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Abstract: Changes of nutrient concentrations in sediments and plant biomass as well as above-ground biomass production of four emergent 
macrophytes during the vegetation season were studied. Particularly, variations over time in N:P and N:K ratios in sediments between sites 
with and without vegetation as well as seasonally flooded and permanently flooded sites were investigated. In plant covered sites, biomass 
production and nutrient concentrations in the four wetland plant species were measured monthly from March to September 2008. The 
study was conducted in the littoral zone of the polymictic Lake Niepruszewskie. The performed analyses of N, P and K concentrations in 
plants and sediments indicated that measurements of nutrients in plant biomass better reflected nutrient availability for plant growth than 
analyses of nutrient contents in sediments. The vegetation biomass and nutrient concentrations in plant biomass in the shallow littoral 
zone were more sensitive to changes of water depth in comparison with the permanently flooded part of the littoral zone. The present 
study showed that the N:P biomass ratio was a better indicator of moisture changes than the N:K ratio or individual nutrients. Preferences 
of the studied macrophytes for nutrient concentrations in sediments depended more on the N:P ratio in the sediment than N or P or K 
concentrations individually. Glyceria maxima preferred sites with high N and K concentrations (N:K=0.9) while Typha angustifolia occurred 
in sites with the lowest nutrient concentrations among the studied species (N:P and N:K = 0.1).

Key words: biomass production, N:P, N:K, water level, wetland

Introduction

Littoral zones play a very important role in nu-
trient cycling; they prevent nutrient loading to the lake 
from the catchment area or may constitute a source of 
nutrients. The role of these zones and intensity of all 
processes differ considerably between lakes and de-
pend on many factors, such as development of the lit-
toral zone, weather conditions, plant species composi-
tion, water quality, and hydrological regime (Coops et 
al. 1996; Ławniczak et al. 2010). Also, in many aquatic 
ecosystems macrophytes with the associated periphy-
ton play a crucial role in lake metabolism as major 
primary producers (Pieczyńska 1993; Marion and Pal-
lisson 2003; Ławniczak 2010a). 

All processes which occur in these zones are 
predominated by interactions between macrophytes 
and sediments, while macrophytes may affect sedi-
ments either directly and indirectly. Plants efficiently 
reduce sediment erosion and decrease resuspension 

rates (James and Barko 1990; Nurminen and Horp-
pila 2009), substantially reducing internal nutrients, 
particularly phosphorus loading into lakes. Macro-
phytes also directly accumulate nutrients (Ławniczak 
2010a), contributing to seasonal reduction of nutrient 
concentrations in sediments or water (Ozimek et al. 
1993). They are capable of taking up nutrients from 
sediments (Barko and James 1997) or directly from 
the overlying water using adventitious roots (Coops 
et al. 1996; Madsen and Cedergreen 2002). The highest 
nutrient uptake efficiency is observed in helophytes, 
which are characterised by high biomass productiv-
ity (Toet et al. 2005; Ławniczak 2010a). In some lakes 
dominated by macrophytes, particularly shallow and 
small, deficiency of certain nutrients can occur (Ozimek 
et al. 1993). Beside nutrient uptake, translocation and 
nutrient release by macrophytes and interactions be-
tween plants and periphyton drive nutrient cycling 
in the littoral zone and consequently in the lake. The 
accumulation of nutrients in this zone, due to nutri-
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ent release from senescing plants and decomposition 
of organic material, depends on many factors, such as 
water availability, water level fluctuations, pH, nutri-
ent concentrations in sediments and others (Mitchell 
and Baldwin 1998). Moreover, the influence of these 
factors is not well recognised. 

Within the littoral zone, these processes may 
differ considerably. The part of the littoral zone sea-
sonally influenced by water, situated closer to the 
land, is characterised by different habitat conditions 
than the part permanently flooded with the lake wa-
ter. These differences have consequences for nutrient 
resorption efficiency (Ławniczak 2011) and reduc-
tion of nutrient concentration in sediments. Thus, the 
recognition of differences and possibilities to reduce 
nutrients in the lake through macrophyte mowing or 
management of water level may help to improve water 
quality in lakes. Also, analyses of nutrient concentra-
tion variations and the recognition of nutrient storage 
capacity of different components of the littoral zone 
may support lake management strategies and applica-
tion of the most suitable method for lake restoration 
and recultivation.

The aim of the study was to test the influence of 
emergent macrophytes on nitrogen (N), phosphorus 
(P) and potassium (K) concentrations in the sediment 
in different moisture conditions. Particularly, N:P and 
N:K ratios in sediments and in plant biomass of four 
wetland plant species were studied during the vegeta-
tion season. In addition, the author investigated pos-
sibilities of the application of sediment and/or plant 
biomass N:P and N:K ratios as indicators of environ-
mental changes. 

Methods

Site description. The study was carried out in 
Lake Niepruszewskie, which is located in the Central-
Western part of Poland (52°22.700’ N, 16°37.200’ E). 
This a polymictic lake, with an average depth of 2.9 
m, maximum depth 4.8 m, and surface area 253.2 ha 
(Ławniczak et al. 2011). The water level in the lake has 
been regulated since 1974 (Ławniczak et al. 2010). A 
high water level is observed in March or April and 
it systematically decreases until August. In 2008 and 
2009, annual amplitude of the water level was 0.68 m. 
A more detailed description of Lake Niepruszewsk-
ie can be found in Ławniczak et al. (2009, 2010) and 
Ławniczak (2010a). The littoral zone constitutes 19% 
of the lake area. Phragmites australis (Cav.) Trin. ex 

Steud., Typha angustifolia (L.) and Carex acutiformis L. 
are dominant species in the littoral zone, while Glyceria 
maxima (C. Hartm.) Holmb. is found in the northern 
and eastern parts of the lake (Ławniczak 2006, 2010b).

Field procedure. Sediment samples were collect-
ed from 28 sites located in different parts of the littoral 
zone of Lake Niepruszewskie from March to Septem-
ber 2008 and 2009. 14 sites were situated in the perma-
nently flooded part of the littoral zone (approximately 
2/3 of its width from the shoreline) and the other half in 
the seasonally flooded part of this zone (approximately 
1/3 of its width from the shoreline). In order to com-
pare the impact of macrophytes on nutrient concentra-
tions in sediments, 14 sites were selected in open wa-
ters parallel to the investigated sites in the littoral zone. 
At each sampling area, two plots of 1 m2 were selected 
and marked permanently with plastic sticks and strips. 
Each plot consisted of three subplots. Sites with vegeta-
tion were selected within the following dominant plant 
communities: Phragmitetum australis, Typhetum angus-
tifoliae, Caricetum acutiformis, Glycerietum maximae. 
Sediment samples from the shallow part were collected 
by hand with a 7 cm diameter Edelman corer, and from 
the deeper littoral zone from a boat with a 7 cm di-
ameter Czapla corer. Each core was collected from the 
sediment layer at 5-10 cm. 

Additionally, the water level in the lake was 
measured daily throughout the studied year. Water 
levels in experimental sites were measured monthly. 

During the vegetation season of 2008-2009, 
the above-ground biomass of littoral vegetation of 
each community type was measured by harvesting 
at ground level three randomly placed subplots (each 
50×50 cm) within each strip. Assessments were under-
taken monthly from March or April (depending on 
plant growth) to September in each year. After harvest, 
the plants were washed carefully in tap water to clean 
them of periphyton. 

Laboratory procedure. Each sediment sample 
was analysed for nitrogen, phosphorus and potassium 
concentrations. All chemical analyses were performed 
on dried samples, which were ground to pass through 
a 0.2 mm sieve. For further nutrient determinations, 
sediments were digested with the Kjeldahl procedure 
(Bremner and Mulvaney 1982). Nitrogen and phospho-
rus were determined colorimetrically on a Srecord 40, 
and K concentration with flame emission spectroscopy, 
on a Sherwood Model 425. Additionally, in the frozen 
samples, nitrate and ammonium contents were deter-
mined using Bremner methods (Ostrowska et al. 1991).
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Plant material was sorted according to species 
into living and dead fractions, dried for 48 h at 70°C 
and weighed. Nutrient concentrations in Phragmites 
australis (Cav.) Trin. ex Steud. (common reed), Typha 
angustifolia (L.) (lesser reedmace), Carex acutiformis 
L. (lesser pond sedge), Glyceria maxima (C. Hartm.) 
Holmb. (reed sweet grass) were determined in the di-
luted digested material. The N and P concentrations in 
plants were measured colorimetrically using a Srecord 
40, and K concentration with flame emission spectros-
copy, using a Sherwood Model 425.

Statistical analyses. In order to relate the bio-
mass production and nutrient concentrations in 
plants with nutrient concentrations in the sediment, 
a Spearman rank correlation test was applied. Differ-
ences in N, P, K concentrations and N:P, N:K ratios 
in sediments and biomass production between spe-
cies and sites within the vegetation season were ana-
lysed using repeat measurements ANOVA (spheric-
ity assumed). When samples deviated strongly from 
normality or when variances were not equal, the data 
were transformed using a suitable transformation (ln, 
square). All statistical analyses were performed using 
Statistica (StatSoft, Poland) software.

Results

Changes of water level during the vegetation 
season. Three-way analyses of water levels did not 
show differences between species among seasonally 
and permanently flooded sites during the vegetation 
seasons. Significant differences were observed only 
between seasonally and permanently flooded sites 
during the vegetation seasons (F=3.55, p<0.01). Water 
levels between permanently and seasonally flooded 
sites varied from 0.8 m and 0.4 m in April to 0.3 m and 
0.0 m in summer months, respectively (Fig. 1).

Nutrient concentrations in sediments. Repeat 
measurements analysis of nitrogen (N) and phospho-
rus (P) concentrations and the N:P ratio in sediment 
for both sites (permanently and seasonally wet) over the 
growing seasons showed a significant three-way inter-
action (Table 1). Differences in potassium (K), ammo-
nium and nitrate concentrations between species and 
sites during the vegetation seasons were not detected.

High variations in nitrogen concentrations 
were observed among studied species and sites dur-
ing the vegetation seasons (Table 1, Fig. 2). However, 
differences in nutrient concentrations between the 
two study years were not detected. Nitrogen concen-

Fig. 1. Water depth changes within species and permanently and 
seasonally flooded sites from March to December 2008-2009

Fig. 2. Nitrogen concentrations in sediments with and without 
vegetation in seasonally and permanently flooded sites during 
vegetation seasons
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trations ranged from 0.1 to 7.6 mg N g–1. The lowest 
internal variations were measured in sediments with 
Typha angustifolia. Among emergent macrophytes, N 
concentrations in the sediment exceeded 2.8 mg N g–1 
in patches with Carex acutiformis, Glyceria maxima 
and Phragmites australis in the seasonally flooded sites 
and were at a significantly higher level than outside 
the stand, where the concentrations remained below 
0.46 mg N g–1 throughout the study (Fig. 2). In the 
permanently wet sites, nitrogen concentrations were 
low in sites with T. angustifolia and P. australis as well 
as in the unvegetated site. 

Ammonium and nitrate concentrations de-
creased during vegetation seasons until vegetation 
reached the standing stock (Fig. 3a, 3b). In September, 

concentrations of both measured nitrogen forms in-
creased. There were no overall differences in ammo-
nium and nitrate concentrations between periodically 
wet and seasonally wet sites, although there was a sig-
nificant interaction with month and site with respect to 
nitrate concentrations. In September the highest values 
of ammonium concentrations were detected. However, 
differences among species were not significant.

A clear pattern of phosphorus concentration 
was observed in permanently flooded sites covered 
by vegetation. In contrast, such a pattern was not 
observed among seasonally flooded sites and tested 
species (Fig. 4). In sites without vegetation, P concen-
trations did not change significantly throughout the 
study period (Table 1). At the peak standing stock, P 

Table 1. Results of the three way repeat measurement of ANOVA tests of the effects of the time and differences between species on 
nitrogen, phosphorus and potassium concentrations (ln-transformed) in sediments within seasonally and permanently flooded sites 

 Source  N P K N:P N:K

df F Sig. F Sig. F Sig. F Sig. F Sig.

Month 7 0.58 0.769 3.78 0.001 13.77 0.000 4.22 0.001 0.27 0.885

Month * Site 7 2.71 0.012 2.70 0.012 2.32 0.030 4.40 0.001 1.40 0.246

Month * Species 21 1.01 0.453 3.16 0.000 2.03 0.010 1.06 0.406 1.21 0.288

Month * Site * Species 7 3.15 0.004 2.64 0.014 1.66 0.125 6.69 0.000 1.63 0.181

Fig. 3. Nitrate (a) and ammonium (b) concentrations in seasonally and permanently flooded sites during vegetation seasons



51Variability of nutrient concentrations in sediments and wetland plants during the vegetation season...

concentrations in the sediment among species in the 
permanently flooded sites did not differ significantly. 
However, important differences were detected within 
species in the seasonally drier areas, where P concen-
trations exceeded 1.7 mg P g–1 in sediment with T. an-
gustifolia and 3.9 mg P g–1 in patches with P. australis. 

Average potassium concentrations ranged from 
3.38 mg K g–1 in March to 14.28 mg K g–1 in September 
in the vegetated sites and from 4.51 mg K g–1 in March 
to 7.33 mg K g–1 in May in sediment outside the stand 
(Fig. 5). The highest K contents were measured in 
patches with G. maxima. The lowest values of the sedi-
ment K content were detected in the site with T. an-
gustifolia. Significant increases of K concentrations 
were observed from April to September in the season-
ally flooded sites, except patches with T. angustifolia. 
In the sites with T. angustifolia, K concentrations in the 
sediment increased in July in the seasonally flooded 
sites and in June in the permanently flooded sites. The 
smallest variations of K concentrations in sediments 
were measured in unvegetated sites.

Variations in N:P and N:K ratios were lower than 
the observed variations in individual nutrients. Three-
way analyses of variance showed significant differ-
ences in N:P ratios among species and sites during the 
vegetation seasons (Table 1, Fig. 6). On most sampling 
dates, the N:P ratio in the sediment was higher among 
emergent macrophytes than in open waters, except for 
patches with T. angustifolia (Fig. 6). In sites without veg-
etation the N:P ratio in the sediment ranged between 
0.1 and 0.3 over the season and showed a consistent 
pattern. In the seasonally saturated soil covered with 
vegetation, a decrease in the sediment N:P ratio was 
observed with increasing plant biomass production. 
Only in sites with G. maxima were enhanced N:P ra-
tios measured from June to September. In the sites with 
P. australis and C. acutiformis, the average N:P ratio 
over the year was about fifteen times higher than the 
sediment N:P ratio in the patches without vegetation. 
In patches with G. maxima, the N:P ratio was signifi-
cantly lower over the vegetation seasons (p<0.05) than 
all above-ground N:P ratios at the peak standing stock, 
indicating a higher uptake of P relative to N. The lowest 
values of N:P ratios were measured in sites without veg-
etation and in the patches with T. angustifolia as well as 
sites with P. australis in the permanently flooded sites. 

Analyses of Nmin:P ratios in sediments did not 
show significant differences between months and spe-
cies. However, a tendency of reduction of the Nmin:P 
ratio with biomass increase was observed. 

Fig. 4. Phosphorus concentrations in sediments with and without 
vegetation in seasonally and permanently flooded sites during 
vegetation seasons

Fig. 5. Potassium concentrations in sediments with and without 
vegetation in seasonally and permanently flooded sites during 
vegetation seasons
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Repeat measurement analyses did not detect 
significant differences in the sediment N:K ratios be-
tween sites and species during the study period (Table 
1, Fig. 7). However, the biggest variations in N:K ratios 
were observed particularly between G. maxima and 
C. acutiformis at the beginning of the vegetation sea-
son. At peak standing stock, these differences disap-
peared. The lowest N:K ratio, which ranged from 0.28 
to 0.42, was measured in the areas devoid of plants, 
and patches with vegetation in the permanently flood-
ed sites, particularly with P. australis. In the seasonally 
flooded sites covered with macrophytes, the lowest 
values of the N:K ratio in the sediment were observed 
in the patches with T. angustifolia. Larger variations 
in N:K ratios were detected at the seasonally flooded 
sites compared to permanently flooded ones. Analyses 
of Nmin:K did not show significant differences be-
tween months or tested species, but this could be due 
to high variations of ammonium and nitrate concen-
trations in the sediment.

Changes of plant biomass. Above-ground bio-
mass differed significantly between sites and tested 
species (Table 2). The highest biomass was recorded in 

Phragmites australis (1118 g dm m–2) and Typha angus-
tifolia (886 g dm m–2). The lowest above-ground bio-
mass was measured in Glyceria maxima (314 g dm m–2). 
The highest biomass was observed in the two most pro-
ductive species in August (Fig. 8). Carex acutiformis and 
Glyceria maxima were characterised by the highest bio-
mass in June. There were no significant differences in 
above-ground biomass between species or sites within 
months over the vegetation season (Table 2). 

Changes of N:P and N:K biomass ratios. With 
increasing above-ground biomass from March to Au-
gust, an enhanced N:P biomass ratio was observed. At 
the peak standing stock, the N:P ratio ranged from 
13.0 in T. angustifolia and 13.8 in P. australis grown 
in the permanently wet sites to 15.5 in P. australis and 
11.8 in T. angustifolia grown in the seasonally flood-
ed sites (Table 3). The highest N:P ratio at the peak 
standing stock was detected in G. maxima (N:P = 17.3 
in July). In September, N:P plant ratios varied within 
species. In P. australis and G. maxima, N:P biomass ra-
tios decreased between August and September. In the 
other studied species, N:P biomass ratios increased at 
the end of the vegetation season. 

Fig. 6. Changes in N:P ratio in sediments with and without vegeta-
tion in seasonally and permanently flooded sites during vegetation 
seasons

Fig. 7. Changes in N:K ratio in sediments with and without vegeta-
tion in seasonally and permanently flooded sites during vegeta-
tion seasons
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N:K ratios changed from 0.86 at the beginning 
of the vegetation season to around 2.0 at the peak 
standing stock in permanently flooded sites (Table 3). 
In the seasonally flooded sites, a decreased N:K bio-
mass ratio with increasing above-ground biomass was 
observed, except in T. angustifolia. In September, only 
in P. australis and G. maxima was a strong increase 
in the N:K ratio measured (Table 3). Repeat measure-
ment analyses did not detect significant differences in 
the biomass N:K ratios between sites or species during 
the study period (Table 2).

Relationship between nutrient concentrations in 
sediments and plant biomass. Significant correlations 
between N, P and K concentrations in sediments and 
plant biomass were observed. Enhanced plant biomass 
was correlated with increased sediment N:P ratio (Table 
4). This correlation was much stronger than the corre-
lation between individual nutrients and plant biomass. 

Table 3. Changes in N:P and N:K biomass ratios between species within permanently and seasonally flooded sites during the vegetation season

Site Permanently flooded Seasonally flooded
Species P.australis T.angustifolia C.acutiformis P.australis G.maxima T.angustifolia
Month N:P biomass ratio

3 - - 10.78±2.71 - 9.65±0.86 -
4 9.83±0.9 9.73±0.7 8.73±1.41 8.36±0.87 9.03±0.60 7.31±1.16
5 14.35±3.0 10.15±1.82 11.65±2.03 10.75±1.81 9.23±3.27 10.99±1.41
6 21.74±10.9 15.77±0.70 12.81±3.42 15.40±1.84 10.96±3.47 13.08±5.90
7 19.30±5.70 16.11±2.69 16.87±5.55 19.40±7.11 17.32±10.03 14.63±5.19
8 13.84±3.44 13.04±2.58 16.39±5.74 15.47±4.60 19.80±11.79 11.82±2.09
9 19.92±9.78 13.79±3.34 34.08±9.81 14.63±5.46 16.80±5.69 15.92±2.48

 N:K biomass ratio
3 - - 1.26±0.07 - 1.28±0.11 -
4 0.98±0.17 0.89±0.50 1.29±0.22 1.16±0.23 1.26±0.08 0.86±0.02
5 1.08±0.11 1.00±0.24 1.31±0.23 1.24±0.33 1.07±0.37 0.89±0.32
6 1.36±0.17 1.02±0.11 1.48±0.47 1.65±0.53 1.13±0.06 0.88±0.01
7 1.71±0.49 1.57±0.29 1.57±0.79 2.18±1.34 2.43±1.57 1.60±0.01
8 2.15±1.23 1.96±0.87 2.39±1.61 2.82±1.88 1.70±1.23 1.35±0.39
9 2.15±1.41 2.73±2.08 7.03±4.68 2.45±1.90 1.60±0.38 2.73±0.03

Table 2. Results of the three way repeat measurement of ANOVA tests of the effects of the time and differences between species on aboveg-
round biomass and N:P. N:K biomass ratios within seasonally and permanently flooded sites. Significant correlations given in bold (p < 0.05)

Source df
Aboveground biomass N:P N:K

F Sig. F Sig. F Sig.
Month 6 80.1 0.000 71.09 0.000 9.13 0.000
Month *Site 16 0.77 0.580 4.55 0.010 1.67 0.060
Moth * Species 18 10.54 0.000 1.32 0.330 0.11 0.990
Moth * Site * Species 6 0.98 0.450 0.57 1.000 0.14 0.980

Fig. 8. Aboveground biomass among tested species within perma-
nently and seasonally flooding sites during vegetation seasons 
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Discussion

Species preferences for nutrient concentrations 
and N:P, N:K ratios. Characteristic zonal distributions 
of macrophytes in lakes are mostly determined by plant 
adaptation to water depth (Spence 1982; Coops et al. 
1996; Ławniczak 2006). However, within each zone 
mosaic distribution of plants also depends on nutrient 
availability in soil. The present study showed that Glyc-
eria maxima prefers sites with high N and K concentra-
tions in the sediments. Particularly, K concentrations in 
the sites with G. maxima were two times higher than 
those observed in other sites covered by vegetation. 
This species is characteristic for very nutrient-rich sites 
and becomes dominant in lakes with a very advanced 
stage of eutrophication (Sundblad and Wittgren 1989). 
Glyceria maxima is a strong competitor to Phragmites 
australis (van der Brink et al. 1995). Also, it is a species 
which is observed in the last stage of plant succession in 
lakes (Ciecierska 2008). The current results confirm the 
preference of Glyceria for high nutrient requirements. 
On the basis of N:P and N:K ratios in sediments, Glyc-
eria was found to occur in sites with N:P ratio = 5.5 and 
N:K ratio = 0.9 at the beginning of the vegetation sea-
son as well as 2.1 and 0.6 at the peak standing biomass, 
respectively. These values were the highest recorded 
among the tested sites with macrophytes, suggesting 
that Glyceria benefited the most from higher nutrient 
concentrations in the sediment. 

Phragmites australis and Carex acutiformis pre-
ferred sites with comparable nutrient concentrations. 
Moreover, in sites with C. acutiformis and P. australis, 
significant differences between N, P or K concentra-
tions in sediments were not observed, but these dif-
ferences were recognised with respect to N:P ratios in 
the sediments. P. australis occurred in the sites with an 
N:P ratio about 1.1, and C. acutiformis with N:P=2.2 at 
the peak standing stock. However, at the beginning of 

the vegetation season, the sediment N:P ratio was 2.0 
in the sites with P. australis and 2.9 in sites with C. acu-
tiformis. Changes of nutrient concentration ratios in 
the examined sediments indicated that, in the patches 
with P. australis, nutrient concentrations were reduced 
more efficiently than in sites with C. acutiformis. The 
effectiveness of nutrient removal was two times high-
er in sites with P. australis than in those with C. acu-
tiformis. This could probably be attributed to a higher 
uptake of nutrients by reeds than by sedges.

Within the studied species, T. angustifolia grows 
in the sediment with the lowest N concentrations. 
Consequently, N:P and N:K ratios in the sediments 
were the lowest in the patches with this species. These 
differences may have been caused by the preference of 
T. angustifolia for mineral sediments with low organic 
material content (Lenssen et al. 1999). Although N 
concentrations in the patches with T. angustifolia were 
the lowest, this species was one of the most produc-
tive in Lake Niepruszewskie among the studied helo-
phytes. Van der Putten et al. (1997) observed growth 
reduction in flooded organic sediments, particularly 
where the organic matter originated from emergent 
macrophytes. In contrast, van der Brink et al. (1995) 
reported good growth of clonal dominant species, 
such as T. angustifolia and G. maxima, in reed litter 
sediment. However, in Lake Niepruszewskie these ob-
servations were not confirmed, because proportions of 
Typha angustifolia in patches with Phragmites australis 
decreased with enhanced reed litter sediments and re-
duction of water depth (field observation; Ławniczak 
et al. 2010). 

From the point of view of sediment N:P ratios, 
the following sequence of preferences of the studied 
macrophytes can be proposed: Typha angustifolia < 
Phragmites australis < Carex acutiformis < Glyceria 
maxima. With regard to preferences for water depth, 
the sequence is as follows: Glyceria maxima < Carex 

Table 4. Pearson correlation between nutrient concentrations in the sediments and biomass as well as biomass production of wetland 
plant species. Significant correlations given as *** p < 0.001; ** p < 0.01; * p < 0.05; ns. p ≥ 0.05

Plant
Sediment

N con. P con. K con. N:P N:K
N con. 0.617*** 0.651*** 0.272 0.745** -0.200
P con. 0.526*** 0.603*** 0.408** 0.661*** -0.011
K con. 0.595*** 0.486** 0.475** 0.642*** 0.000
N:P 0.305 -0.404** 0.431* 0.413** -0.169
N:K 0.376* -0.163 0.519** 0.328* -0.198
Aboveground biomass 0.483** 0.386* 0.340* 0.519** 0.040
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acutiformis/Phragmites australis < Typha angustifolia. 
However, nutrient concentrations in the seasonally 
flooded part of the littoral zone constituted a more 
important factor which determined species distribu-
tion. The observed low sediment N:P ratio in Lake 
Niepruszewskie could probably be attributed to in-
tensive denitrification in the sediments (Christensen 
and Sørensen 1986). This hypothesis is supported by 
studies of Hamilton and Mitchell (1988), who ob-
served low N:P sediment ratios in rich sites covered 
by aquatic plants. However, the N:P ratio in the sedi-
ments of the studied sites was low in comparison to 
other wetland types (Güsewell and Koerselman 2002; 
Nurminen and Horppila 2009). These low values of 
N:P sediment ratios were determined by high N and P 
concentrations. Moreover, they were lower than those 
observed by Nurminen and Horppila (2009) in patch-
es with Nuphar lutea and Ranunculus species.

In the sites devoid of plants, nutrient concen-
trations were significantly lower than in those cov-
ered with vegetation, indicating a strong influence of 
macrophytes on nutrient accumulation and cycling 
in the lake ecosystem. Also, Nurminen and Horppi-
la (2009) found much lower nutrient concentrations 
in the sites without than with vegetation. However, 
in the sediments influenced by vegetation, N and P 
concentrations in sites with floating-leaved plants and 
submerged macrophytes were much higher (Nurmin-
en and Horppila 2009) than those observed among 
emergent macrophytes in Lake Niepruszewskie. These 
apparent discrepancies could be attributed to differ-
ent stages of lake eutrophication and types of bottom 
sediment as well as water. It should be emphasised that 
the pattern of the N:P ratio in sediment in sites with 
and without vegetations was the same.

N:P sediment ratios between permanently and 
seasonally flooded sites. Analyses of nutrient concen-
trations in sediments showed that permanently and 
seasonally flooded sites, except for patches with Typha 
angustifolia, differed significantly. Generally, the low-
est nutrient concentrations in sediment were detected 
in the deeper part, permanently flooded, which was 
probably caused by slower decomposition processes 
occurring in this part. In the deeper sites, which were 
more exposed to surface and internal waves, organ-
ic material could be easily washed from the bottom 
or could be diluted by turbulence. This part was also 
more exposed to winds and susceptible to sediment 
resuspension (Cyr et al. 2009). In the seasonally flood-
ed sites, the sedentation process predominated over 

sedimentation, which is probably caused by higher 
decomposition of plant biomass (Tobolski 2000). 

Influence of N:P and N:K sediment ratios on 
plant biomass. Above-ground biomass correlated 
more strongly with the N:P ratio in sediments than 
with individual nutrients. This indicated that, even in 
very eutrophic conditions, biomass production de-
pended more on the N:P ratio in the sediment than 
on the concentration of each nutrient independently. 
These results confirm the studies of Güsewell and Ko-
erselman (2002), who observed higher variations of 
individual nutrients in the soil than N:P ratios. In con-
trast, a significant positive correlation was observed 
between N and K concentrations in sediments and 
biomass production, although correlations between 
N:K ratios and plant productivity were not significant. 
These results indicated that the N:P ratio in sediment 
was a better indicator of nutrient availability, necessary 
for plant growth, than individual nutrients or the N:K 
ratio. In eutrophic lakes, K is usually present in un-
limited concentrations, and in such conditions plants 
can take up K readily (Szczepaniak 2004). Moreover, 
K leaches quite easily from plant material (Marschner 
1986), causing increased K levels, particularly at the 
end of the vegetation season.

Considering the entire study period, the N:P ra-
tio in sediment positively correlated with macrophyte 
biomass. This correlation was mostly determined by 
sediment N content; however, the relationship be-
tween N:P and biomass production was stronger than 
the simple effect of the sediment N concentration on 
the above-ground biomass. These results contradict 
the reports of Verhoeven et al. (1998), who failed to 
observe correlations between nutrient availability in 
soil and N concentration, P concentration and the N:P 
ratio in the vegetation in a floodplain river due to ex-
tremely high nutrient availability in the studied sites. 
On the other hand, a positive correlation between N 
soil concentration and biomass of aquatic plants was 
observed by Squires and Lesack (2003). However, re-
lationships between the N:P sediment ratio and plant 
productivity during the vegetation season have rarely 
been tested. Most studies have focussed on differences 
between the N:P ratio in sediment and the N:P bio-
mass ratio and variations between individual nutri-
ents at the peak standing stock (Verhoeven and Aerts 
1987; Güsewell and Koerselman 2002; Horppila and 
Nurminen 2003). Higher correlations between plant 
biomass and the N:P ratio than N or P concentrations 
in sediment indicate that measurements of the N:P ra-
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tio are more important than measurements of N and P 
separately. On the other hand, nutrient concentrations 
in soil change during the vegetation season and sim-
ple measurements do not reflect the reliable nutrient 
availability for plant growth. Güsewell and Koerselman 
(2002), and Verhoeven and Aerts (1987) suggested that 
nutrient concentration in plant biomass in fact better 
reflects the availability of nutrients for plant growth. 
Nutrient concentrations in sediments also depend on 
other factors, such as pH, microbial activity, tempera-
ture, and water availability (Shaver and Chapin 1995). 
These factors may modify nutrient uptake, nutrient 
resorption efficiency and the proficiency of wetland 
species (Güsewell 2005; Ławniczak 2011). Conversely, 
Perez-Corona et al. (1996) and Jonasson et al. (1999) 
observed a specific ability of some plants to solubi-
lise “unavailable” phosphorus or organic nitrogen, re-
spectively. This suggests that nutrient concentration in 
above-ground biomass better reflects nutrient avail-
ability to plants than nutrient measured in soil.

Influence of N:P and N:K sediment ratios on N:P 
and N:K biomass ratios. Güsewell and Koerselman 
(2002) observed higher variability of nutrient con-
centrations in soil than their concentrations in plant 
biomass. These authors observed smaller variations 
in N:P ratios than in N and P concentrations. How-
ever, in the present study low variations in N:P ratios 
were detected in plant material as well as in the sedi-
ment, indicating that in eutrophic conditions, the N:P 
biomass ratio as well as the N:P sediment ratio can 
potentially be good indicators of nutrient limitation 
in wetlands. However, these ratios varied consider-
ably between months over the vegetation season in 
plants as well as in the sediment. Therefore, it seems 
reasonable to conduct these measurements at the peak 
standing stock, as this will make it possible to compare 
these results with other studies. On the other hand, 
variations in N:P and N:K ratios in plants were lower 
between June, August and September than variations 
in sediment among study months. Therefore, biomass 
N:P ratios were correlated with sediment N:P ratios 
more weakly at the end of the vegetation season than 
at the beginning. The present study also indicated that 
processes other than nutrient uptake by plants may 
have influenced nutrient concentrations in sediment, 
for example microbial activity (Tuominen et al. 1996). 
In permanently flooded sites, nutrient concentrations 
could be significantly reduced by phytoplankton up-
take, particularly during summer (Kiss et al. 2003). It 
can be concluded that analyses of nutrient concentra-

tions in plant material rather than in the sediment will 
be more precise in the recognition of nutrient avail-
ability as well as nutrient limitations in wetlands. 

Conclusions

The performed analyses of N, P and K concen-
trations in plants and sediments indicated that meas-
urements of nutrients in plant biomass better reflected 
nutrient availability for plant growth than analyses of 
nutrient contents in sediments. The vegetation bio-
mass and nutrient concentrations in plant biomass in 
the shallow littoral zone were more sensitive to chang-
es of water depth in comparison with the permanently 
flooded part of the littoral zone. This study showed 
that the N:P biomass ratio was a better indicator of 
moisture changes than the N:K ratio or individual 
nutrients. Preferences of the studied macrophytes for 
nutrient concentrations in sediments depended more 
on the N:P ratio in sediment than N, P or K concentra-
tions individually. G. maxima preferred sites with high 
N and K concentrations, while T. angustifolia occurred 
in sites with the lowest nutrient concentrations among 
studied species.
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