_riv. Phosphorus 
content of plants was maintained at the levels from 
1,134.0  mg  ×  kg–1 (Pal_com) to 6,553.6  mg  ×  kg–1 (Car_ama), 
and potassium levels ranged from 3,777.9 mg × kg–1 (Pal_com) 
to 53,782.2 mg × kg–1 (Car_ama). Magnesium content ranged 
from 1,402.7 mg × kg–1 (Bra_riv) to 4,956.8 mg × kg–1 (Car_ama), 
and calcium levels ranged from 5,643.0  mg  ×  kg–1 (Bra_riv) 
to 22,153.3 mg × kg–1 (Car_ama). Further, N/P ratios ranged 
from 3.87 to 8.23 in bryophytes and 3.88 to 5.11 in herbaceous 
plants (Table 3). Among the analysed plant species, Gly_pli 
and Ste_uli were identified as showing the largest degree 
of variability with regard to P, K, Mg and Ca content, while 

Table 2
Characteristic of selected bryophytes (a) and herbaceous plants 
(b) species

Species Code S D

Brachythecium rivulare aBra_riv II 283
Cardamine amara bCar_ama IV 1,475
Glyceria plicata bGly_pli III 475
Mentha aquatica bMen_aqu IV 767
Palustriella commutata aPal_com V 729
Pellia endiviifolia aPel_end V 4,292
Stellaria uliginosa bSte_uli II 133

Note: S – constancy class, D – coverage factor

Table 3
Minimum and maximum of macro- and trace elements content (mg kg–1) in bryophytes and herbaceous plants

Elements Bryophytes Herbaceous plants Natural content 
in plantsMinimum Maximum Minimum Maximum

N 9,333.3 14,933.3 14,583.3 25,433.3 13,000–31,000a

P 1,134.0 3,854.3 3,192.7 6,553.6 1,000–4,000a

K 3,777.9 34,891.1 25,411.1 53,782.2 5,000–12,000a

Mg 1,402.7 3,226.0 3,301.2 4,956.8 1,000–4,000a

Ca 5,643.0 12,412.2 11,470.4 22,153.3 1,000–33,000a

Zn 20.0 46.1 17.1 19.9 10–70b

Fe 393.5 3,231.4 219.7 358.1 5–375b

Cu 8.3 13.5 10.2 34.7 4–5b

Ni 15.9 19.6 9.6 25.9 0.5–5b

Mn 180.5 2,866.4 94.3 252.7 10–25b

Al 218.9 311.6 72.5 167.5 2–200b

Sr 24.0 60.4 35.9 79.6 4.7–50b

N/P 3.87 8.23 3.88 5.11 9.5c

Fe/Mn 1.13 2.94 1.42 3.46 1.5–2.5b

a[36], b[38], c[39]
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Bra_riv and Pel_end showed the smallest degree of variability. 
In the species considered, very high iron content was found 
in the thalli of Pel_end (3,231.4 mg × kg–1) in comparison with 
other species including Car_ama (217.9 mg × kg–1) and Pal_
com (479.2 mg × kg–1)(Fig. 2).

Levels of zinc in plants assessed ranged from 17.1 mg × kg–1 
(Ste_uli) to 46.1  mg  ×  kg–1 (Pel_end), copper levels ranged 
from 8.3 mg × kg–1 (Pal_com) to 34.7 mg × kg–1 (Car_ama), and 
Ni2+ levels observed ranged from 9.6 mg × kg–1 (Men_aqu) to 
25.9 mg × kg–1 (Car_ama) (Fig. 3). Significantly higher levels 
of manganese, Al3+, and Sr2+ were observed, which ranged 
from 94.3  mg  ×  kg–1 (Car_ama) to 2,866.4  mg  ×  kg–1 (Pel_
end), 72.5  mg kg–1 (Ste_uli) to 311.6  mg  ×  kg–1 (Pel_end) and 
24.0 mg kg–1 (Bra_riv) to 79.6 mg kg–1 (Men_aqu), respectively. 
The Fe/Mn ratio varied in both bryophytes and herbaceous 
plants and ranged from 1.13 to 2.94 and from 1.42 to 3.46, 
respectively (Table 3).

The results of our studies revealed statistically signifi-
cant differences with respect to N, K, Mg, and Zn (p < 0.01) 

and P, Fe, Cu, Ni, Mn, Al, and Sr (p < 0.05) content between 
plant species considered (Figs. 2 and 3). The greatest quan-
tities of N, P, K, Mg, Ca, and Ni were found in herbaceous 
plants (Car_ama), and the greatest concentrations of Fe, Zn, 
Mn, Cu, and Al were found in bryophytes (Pel_end), while 
the greatest concentrations of Sr were found in herbaceous 
plants (Men_aqu) (Table 3). According to results of post hoc 
Tukey HSD test, differences between C. amara and P. commu-
tata (p < 0.001), B. rivulare (p < 0.01), G. plicata (p < 0.05) and M. 
aquatica (p < 0.05) (Table 4) were significant.

3.4. Accumulation of macro- and trace elements in plants

Total levels of macro and trace elements present within 
each species were calculated separately (Table 5). Bryophytes 
accumulated all elements analyzed at levels ranging from 
754.1 mmolc

 kg–1 (Pal_com) to 2,219.6 mmolc × kg–1 (Pel_end), 
and herbaceous plants accumulated levels ranging from 
1,836.8 mmolc × kg–1 (Gly_ply) to 3,439.7 mmolc × kg–1 (Car_ama). 
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Fig. 2. Mean and range of content of N, P, K, Mg, Ca and Fe in plants in mid-forest spring niches with Kruskal–Wallis (K–W) test 
results (dark gray – statistically significant at p < 0.01, gray – statistically significant at p < 0.05, colorless – no statistical significance).
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Macroelements made up more than 99% of the total content 
of the elements assessed in herbaceous plants and ranged 
from 94.4% to 97.9% of all elements assessed in bryophytes. 

Macronutrients identified included nitrogen, phosphorus, 
potassium, magnesium, and calcium, which ranged from 
9.7% (Men_aqu) to 13.7% (Car_ama), 22.4% (Men_aqu) to 41.2% 
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Fig. 3. Mean and range of Zn, Cu, Ni, Mn, Al and Sr content in plants with Kruskal–Wallis (K–W) test results (dark gray – statistically 
significant at p < 0.01, gray – statistically significant at p < 0.05, colorless – no statistical significance).

Table 4
Post hoc test results (Tukey HSD test)

Species Gly_pli Car_ama Men_aqu Ste_uli Bra_riv Pal_com Pel_end

Gly_pli <0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Car_ama <0.05 <0.05 >0.05 <0.01 <0.001 >0.05
Men_aqu >0.05 <0.05 >0.05 >0.05 >0.05 >0.05
Ste_uli >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Bra_riv >0.05 <0.01 >0.05 >0.05 >0.05 >0.05
Pal_com >0.05 <0.001 >0.05 >0.05 >0.05 >0.05
Pel_end >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

Note: bold values are statistically significant
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(Pal_com), 13.2% (Pal_com) to 42.7% (Pel_end), 5.9% (Men_aqu) 
to 8.4% (Pal_com), and 14.0% (Ste_uli) to 26.1% (Pal_com) of 
the total quantity of elements assessed. Microelements iden-
tified predominantly consisted of iron, which comprised 
46.8%, 43.2% and 40.9% of total microelement totals in Pel_
end, Ste_uli, and Gly_pli, respectively. Manganese consisted 
of 42.3% and 31.1%, of microelements in Pel_end and Ste_uli, 
respectively, and Al3+ made up 45.0%, 41.7%, and 39.9% of 
the total micronutrient content in Pal_com, Bra_riv and Gly_
pli (Table 5). We were able to show that there were statisti-
cally significant differences (p  < 0.001) between the content 
of trace elements when groups of plants were compared. 
Data revealed that trace element content ranged from 2.03% 
to 5.56% and 0.34% to 0.84% in bryophytes and herbaceous 
plants, respectively.

Three groups of plants were identified (Fig. 4) using hier-
archical cluster analysis. Group A consisted of both herba-
ceous plants and bryophytes and included Gly_pli, Pel_end, 
Men_aqu, and Ste_uli. The group was characterized by its 
high proportion of Fe, Mn and Al (89.7–98.5%) and accu-
mulation of N, P, and K that ranged from 70.8% to 81.9% 
(Table 5). Group B included Car_ama, and accumulated the 
highest levels of N, P, K, Mg and Ca. Further, the total con-
tribution of Fe, Mn and Al for the group was 82.5%. Group 
C consisted of bryophytes Bra_riv and Pal_com. The group 
had the greatest percentage contribution of Fe, Mn and Al 
(94.7% and 95.2%, respectively) compared to other studied 
plants and the average proportion of N, P and K was 78.9% 
and 65.5%, respectively (Table 5).

4. Discussion

4.1. Physicochemical properties of water

During the research, physicochemical parameter values 
for waters flowing through the spring niche were significantly 

variable. Over the growing seasons, these differences were 
related to the oxygen saturation levels of the water and the 
reduced solubility of carbon dioxide. Outflowing groundwa-
ter was oxygen-poor. However, during the flow through the 
spring niche, water was increasingly oxidized [6,41], and CO2 
was depleted. This process was more profoundly observed 
in the growing seasons, since flowing water in these periods 
had greater temperatures and, therefore, the solubility of CO2 
correspondingly decreased [25]. In addition, in the growing 
seasons intensive macro- and trace elements uptake by the 
plants of the Pellio endiviifoliae-Cratoneuretum commutati, com-
munity-produced the spring waters outflow from leaving 
the niche with statistically significantly altered ion concen-
trations (K+, NO3

–, PO4
3–, SO4

2–, Fe3+, Mn2+) and pH levels com-
pared to the water that supplied the niche (Table 1). During 
the period of dynamic growth, plants had an increased 
demand for nutrients, including K+, NO3

– and PO4
3–, Fe3+ and 

Mn2+. This may have led to reductions in their concentrations 
in headwater streams [9,25,42]. A slightly different situation 
regarding SO4

2– ion content was observed. Slight increases in 
SO4

2– ion concentrations in stream waters behind the spring 
niche, which was likely a result of litterfall decomposition, 
were much more efficient in the summer period than the out-
side growing seasons [13]. In the spring studied, in the vicin-
ity of the flowing stream, organic matter accumulates in the 
form of peat [6,43]. This provides a potential source of ions 
to the stream. In addition, efficient litterfall decomposition 
processes enrich spring ecosystems by providing bioavail-
able nutrients [12].

4.2. Characteristics of plant communities in stream

The submerged macrophytes of the spring niche were 
classified as members of the Pellio endiviifoliae-Cratoneure-
tum commutati community, which has often been associ-
ated with spring waters of Northern Poland [9,44,45]. The 

Table 5
Average of macro- and trace elements accumulation (mmolc kg–1) and mean contribution (%) of elements in the total suma in bryo-
phytes (a) and herbaceous plants (b)

Elements aBra_riv bCar_ama bGly_pli bMen_aqu aPal_com aPel_end bSte_uli

N 113.9 (12.1%) 468.1 (13.7%) 241.0 (13.2%) 228.1 (9.7%) 81.0 (11.1%) 275.3 (13.1%) 277.0 (13.6%)
P 361.3 (38.4%) 820.4 (23.9%) 470.4 (25.8%) 526.9 (22.4%) 301.1 (41.2%) 481.7 (23.0%) 575.8 (28.2%)
K 267.2 (28.4%) 1,379.0 (40.2%) 651.6 (35.8%) 909.9 (38.7%) 96.9 (13.2%) 894.6 (42.7%) 764.1 (37.4%)
Mg 58.4 (6.2%) 206.5 (6.0%) 137.0 (7.5%) 137.9 (5.9%) 61.2 (8.4%) 134.4 (6.4%) 137.6 (6.7%)
Ca 141.1 (15.0%) 553.8 (16.2%) 321.3 (17.6%) 546.3 (23.3%) 191.0 (26.1%) 310.3 (14.8%) 286.8 (14.0%)
Zn 0.3 (1.6%) 0.3 (2.6%) 0.3 (1.8%) 0.3 (1.9%) 0.3 (1.3%) 0.7 (0.6%) 0.3 (1.8%)
Fe 7.0 (36.1%) 3.9 (33.2%) 6.4 (40.9%) 5.8 (39.7%) 8.6 (37.3%) 57.7 (46.8%) 6.4 (43.2%)
Cu 0.2 (0.9%) 0.5 (4.6%) 0.2 (1.1%) 0.2 (1.2%) 0.1 (0.6%) 0.2 (0.2%) 0.2 (1.1%)
Ni 0.3 (1.4%) 0.4 3.7%) 0.2 (1.6%) 0.2 (1.1%) 0.3 (1.5%) 0.3 (0.2%) 0.2 (1.2%)
Mn 3.3 (16.9%) 1.7 (14.5%) 1.9 (12.0%) 3.1 (21.4%) 3.0 (12.9%) 52.1 (42.3%) 4.6 (31.1%)
Al 8.1 (41.7%) 4.1 (34.8%) 6.2 (39.9%) 4.2 (28.6%) 10.3 (45.0%) 11.5 (9.4%) 2.7 (1.2%)
Sr 0.3 (1.4%) 0.8 (6.5%) 0.4 (2.6%) 0.9 (6.2%) 0.3 (1.4%) 0.7 (0.6%) 0.5 (3.4%)
Σ macro 941.9 3,427.9 1,821.3 2,349.1 731.2 2,096.4 2,041.3
Σ micro 19.5 11.8 15.5 14.7 22.9 123.3 14.8
Σ total 961.4 3,439.7 1,836.8 2,363.8 754.1 2,219.6 2,056.0

aExpressed as a form of an amount of these components and their contribution in the total.
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physiognomy of this community was determined by its 
abundance of P. endiviifolia thalli at the bottom of the spring 
niche, which had a surface area of a few square meters [6]. 
According to Osadowski [46], this species prefers streams 
rich in bicarbonates, calcium, and iron, which is typical for 
water outflowing from deeper aquifers (inter-moraine) [47]. 
In phytosociological images of this community, researchers 
observed that it was primarily composed of P. commutata 
(Table 2). C. amara, M. aquatica, G. plicata and S. uliginosa were 
also vascular flora of the community. Bryophytes were repre-
sented by Brachythecium rivulare, P. endiviifolia and P. commu-
tata [45]. Species included in this research were characterized 
by their high constancy class and coverage factors, which 
allowed researchers to explain the impact of the Pellio endivii-
foliae-Cratoneuretum commutati community on the quality of 
water in the stream (Table 1).

4.3. Macro- and trace elements content in plants

The growth and development of macrophytes of the 
stream had a modifying effect on the physicochemical prop-
erties of stream water. The studied plants were generally 
good suppliers of N, P, Mg, and Ca, and also produced either 
good or excessive levels of K [48]. Five of the studied spe-
cies (Car_ama, Ste_uli, Men_aqu, Pel_end, Gly_pli) accumu-
lated much greater quantities of K than the average physio-
logical demand (2,000–18,000 mg × kg–1) of most plants [39]. 
Potassium is a macronutrient that plants often accumulate at 
levels that exceed nutritional needs [45,48,49]. Phosphorus 
and magnesium content in the majority of the species tested 
were adequate, except Car_ama in which excessive quanti-
ties of these macronutrients were found. Among the studied 
plants, the largest quantities of macroelements were found 
in Car_ama shoots, which differed from other species since 
it accumulated above-average levels of P, K, and Mg (Table 
3). The capacity of the species to accumulate nutrients may 
be useful for improving physicochemical properties of water 
with regard to phosphorus, magnesium and potassium lev-
els. The lowest overall content and the smallest degree of 
dynamics of macronutrients were found in bryophyte species 
including B. rivulare and P. commutata (Fig. 2).

Levels of trace elements in-stream macrophytes were 
relatively low, which was likely a result of the low levels 
of trace elements present in stream waters (Table 1) and the 
characteristics of the research site [26]. Among the species 
studied, Pel_end had above-average concentrations of Fe 
(3,231.4 mg × kg–1) and Mn (2,866.4 mg × kg–1) in its thalli 
(Fig. 3). Plant tolerance to manganese and iron, however, 
varies widely. Most plant species contain between 5 and 
375 mg × kg–1 Fe and 10 to 25 mg × kg–1 Mn. For some spe-
cies, levels of Mn greater than 500  mg  ×  kg–1 can be toxic 
[50,51]. Our research confirmed the strong accumulation 
potential of Pel_end with respect to iron and manganese 
compounds [6,52]. The capacity of the species to accu-
mulate these elements can be used to facilitate the water 
treatment processes. The analysis of our data also revealed 
that increased levels of Ni (>10  mg  ×  kg–1) were observed 
in Bra_riv, Car_ama, Gly_pli, Pal_com, Pel_end species and 
increased levels of Cu (>3 0  mg  ×  kg–1) were observed in 
Car_ama (Table 3).

A comparison of macro- and trace element content 
(Kruskal–Wallis test) revealed differences between plant spe-
cies [23]. Further, the post hoc (Tukey HSD) test showed that 
Cardamine amara differed from P. commutata, B. rivulare, G. pli-
cata and Mentha aquatica species. According to Ostrowska 
and Porębska [39,53], plants that accumulate the greatest 
concentrations of elements have outstanding accumulation 
properties (Table 3).

4.4. Accumulation of macro- and trace elements in plants

Analyzing the total macro- and trace element values in 
submerged macrophytes in streams revealed that herbaceous 
plants accumulated higher average quantities of elements 
than bryophytes (Table 4). Most plants accumulated between 
1,200 and 2,500 mmolc × kg–1 of macro- and microelements in 
their shoots [39,53]. However, Car_ama accumulated a greater 
levels of (mainly) macroelements (3,439.7  mmolc  ×  kg–1), 
indicating that the species has a significant degree of accu-
mulation potential with regard to these elements (Table 4). 
The percentage of each element of the total was determined 
primarily by the nutritional requirements of each species 
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Fig. 4. Similarity of plants species in terms of accumulation potential of macro- and trace elements (Ward’s clustering method).
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considered [38]. Micronutrients make up 1% of the total 
nutrient content in most plant species [39].

Our results regarding the micronutrient content of her-
baceous plants are in accordance with this assertation. 
However, Bryophytes accumulated micronutrients at lev-
els between 2.0% (Bra_riv) to 5.6% (Pel_end). When analyz-
ing percentages of trace elements, researches observed that 
Pel_end accumulated above-average quantities of Fe (57.7%) 
and Mn (52.1%) in comparison to other species (Table 5). An 
elemental analysis revealed the significant accumulation 
potential of Bra_riv (41.7%) and Pal_com (45.0%) for Al3+ and 
Car_ama for Ni2+ (3.7%). The accumulative potential of an 
indicated species can be used as a part of treatment efforts to 
improve water quality.

Both iron and manganese have important physiological 
functions in plants. Accumulation of manganese is most effi-
cient in either acid (pH < 5.5) or alkaline (pH ~ 8.0) environ-
ments. Iron accumulates most efficiently at pH < 5.0. In addi-
tion, an excess of Al can accelerate the accumulation of Fe and 
Mn. In plants, the ratio of Fe to Mn is also very important. Since 
the studied plants functioned under the same environmental 
conditions, it was concluded that differences in Fe/Mn values 
resulted from the varied micronutrient demands of individ-
ual species (Table 3). In cases in which Fe/Mn ratios are lower 
than 1.5, signs of manganese toxicity and iron deficiency in 
plants can occur, and ratios above 2.5 can also produce harm-
ful symptoms of manganese deficiency [50]. According to 
Zhiguo et al. [54] maximal plant growth and a maximal sup-
ply of macroelements accumulate at an N/P ratio close to 9.5 
(Table 3). Submerged macrophytes had much lower N/P ratios 
than the plants from other areas [55]. This influenced the out-
flow of mineral forms of nitrogen and phosphorus, keeping 
it out of the reach of plants growing along the stream [22]. 
Therefore, it was assumed that the growth and development 
of plants studied was restricted by the limited bioavailable 
forms of nitrogen within the reach of their root systems.

5. Conclusions

Our data revealed that submerged macrophytes belong-
ing to the Pellio endiviifoliae-Cratoneuretum commutati commu-
nity had the greatest degree of species diversity and signifi-
cantly modified the physicochemical properties of stream 
water by decreasing concentrations of K+, NO3

–, PO4
3–, Fe3+, 

and Mn2+ ions. Plant species of the highest constancy class 
and with the highest coverage factors had (C. amara, P. com-
mutata, P. endiviifolia) had the greatest impact on river quality. 
In the growing seasons, increased plant demand for nutrients 
significantly affected water pH in streams flowing through 
the mid-forest spring niche. Increased concentrations of 
SO4

2– in waters flowing in the spring niche were a result of 
the efficient decomposition of organic matter. Among the 
plants studied, C. amara displayed the largest accumulation 
potential. It accumulated nutrients, mainly macronutrients 
P, K, and Mg, to higher-than-average levels. The thalli of P. 
endiviifolia also accumulated above-average levels of Fe and 
Mn microelements. The capacities of Car_ama and Pel_end to 
accumulate nutrients suggest that the presence of the spe-
cies in streams of the mid-forest spring niche is shaped by 
the physicochemical properties of flowing waters. Similar 
degrees of variability were not observed outside the growing 

seasons. This information is practically important since bryo-
phytes and herbaceous plants have the potential to be used to 
enhance water purification.

References
[1]	 H. Decamps, G. Pinay, R.J. Naiman, G.E. Petts, M.E. McClain, 

A. Hillbricht-Ilkowska, T.A. Hanley, R.M. Holmes, J. Quinn, 
J. Gibert, A.M. Planty Tabacchi, F. Schiemer, E. Tabacchi,  
M. Zalewski, Riparian zones: where biogeochemistry meets 
biodiversity in management practice, Pol. J. Ecol., 52 (2004) 
3–18.

[2]	 R. Jansson, L. Hjalmar, J. Eva, A. Clemens, The importance of 
groundwater discharge for plant species number in riparian 
zones, Ecology, 88 (2007) 131–139.

[3]	 J.F. Fernandes, A.L.T. Souza, M.O. Tanaka, Can the structure 
of a riparian forest remnant influence stream water quality? a 
tropical case study, Hydrobiology, 724 (2014) 175–185.

[4]	 R. Pielech, J. Anioł-Kwiatkowska, E. Szczęśniak, Landscape-
scale factors driving plant species composition in mountain 
streamside and spring riparian forests, For. Ecol. Manage., 347 
(2015) 217–227.

[5]	 L. Kuglerova, R. Jansson, A. Agren, H. Laudon, B. Malm-
Renofalt, Groundwater discharge creates hotspots of riparian 
plant species richness in a boreal forest stream network, 
Ecology, 95 (2014) 715–725.

[6]	 A. Parzych, J. Jonczak, Z. Sobisz, Pellia endiviifolia (Dicks.) 
Dumort. Liverworts with a potential for water purification, Int. 
J. Environ. Res., 12 (2018) 471–478.

[7]	 P. Meyer, S.K. Reynolds, M. McCutchen, T. Canfield, Meta-
analysis of nitrogen removal in riparian buffers, J. Environ. 
Qual., 36 (2007) 1172–1180.

[8]	 J. Angier, G. McCarty, Variations in base-flow nitrate flux in 
a first-order stream and riparian zone. J. Am. Water Resour. 
Assoc., 44 (2008) 367–380.

[9]	 Z. Osadowski, Threatened, protected and rate species of 
vascular plants in spring complexes in the central part of Polish 
Pomeranian, Biodivers. Res. Conserv., 1–2 (2006) 174–180.

[10]	 M.I. Stutter, L.K. Deeks, D. Low, M.F. Billett, Impact of soil and 
groundwater heterogeneity on surface water chemistry in an 
upland catchment, J. Hydrol., 318 (2006) 103–120.

[11]	 Z. Zhang, T. Fukushima, P. Shi, F. Tao, Y. Onda, T. Gomi, 
S. Mizugaki, Y. Asano, K. Kosugi, S. Hiramatsu, H. Kitahara, 
K. Kuraji, T. Terajima, K. Matsushige, Seasonal changes of 
nitrate concentrations in base flow headwaters of coniferous 
forests in Japan: a significant indicator for N saturation, Catena 
76 (2008) 63–69.

[12]	 J. Jonczak, A. Parzych, Z. Sobisz, Decomposition of four tree 
species leaf litters in headwater riparian forest, Baltic Forestry, 
21 (2015a) 133–143.

[13]	 J. Jonczak, A. Parzych, Z. Sobisz, Distribution of carbon and 
nitrogen forms in the histosols of headwater areas – a case study 
from the Valley of the Kamienna Creak (Northern Poland), 
J. Elementol., 20 (2015b) 95–105.

[14]	 A.L.T. Souza, D.G. Fonseca, R.A. Liborio, M.O. Tanaka, Influence 
of riparian vegetation and forest structure on the water quality 
of rural low-order streams in SE Brazil, For. Ecol. Manage., 298 
(2013) 12–18.

[15]	 P. Hazlett, K. Broad, A. Gordon, P. Sibley, J. Buttle, D. Larmer, 
The importance of catchment slope to soil water N and  
C concentrations in riparian zones: implications for riparian 
buffer width, Can. J. For. Res., 38 (2008) 16–30.

[16]	 S. Yu, W. Chen, X. He, Z. Liu, Y. Huang, Biomass accumulation 
and nutrient uptake of 16 riparian woody plant species in 
Northeast China, J. For. Res., 25 (2014) 773–778.

[17]	 A. Parzych, The chemical elements accumulation by 
organs of Sparganium erectum L. and their potential use in 
phytoremediation process, J. Ecol. Eng., 17 (2016) 89–100.

[18]	 V. Kuusemets, U. Mander, K. Lohmus, M. Ivask, Nitrogen and 
phosphorus variation in shallow groundwater and assimilation 
in plants in complex riparian buffer zones, Water Sci. Technol., 
44 (2001) 615–622.



A. Parzych et al. / Desalination and Water Treatment 186 (2020) 350–360360

[19]	 M.M. Hefting, J.C. Clement, P. Bienkowski, D. Dowrick, 
C. Guenat, A. Butturini, S. Topa, G. Pinay, J.T.A. Verhoeven, 
The role of vegetation and litter in the nitrogen dynamics of 
riparian buffer zones in Europe, Ecol. Eng., 24 (2005) 465–482.

[20]	 A. Young-Mathews, S.W. Culman, S. Sánchez-Moreno, 
A.T. O’geen, H. Ferris, A.D. Hollander, L.E. Jackson, Plant-soil 
biodiversity relationships and nutrient retention in agricultural 
riparian zones of the Sacramento Valley, California, Agrofor. 
Syst., 80 (2010) 41–60.

[21]	 J.P. Antonowicz, I. Morkunas, The surface microlayer of a lobelia 
lake: daily dynamics of the metal content and phytoneuston/
phytoplankton taxonomic composition, J. Elementol., 23 (2018) 
1197–1213.

[22]	 A. Parzych, J. Jonczak, Comparing nitrogen and phosphorus 
accumulation in vegetation associated with streams and 
peatbogs in mid-forest headwater ecosystem, J. Elementol., 23 
(2018) 459–469.

[23]	 D.V. Veselkin, M.A. Konoplenko, A.A. Betekhtina, Means 
for soil nutrient uptake in sedges with different ecological 
strategies, Rus. J. Ecol., 45 (2014) 547–554.

[24]	 O.M. Karlsson, J.S. Richardson, P.M. Kiffney, Modeling organic 
matter dynamics in headwater streams of south-western British 
Columbia, Canada, Ecol. Modell., 183 (2005) 463–476.

[25]	 A. Parzych, J. Jonczak, Z. Sobisz, Changes of water chemistry 
in mid-forest headwater streams in the valley of the Kamienna 
Creek (Middle Pomerania), Sylwan, 160 (2016) 871–880, (in 
Polish).

[26]	 A. Parzych, J. Jonczak, Z. Sobisz, Bioaccumulation of 
macronutrients in the herbaceous plants of mid-forest spring 
niches, Baltic Forestry, 23 (2017) 384–393.

[27]	 E. Jekatierynczuk-Rudczyk, The hyporheic zone, its functioning 
and meaning, Kosmos, 56 (2007) 181–196.

[28]	 W.L. Baker, Species richness of Colorado riparian vegetation, 
J. Veg. Sci., 1 (1990) 119–124.

[29]	 K. Bishop, I. Buffam, M. Erlandsson, J. Folster, H. Laudon, 
J. Seibert, J. Temnerud, Aqua incognita: the unknown head
waters, Hydrol. Processes, 22 (2008) 1239–1242.

[30]	 L. Xue, J. Liu, S. Shi, Y. Wei, E. Chang, M. Gao, L. Chen, 
Z. Jiang, Uptake of heavy metals by native herbaceous plants 
in an Antimony Mine (Hunan, China), Clean – Soil Air Water, 
42 (2014) 81–87.

[31]	 M. Skorbiłowicz, E. Skorbiłowicz, U. Tarasiuk, M. Falkowska, 
Studies of heavy metal content in bottom sediments and aquatic 
plants near treated wastewater discharge, Geology, Geophys. 
Environ., 43 (2017) 311–325.

[32]	 J.H. Viers, A.K. Fremier, R.A. Hutchinson, J.F. Quinn, 
J.H. Thorne, M.G. Vaghti, Multiscale patterns of riparian plant 
diversity and implications for restoration, Res. Ecol., 20 (2012) 
160–169.

[33]	 J. Braun-Blanquet, Pflasensoziologie, 3rd ed., Springer, Vienna, 
Austria, 1964.

[34]	 W. Matuszkiewicz, Guide to Determination of Polish Plant 
Plants, PWN, Warsaw, 2008.

[35]	 D. Zelenỳ, L. Tichỳ, Unconstrained Ordinations in Juice, Institute 
of Botany and Zoology, Masaryk University, Brno, 2006.

[36]	 Z. Mirek, H. Piękoś-Mirkowa, A. Zając, M. Zając, Flowering 
plants and pteridophytes of Poland. A checklist, Biodivers. 
Poland, 1 (2002) 9–442.

[37]	 R. Ochyra, J. Żarnowiec, H. Bednarek_Ochyra, Census catalogue 
of Polish mosses. A checklist, Biodivers. Poland, 3 (2003) 9–372.

[38]	 A. Ostrowska, ANE method and its application to the analysis 
of chemical composition of crops, Environment, 16 (1999) 
99–112.

[39]	 A. Ostrowska, G. Porębska, The Chemical Composition of 
Plants, its Interpretation and Application in Environmental 
Protection, Institute of Environmental Protection Publishing, 
Warsaw, 2002 (in Polish).

[40]	 J.H. Ward, Hierarchical grouping to optimize an objective 
function, J. Am. Stat. Assoc., 58 (1963) 236–244.

[41]	 B.K. Joshi, B.P. Kothyari, Chemistry of perennial springs of 
Bhetagad Watershed: a case study from Central Himalayas, 
India, Environ. Geol., 44 (2003) 572–578.

[42]	 A. Parzych, Contents of nitrogen and phosphorus compounds 
in groundwaters of selected forest associations in the Słowiński 
National Park, Arch. Environ. Prot., 37 (2011) 95–105.

[43]	 J. Jonczak, A. Parzych, Properties of soil organic matter in 
soils of mid−forest spring niches in the Kamienna Creek valley 
(Middle Pomerania), Sylwan, 160 (2016) 135–143 (in Polish).

[44]	 J. Kliment, J. Kochjarova, R. Hrivnak, R. Soltres, Spring 
communities of the Ve’ka Fatra Mts (Western Carpathians) and 
their relationship to Central European spring vegetation, Pol. 
Bot. J., 53 (2008) 29–55.

[45]	 A. Parzych, A. Astel, Accumulation of N, P, K, Mg and Ca in 
20 species of herbaceous plants in headwater riparian forest, 
Desal. Water Treat., 117 (2018) 156–167.

[46]	 Z. Osadowski, The Influence of Hydrological and 
Hydrochemical Conditions on Vegetation Cover Diversity in 
Spring Areas of the Postglacial Landscape in the Pomerania 
region, Bogucki Scientific Publishing House, Poznań, Poland, 
2010.

[47]	 M. Mazurek, Factors affecting the chemical composition of 
groundwater outflows in the southern part of the Parsęta 
drainage basin (West Pomerania), Prz. Geol., 56 (2008) 
131–139.

[48]	 E. Krzywy, Nutrition of Plants, West Pomeranian University of 
Technology Publishing, Szczecin, 2007 (in Polish).

[49]	 S. Horska-Schwarz, K. Spałek, Characteristics of Selected 
Springs of Opole Silesia Region, T.J. Chmielewski, Ed., Structure 
and Function of Landscape Systems: Meta-analyses, Models, 
Theories and Their Applications, Probl. Lands. Ecol., 21 (2008) 
311–318 (in Polish).

[50]	 A. Kabata-Pendias, H. Pendias, Biogeochemistry Trace 
Elements, Polish Scientific Publishing, Warsaw, 1999.

[51]	 S. Watmough, M. Eimer, P. Dillon, Manganese cycling in central 
Ontario forests: response to soil acidification, Appl. Geochem., 
22 (2007) 1241–1247.

[52]	 K. Satake, M. Nishikawa, K. Shibata, Elemental composition 
of the sub-aquatic liverwort Pellia endiviifolia (Dicks.) Dum. 
in relation to heavy metal contamination, Hydrobiology, 148 
(1987) 131–136.

[53]	 G. Porębska, A. Ostrowska, Nutrient demand and elemental 
stoichiometry of plants in wetland ecosystems in the Biebrza 
Valley, Poland, J. Elem., 23 (2018) 887–899.

[54]	 X. Zhiguo, Y. Baixing, Y. He, S. Changchum, Nutrient limitation 
and wetland botanical diversity in northeast China: can 
fertilization influence on species richness?, Soil Sci., 172 (2007) 
86–93.

[55]	 A. Parzych, Nitrogen, phosphorus and carbon in forest plants 
in the Słowiński National Park in 2002–2005, Environ. Prot. Nat. 
Res., 43 (2010) 45–64.


	_Hlk29192826
	_Hlk29192780
	_Hlk29192898
	_Hlk29193082
	_Hlk29193519
	_Hlk29205681
	_GoBack

