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soil pH and soil total C. We identified three distinct 
N-environments along an elevational gradient. The 
“N-poor alpine” located at the highest altitudes, 
strongly N-limited and dominated by dwarf-shrub. 
The "N-mixed subalpine" located in the middle of the 
gradient and covered by scrub and sward. It was char-
acterized by moderate N turnover rate. The "N-rich 
subalpine" occurred at lowest locations and was cov-
ered by subalpine tall forb community. It exhibited 
the highest dynamics of N transformations and was 
rich in inorganic N.
Conclusion  Three main N-environments were iden-
tified: N-poor alpine, N-mixed subalpine, N-rich sub-
alpine. Variability among the vegetation types was 
driven primarily by elevation, soil N–NH4

+, soil pH 
and soil total C.

Keywords  Nitrate reductase · Nitrogen 
biogeochemistry · Soil mineral nitrogen · N 
mineralization · Plant communities · N turnover · 
Giant Mountains

Introduction

Alpine and subalpine ecosystems are particularly vulner-
able to climate change, which intensity is predicted to 
increase in the coming decades (IPCC 2007, 2021; Mietk-
iewicz et al. 2017). One of the observed effects are changes 
in nitrogen (N) cycle, which is a consequence of both 
direct and indirect processes as fossil fuels combustion, 
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N deposition from agricultural systems and systematic 
annual temperatures increase (Galloway et al. 2008; IPCC 
2021). Therefore there is a growing need for data about the 
N biogeochemistry in high mountain nutrient-poor ecosys-
tems. In this context elevational gradients are considered as 
a suitable study-systems which allow to investigate poten-
tial response of plant communities or ecosystems to chang-
ing climatic conditions (Körner 2007). In general the shifts 
in ecosystem processes along an elevational gradients are 
driven by changes in temperature mainly, but also numer-
ous community- and ecosystem-level variables (Mayor 
et  al. 2017). Even slight rise in temperature can signifi-
cantly increase rate of organic matter mineralization and 
therefore also inorganic N availability (Nadelhoffer et al. 
1997; Knorr et al. 2005; Davidson and Janssens 2006). In 
mountainous areas, concentration of soil inorganic N (IN) 
(as ammonium or nitrate) decrease with elevation increase 
(Tanner et al. 1998; Zhang et al. 2012).

 Particularly interesting is how N turnover charac-
teristics are spatially differentiated when gradients are 
covered by neighboring plant communities which alti-
tudinal ranges overlap. On a smaller scale, the specific 
topography of high-mountain areas affects many envi-
ronmental characteristics as hydrology, elements redis-
tribution or insolation which in turn leads to ecosystems 
and communities differentiation. Many of these factors 
control also quantity and quality of soil N available for 
plants (Bowman et  al. 2003; Fisk et  al. 1998; Zhong 
et al. 2019). On the one hand the differentiation of adja-
cent vegetation types can be an outcome of spatial het-
erogeneity of macronutrients biogeochemistry in given 
habitat, as N availability is a one of the strong environ-
mental filters (Miller and Bowman 2003; Vitousek and 
Howarth 1991). But on the other hand, the community 
shapes N biogeochemistry in its environment by the 
combined effect of species coexisting in that community 
(Miller et  al. 2007). When the area’s topography cov-
ered by adjacent vegetation types is similar, the impact 
of plant community on N turnover can be a remaining 
missing link of N biogeochemistry. Therefore the spa-
tial mosaic-like pattern of adjacent vegetation types can 
likely reflect the heterogeneity of soil N transformations, 
but also drives these transformations by itself. Cruz 
et al. (2008) showed for Mediterranean ecosystems, that 
plant cover shapes soil conditions significantly, indicat-
ing specific pattern of soil N heterogeneity. The authors 
demonstrated that the dominant species and its plant 
functional group (PFG) reflect the spatial heterogeneity 
of soil characteristics (e.g. pH, nitrification potential). On 

the species focal-scale, plants differ in their abilities and 
preferences for absorbing and metabolizing various N 
chemical forms, (Harrison et al. 2007; Miller and Bow-
man 2003; Reynolds et  al. 2003). The differences can 
be a result of both species-specific metabolic apparatus 
as well as an anatomical or phenological traits (Ashton 
et al. 2008). Furthermore a functional group which plant 
belongs can reflect its preferences and ability to uptake 
and metabolize specific N form (e.g. nitrate) as an impor-
tant N source (Dias et al. 2011). One of the hypotheses 
that explain species-specific preferences for different soil 
N forms is that partitioning of the N pool occurs to avoid 
competition for resources (Harrison et al. 2007; McKane 
et al. 2002; Reynolds et al. 2003). By this way, coexisting 
plant species can exploit qualitatively different N pools, 
which reflect the niche differentiation, due to intraspe-
cific competition is generally stronger than interspecific 
one (Adler et  al. 2018). On the ecosystem focal-scale, 
also the whole vegetation types can play an important 
role in macronutrient fluxes, even when they cooccur in 
the same microclimatic area but are differentiated by spe-
cies composition or dominant growth form. Acidic soils 
and low average annual temperatures are conditions typi-
cal for Central European mountains such as the Sudetes. 
Such conditions usually implicate that soil mineraliza-
tion processes and therefore mineral nitrogen availability 
are naturally limited (Björk et al. 2007). Thus dissolved 
organic nitrogen (DON) is predicted to be a dominant N 
form in soil patches located at the upper part of eleva-
tional gradients. According to Read and Perez-Moreno 
(2003), such areas are predicted to be dominated by 
species associated with ericoid and ectomycorrhiza, for 
which ammonium ions and DON are likely the main N 
source (Björk et al. 2007). On the lower end of altitudinal 
gradient, soil pH and soil N dynamics are presumed to 
be higher, which imply domination of plants preferring 
inorganic N forms as a main N source. Due to higher soil 
pH and higher temperatures, more intensive soil micro-
bial activity is predicted, leading to higher N dynamics 
and therefore higher nitrate concentration. Plants domi-
nating on the lower end of the gradient could likely be 
able to effectively metabolize nitrates as an important 
N source. Such ability can be reflected by nitrate reduc-
tase activity (NRA). Due to nitrate reductase (NR) is the 
crucial enzyme of nitrate metabolism in plants, the high 
NRA value means that species is able to assimilate large 
N-NO3

− amounts (Campbell 1988). It was shown previ-
ously that leaf NR activity of various plant species can 
be useful tool for assessment of potential species specific 
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nitrate assimilation abilities (e.g. Gebauer et  al. 1988; 
Lee and Stewart 1979; Rajsz et  al. 2019). But because 
NR is an substrate-induced enzyme, its activity in plant 
can also reflect an actual soil nitrate availability (Gebauer 
et al. 1988; Rajsz et al. 2019). Furthermore, due to pre-
dicted inorganic N domination in this part of the eleva-
tional gradient, the non-mycorrhizal or arbuscular myc-
orrhiza associations are more probable to occur (Read 
and Perez-Moreno 2003; Björk et al. 2007). Hence the 
soil N turnover should be different under domination of 
different growth form.

In this study, we investigated the N biogeochem-
istry of four neighboring plant communities located 
in Central European high mountain ecosystems. The 
communities cover the majority area of the subal-
pine and alpine belts of the Karkonosze range (Giant 
Mountains) in the Sudetes. The vegetation types are 
located at different, but overlapping elevational ranges 
and strictly differ by growth form of dominant spe-
cies (in parenthesis): alpine heathlands (dwarf shrub 
Calluna vulgaris), subalpine swards (grass Nardus 
stricta), subalpine scrubs (shrub Pinus mugo) and sub-
alpine tall forb (perennial herb Rumex alpinus). We 
hypothesized that the four plant communities, located 
in subalpine and alpine belts of the Karkonosze, differ 
in the soil dissolved N forms, soil total nitrogen and 
net N mineralization rate as well as leaf nitrate reduc-
tase activity and total leaf N content of the dominant 
species. We also assumed that separate area patches 
with distinct biotic and abiotic N turnover characteris-
tics, called as N-environments hereafter, can be distin-
guished along an elevational gradient. Consequently, 
each N-environment should be covered by different 
vegetation type, reflecting differences in N biogeo-
chemistry. Thus higher rates of N cycling in the lower 
elevations will result into higher concentration of soil 
inorganic N available for plants. By studying spatial 
variation of plant and soil N characteristics along an 
elevational gradient in alpine tundra, we aimed to 
identify the crucial variables driving N biogeochemis-
try differences of high mountain vegetation.

Materials and methods

Study site and sampling design

Sampling and in  situ leaf nitrate reductase activ-
ity (NRA) measurements were conducted in the 

Karkonosze mountains (Karkonosze National Park, 
SW Poland, 50°46′00″N 15°39′00″E) above the tree 
line at an elevation of 1150 to 1500 m a.s.l. (subal-
pine and alpine belts). Mean values of selected cli-
matic variables in the studied area: total annual pre-
cipitation 1300 – 1512 mm; temperature in July + 8.5 
to + 10.1  °C (Sobik et  al. 2013), growing season 
about 145  days (Pawlak 2009; Gramsz et  al. 2010). 
Granites are the main component of parent rock in all 
sampling sites (Waroszewski et  al. 2013). The area 
has poor acidic soils of Hyperskeletic Leptosols and 
Stagnic Albic Podzols (Kabała and Szerszeń 2002). 
Both measurements and sample collection were con-
ducted in July of 2016 and 2017. Four dominant plant 
communities, typical for high-mountain ecosystems 
of Central Europe, were selected for the study: alpine 
heathlands (referred as “heathland” hereafter) domi-
nated by Calluna vulgaris: Avenello flexuosae-Cal-
lunetum vulgaris Zlatnik 1950 (Kočí 2007a), subal-
pine scrubs (referred as “scrub”) dominated by Pinus 
mugo: Dryopterido dilatatae-Pinetum mugo Unar 
in Unar et  al. (1985) (Chytrý 2013), acidic swards 
(referred as “sward”) dominated by Nardus stricta: 
Carici bigelowii-Nardetum strictae Jeník 1961 (Kočí 
2007b) and subalpine tall forb community (referred 
as “tall forb” hereafter) dominated by Rumex alpi-
nus: Rumicetum alpini Beger 1922 (Kočí 2009). The 
community coverage on studied area account about 
8%, 52%, 15% and 2.5%, for alpine heathlands, sub-
alpine scrubs, acidic swards and the subalpine tall 
forb respectively. The alpine heathlands occurs at the 
elevations of 1473 – 1503  m a.s.l, subalpine scrubs 
and acidic swards form mosaics between 1390 and 
1470 m a.s.l, while subalpine tall forbs are found at 
about 1150 m a.s.l. Nine study plots (30 m x 30 m) 
for each plant community were selected in the whole 
mountain range above the tree line. The altitude of 
each sampling plot was obtained with a GPS device 
(Garmin GPSMap 62 s) (Fig. 1).

Vegetation description

Vegetation data were collected for each study plot 
using the relevé method, with plot size ranging from 
16 to 100 m2 (Chytrý and Otýpková 2003). Within 
each plot, homogeneous stands of vegetation were 
identified based on the dominant species. One relevé 
was analyzed per stand. The canopy cover for each 
species was visually estimated as percentage cover. 
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From each plot both plant and soil samples were col-
lected as well as leaf NRA in situ measurement were 
conducted in the community’s dominant species.

Soil and plant analysis

At each plot, the plant material (leaves) was collected 
randomly from at least nine individuals of the domi-
nant species. Leaf samples were dried at 60  °C and 
milled with a laboratory mill (Polymix PX-MFC90D, 
Kinematica AG, Switzerland). Soil samples were col-
lected in three replicates from each site using a stain-
less steel core (25  cm long and 7  cm in diameter). 
The samples were collected into a LDPE bags and 
transported to the laboratory. The plant residue and 
coarse material were removed and each sample was 
homogenized. Soil water content was determined as 
weight loss by drying at 60 °C for 72 h. Soil pH was 
determined with a pH- meter (Hanna Instruments, 
Germany) using a 1:5 soil:water ratio (w/v). For min-
eral N analysis, part of each soil sample was extracted 
by shaking for 2 h with 1 M KCl (1:5 soil:extractant), 
centrifuged at 3500 × g (Mistral-1000 MSE, England), 
and filtered through Whatman42 filter paper (May-
nard et al. 2007). To determine N-NO3

− and N-NH4
+ 

concentration, extracts were analyzed with a flow 
injection analyzer (FIA compact—MLE GmbH Ger-
many). Soil dissolved organic nitrogen (DON) con-
centration was determined with persulfate oxidation 

method (Cabrera and Beare 1993; Doyle et al. 2004; 
Hagedorn et  al. 1999), by incubating 5  mL aliquots 
of both the sample and the oxidizing reagent in 
sealed tubes at 90  °C for 20 h. A set of NH4Cl and 
glycine standards was also digested to verify oxida-
tion efficiency. The remaining parts of soil samples 
were dried at 60 °C until constant mass and screened 
through an automatic sieve shaker (Morek Multiserw 
LPzE-2e, Poland) with 2 mm mesh size. Total nitro-
gen concentration was determined with the Kjeldahl 
method using an automatic steam distillation appara-
tus (Vapodest 40, Gerhardt GmbH, Germany). Soil 
total carbon concentration was determined with a car-
bon and sulfur analyzer (SC 144-DR, Leco Corpora-
tion, USA) with a dedicated reference material for C.

Nitrate reductase activity

We used an in vivo assay of nitrate reductase activ-
ity (NRA) according to a procedure described by 
Jaworski (1971), Al Gharbi and Hipkin (1984), Norby 
et  al. (1989), Downs et  al. (1993) and Krywult and 
Bielec (2013). We modified the assay procedure 
which enabled to conduct measurements in situ with 
better accuracy (Rajsz et  al. 2017). The NR activity 
was expressed as the amount of nitrite synthesized 
per gram of plant tissue dry weight per hour (µM 
NO2

− g−1 DW h−1). The measurements were carried 
out between 10 am and 3  pm GMT only on sunny 

Fig. 1   Map of sampling 
locations in the Karkonosze. 
circle alpine heathlands, tri-
angle acidic swards, white 
square subalpine scrubs, 
square subalpine tall forb 
community
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days, with similar air temperature. Only leaves with-
out damages were chosen for analysis. The incuba-
tion buffer pH was set to 7.5. The circles of leaves 
were cut with a 5-mm diameter hole puncher. Grass 
leaves and needles of coniferous species were cut into 
2–3-mm parts using sterile scissors and immediately 
placed into incubation buffer. Samples were vacuum 
infiltrated at 0.33  atm for 5  min. and incubated for 
2  h at 25  °C and darkness in a portable water bath 
(Rajsz et al. 2017). 1 ml of the reaction mixture was 
mixed with 1 ml of 1% sulphanilamide and 1 ml of 
0.02% N-(1-naphthyl)ethylenediamine dihydrochlo-
ride. Absorbance was measured at 540  nm using 
a spectrophotometer (Secomam S-250, Secomam 
France) (Hageman and Reed 1980). Leaves samples 
from the assay were dried at 60° to a constant weight. 
NRA was expressed as the amount of nitrite synthe-
sized per gram of plant tissue dry mass per hour (µM 
NO2

− g−1 DW h−1). A standard curve was prepared 
before analysis with use of the same buffer solution. 
The NR activity was expressed as the amount of 
nitrite synthesized per gram of plant tissue dry weight 
per hour (µM NO2

− g−1 DW h−1).

Net N mineralization rate

Each soil sample was divided into four separate sub-
samples, packed into LDPE bags and placed in an 
incubation chamber at 20  °C in darkness. Samples 
were incubated for 90 days. Moisture content in each 
sample was monitored to maintain stable conditions. 
Subsequently, all soil samples were analyzed again 
for N-NO3

−, N-NH4
− concentration using the meth-

ods described above.

Statistical analysis

To test normality of data distribution the Shap-
iro–Wilk test was used. The data without normal 
distribution were log transformed (log(x + 1)). 
Homoscedasticity was tested with Levene’s and 
Brown-Forsythe tests (Sokal and Rohlf (2003). The 
significance of differences in the measured envi-
ronmental variables among the different plant com-
munities was tested using one-way ANOVA. Non-
parametric Kruskal–Wallis statistics was used when 
the variables did not meet the assumptions required 
for parametric ANOVA. Basic statistical analysis 
(means, medians, SD, data normality, significant 

differences) was conducted with Statistica 12 soft-
ware (StatSoft, Inc. 2014). All analyses were con-
ducted at a 0.05 significance level.

Principal component analysis (PCA) was used to 
study the relation between variables and examine if 
these variables as a whole properly described differ-
ences between plant communities. For PCA analy-
sis, an environmental data matrix was used first, and 
relevés were plotted on the diagram a posteriori.

For multivariate analyses vegetation data (com-
munity composition on cover-percentage scale) 
were square-root transformed and the Bray–Curtis 
dissimilarity matrix was computed. Environmental 
data, except for pH and altitude, were log trans-
formed, normalized and resemblance matrices were 
calculated using Euclidean distance. For results 
visualization, the data for plant communities where 
plotted using non-metric multidimensional scal-
ing (NMDS) analysis (Clarke & Gorley 2015). To 
examine overall relationships between plant com-
munities composition and environmental variables, 
Mantel-like RELATE tests were performed based 
on correlations between community composition 
and all measured environmental variables. To deter-
mine which environmental variables components 
were most influential in the predictor matrices, the 
relationships between the environmental data and 
between community composition was tested using 
a Distance-based Linear Model (DistLM). For vis-
ual illustration of the relationships between plant 
communities assemblage and environmental vari-
ables we used distance-based redundancy analysis 
(dbRDA), a non-parametric ordination method 
in which axes are constrained as functions of the 
explanatory variables. Non-parametric, permuta-
tional ANOVA (PERMANOVA) was used to test 
differences in community composition between each 
vegetation type. Data were analyzed using Primer-E 
v7 statistical package with PERMANOVA + addon 
(Clarke & Gorley 2015; Anderson et al. 2008).

Results

Leaf NRA and total leaf N concentration

Considerable differences in leaf NRA values between 
the dominant species were found (Table 1). NR activ-
ity was significantly (more than 30 times) higher in 
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R. alpinus than in the other studied species (K-W, 
H(3,N = 36) = 26.68; P < 0.0001). The lowest NRA 
close to detection limit was observed in C. vulgaris. 
NRA in N. stricta was nearly ten times higher than 
in C. vulgaris and about four times than in P. mugo. 
Similarly the highest total leaf nitrogen concen-
tration was observed in R. alpinus and it differed 
significantly from C. vulgaris and P. mugo (K-W, 
H(3,N = 36) = 32.84; P < 0.0001) which contained 
from two to four times less total nitrogen per 100 mg 
of leaves.

Soil pH, dissolved N forms and total C concentration

Among all the studied communities soil pH was sig-
nificantly higher in the subalpine tall forb community 
(F3;16.98 = 17.02; P < 0.0001), but there were no 
substantial differences in soil reaction between heath-
land, scrub and sward (Table 1). Soil total N concen-
tration in the tall forb was about three times than in 
other communities (F3;32 = 4.08 P < 0.05) with sig-
nificantly lower values in sward. DON concentrations 
were 5 to 10 times greater than the dissolved inor-
ganic nitrogen (DIN) fraction (N-NO3

− + N-NH4
+) in 

all the studied plant communities (Table 1). The larg-
est significant differences in soil DON content were 
observed between heathland and scrub communities 
with the highest values in the latter (F3;32 = 4.28 
P < 0.05). Plant communities differed markedly in 

the concentrations of soil exchangeable N forms. Two 
homogenous groups were observed for soil N-NO3

−: 
group one, with the lowest nitrate concentrations 
(heathland and scrub), and group two with signifi-
cantly higher amounts: sward and tall forb (K-W 
H(3,N = 36) = 26.63; P < 0.001). Overall the highest 
N-NO3

− amounts were observed in tall forb soil and 
these values were from four (scrub, sward) to eight-
een times (heathland) higher than in other communi-
ties. A different situation was observed for N-NH4

+. 
The highest ammonium concentrations were meas-
ured in scrub soils, and they did not differ signifi-
cantly from the sward community (F3;16.70 = 15.79 
P < 0.0001). In turn the lowest ammonium concentra-
tions were observed in heathland soils, and they were 
on average from 2.5 to 5 times lower than in the other 
studied communities (Table 1).

Net soil N mineralization

The overall net N mineralization rate is shown in 
Fig.  2. A significantly higher total N mineralization 
rate was observed for soil from the tall forb and scrub 
communities (K-W: H(3,N = 36) = 22.47 P < 0.001) 
while the lowest one for heathland. However scrub and 
tall forb differed in terms of the direction of N trans-
formations (Fig. 2). In tall forb nitrification dominated 
over ammonification, and it was the community with 
the highest observed rate of N-NO3

− concentration 

Table 1   Comparison of four plant communities by the fea-
tures of dominant plant species (NRA, total leaf N concentra-
tion) and soil properties related to N biogeochemistry. Values 
are given as mean and standard deviation (SD) for normal data 
distribution (Norm. + data normally distributed) or as median 
and median absolute deviation (MAD) for other than normal 

data distribution (- lack of normality). Similarly ANOVA or 
the Kruskal–Wallis test (K-W) was used to compare differ-
ences between communities. Statistically significant differ-
ences are marked by letters in superscript. For each variable 
n = 9

Community Scrub Sward Tall forb Heathland

Dominant species: P. mugo N. stricta R. alpinus C. vulgaris Norm
NRA [µM NO2 h−1 g−1d.w.] 0.17a ± 0.12 0.86a ± 0.17 36.00b ± 5.86 0.09a ± 0.04 -
Total leaf N [% of d.w.] 1.02a 1.85bc 4.42c 1,35ab -
Soil

  pH 4.2a ± 0.11 4.5a ± 0.11 5.4b ± 0.41 4.3a ± 0.14  + 
  N-NO3

− [mg N kg−1] 1.16a ± 0.34 1.85b ± 0.55 9.03b ± 1.06 0.52a ± 0.17 -
  N-NH4

+ [mg N kg−1] 4.59b ± 1.9 3.10b ± 1.96 2.17ab ± 0.63 0.89a ± 0.36  + 
  DON [mg N kg−1] 78.65b ± 24.7 59.44ab ± 5.15 52.98ab ± 17.56 37.04a ± 8.35  + 
  N total [mg N kg−1] 2889ab ± 416 2250a ± 496 3361b ± 750 2383ab ± 699  + 
  C total [mg N kg−1] 56,000 ± 1024 37,670 ± 1006 44,040 ± 789 39,940 ± 623 -
  C:N 20.1 ± 3.4 17.2 ± 2.8 13.0 ± 2.1 18.8 ± 4.1
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increase during incubation (K-W: H(3,N = 36) = 26.42 
P < 0.001). In turn the N-NH4

+ increase rate was sig-
nificantly highest in scrub and sward communities 
(K-W: H(3,N = 36) = 18.56 P < 0.001) while ammo-
nium concentration decreased during incubation in the 
tall forb community (a negative increment value in the 
chart; Fig. 2).

Multivariate analysis

Principal component analysis (PCA) revealed two 
main ecological gradients (Fig.  3). The first one 
(PCA1) was mostly related to N-NO3

−, H (alti-
tude) and NTot, and to a lesser extent to pH and 
NO3

−/NH4
+. The second gradient was linked solely 

with DON. Eigenvalues for the two first axes (PCA1 
and PCA2) were 0.504 and 0.231, respectively and 
accounted for 73.5% of total variation. Eigenvalues 
for the two next axes were below 0.1, which indi-
cated their low contribution to total variation. The 
first gradient clearly distinguished the tall forb com-
munity, while the second one distinguished heath-
land, sward and scrub from each other.

Mantel-like RELATE test showed significant 
correlations between community structure and 
studied environmental variables (RELATE test, 
Rho = 0.704, P = 0.001). The step-wise DistLM pro-
cedure revealed four main, statistically significant 
environmental variables explaining the biggest part 

of the variation: altitude, soil N-NH4
+, soil pH and 

soil total C. (Table  2). variability among the veg-
etation types was driven primarily by elevation, soil 
N-NH4

+, soil pH and soil total C, with significant 
differences in community structure among the dif-
ferent vegetation types (step-wise DistLM as well as 
dbRDA; Fig.  4, Table  2). The first coordinate axis 
revealed 37.4% while the second axis 21.4% of total 
variation. The NMDS analysis showed clear group-
ing among four predetermined vegetation types 
(Electronic supplementary material—ESM1). The 
PERMANOVA analysis, performed with 999 per-
mutations revealed a significant differences between 
studied vegetation types: MS = 66.251; Pseudo-
F = 18.238; P = 0.001.

Discussion

The results showed significant quantitative and 
qualitative differences in N biogeochemistry 

Fig. 2   Changes in mineral N concentration after 90  days of 
soil incubation (in relation to the initial value). Different lower 
case letters – indicate significant differences (Kruskal–Wal-
lis Test). Bars represent median ± median absolute deviation 
(MAD)

Fig. 3   PCA ordination of individual relevés based on envi-
ronmental variables in relation to the first two axes. Symbols: 
circle alpine heathlands, triangle acidic swards, white square 
subalpine scrubs, square subalpine tall forb community. Abbre-
viations: N-NO3

− – soil nitrate nitrogen content, N-NH4
+ – 

soil ammonium nitrogen concentration, DON – soil dissolved 
organic nitrogen, NO3

−/NH4
+ – quantitative ratio of soil nitrate 

nitrogen to ammonium nitrogen content after 90 days of labo-
ratory incubation, C:N – soil total carbon to nitrogen ratio, 
CTot – soil total carbon, NTot – soil total nitrogen, N-MIN – soil 
total inorganic nitrogen after 4 months of incubation, pH – soil 
reaction, H – altitude a.s.l
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between studied communities. Principal com-
ponent analysis (PCA) confirmed the existence 
of two main ecological gradients (Fig.  3). PER-
MANOVA confirmed that studied communities 
reflect area patches distinct in terms of plant-soil 
N turnover characteristics which we called here 
as N-environments (Fig.  4). As we predicted, 
elevation was indicated as a main, primary factor 
that shapes variability among studied vegetation 
types. It was expected as altitude is strongly con-
nected with temperature changes which in turn 
controls most of environmental variables. One of 
the well-known relationships between elevation 

and environmental conditions is temperature 
decrease with growing altitude (Sundqvist et  al. 
2013). Besides altitude, the most significant fac-
tors driving plant communities differentiation 
were soil N-NH4

+, soil pH and soil total C. All 
the variables are related to temperature, but are 
shaped by vegetation also. It was shown for a 
low temperature ecosystems from high altitudes, 
that even slight rise in temperature can signifi-
cantly increase soil organic matter mineraliza-
tion rate and therefore also inorganic N availabil-
ity (Nadelhoffer et  al. 1997; Knorr et  al. 2005; 
Davidson and Janssens 2006).

Facing the predicted future increase of annual 
temperatures in alpine ecosystems, changes in 
nitrogen conditions can be expected. With increas-
ing temperatures, the soil nitrification rate and the 
level of soil available IN will increase, which will 
also increase the pH of the soil. In this scenario, 
some species can migrate upwards, and start to 
occupy habitats previously unavailable to them. 
At the same time, rising temperature may cause a 
decrease environmental harshness, which in turn 
will lead to changes in the plant-plant interactions. 
According to stress gradient hypothesis the fre-
quency of positive plant–plant interactions, (among 
other factors) should increase monotonically with 
increasing environmental harshness (Anthelme 
et al. 2014; Michalet and Pugnaire 2016; Soliveres 
et  al. 2015). Thus, under growing temperatures 
and environmental severity decrease, the facilita-
tive interactions could be replaced by competition 
mostly. However we did not studied plant-plant 
interactions directly in presented study, therefore 
further research is needed to assess the importance 
of described possibilities.

According to obtained results, three main N-envi-
ronments with different plant-soil N-turnover charac-
teristics can be identified.

Table 2   Results of the DistLM analysis. AICc—corrected Akaike Information Criterion; Mod-var- percentage of the fitted model 
variance explained by each factor; Tot-var -percentage of the total variation explained by the factor

Variable AICc SS(trace) Pseudo-F P Mod-var [%] Tot-var [%]

Altitude 279.84 44,658 20.033 0.001 54.73 37.42
N-NH4

+ 271.63 19,336 11.303 0.001 31.37 21.45
pH 264.32 13,506 10.063 0.001 12.15 8.31
Total C 262.71 4859 3.9545 0.023 1.75 1.2

Fig. 4   Distance-based redundancy analysis (dbRDA) ordi-
nation relating environmental variables to plant community 
assemblage data, showing biplot projections for environmental 
variables. Analysis was performed on principal coordinate axes 
obtained from Bray–Curtis resemblance matrices of square-
root transformed data. Projected environmental variables: soil 
pH; altitude a.s.l; soil total C – C tot; soil N-NH4

+

706



Plant Soil (2022) 479:699–713

1 3
Vol.: (0123456789)

N‑poor alpine N‑environment

The first N-environment we called “N-poor alpine” as 
it was located at the highest altitudes and dominated 
by heathland community. In general it is character-
ized by N-poorest soils with the lowest both inor-
ganic N (NH4

+, NO3
−) and DON concentrations as 

well as one of the lowest soil pH among all studied 
communities. These observations are in agreement 
with general knowledge that heathlands are found 
mostly on acidic soils with low nutrient availability 
(de Graaf et al. 1998). Nevertheless low soil concen-
tration of given nutrient can be potentially a result 
of both intensive plant uptake or microbial utiliza-
tion (Xu et al. 2011). The heathland is dominated by 
evergreen dwarf-shrub C. vulgaris, which covers the 
majority of community’s area. However it is unlikely 
that low N-NO3

− concentration results from intense 
uptake and assimilation by C. vulgaris taking into 
account extremely low leaf NRA, reported also by 
other authors (de Graff et  al. 1998). In addition the 
lowest net-N mineralization rate in this vegetation 
type implies, that the soil exhibit a very low nitrifi-
cation potential. These observations support results 
reported by other authors (Gebauer et al. 1988; Havill 
et  al. 1974; Högberg et  al. 1990; Rajsz et  al. 2019) 
and seems to be typical for the whole Ericaceae fam-
ily (Smirnoff et al. 1984). Due to very low NRA and 
soil pH, ammonium seems to be a more essential 
N source in this N-environment. Higher soil NH4

+ 
concentrations are known to have potential nega-
tive effects on many plant species, causing the wide 
range of physiological disturbances. The sensitivity 
to ammonium toxicity differ largely between species 
and ranges from slight symptoms as leaves chlorosis 
to even mortality increase (Britto and Kronzucker 
2002). Furthermore NH4

+ accumulation can suppress 
NRA and therefore inhibit nitrate assimilation, but 
this effect is also species specific (Dias et al. 2015). 
It was shown that differences in tolerance to increased 
ammonium concentrations is a significant factor 
shaping spatial relations of plant functional groups, 
giving competitive advantage for some species (Dias 
et  al. 2015). Similar pattern is likely observed in 
heathland community, as some studies confirm that 
C. vulgaris is well adapted to high ammonium con-
centrations (Britto and Kronzucker 2002). There-
fore higher soil ammonium availability could act as 
environmental filter, promoting strong domination 

of ammonium-tolerant dwarf shrub. In this N-envi-
ronment however, soil is characterized by the lowest 
both N-NH4

+ and N-NO3
− concentrations as well as 

low rate of N mineralization processes. Hence apart 
from inorganic N, the probable nutritional role of soil 
soluble organic N in heathland community is very 
important. Due to relatively low soil DON concen-
tration it is likely that C. vulgaris uptake and assim-
ilate also soluble organic N. The preference for soil 
organic N can be related to plant growth-form and 
plant functional group (Kielland 1994, 1995; Björk 
et  al. 2007; Cruz et  al. 2008). C. vulgaris is a slow 
growing species from Ericaceae family and largely 
depends on ericoid mycorrhiza association which has 
been proven to participate in organic N uptake (Strib-
ley and Read 1980; Sokolovski et al. 2002). High alti-
tudes ecosystems are often regarded as dominated by 
species associated with ericoid and ectomycorrhiza, 
for which ammonium ions and DON are the main N 
source (Read and Perez-Moreno 2003; Björk et  al. 
2007). Mitchell and Gibson (2006) showed that apart 
from organic N, ericoid mycorrhiza can be involved 
also in ammonium uptake. The second probable fac-
tor causing low soil DON concentration in heathland 
is a fact that litter produced by C. vulgaris releases N 
at a very low rate (Gimingham 1972). Both the low-
est net N mineralization rate and the second highest 
soil C:N ratio indicate very low soil microbial activ-
ity in this N-environment. Some data show that also 
soil archaea can have an essential contribution in soil 
nitrification potential, especially when soil condi-
tions are unfavourable to nitrifying microorganisms 
(Gubry-Rangin et  al. 2010), however still the main 
nitrifiers in alpine ecosystems seems to be nitrifying 
bacteria (Xiang et al. 2017).

N‑rich subalpine N‑environment

The second type of N-environment, we called 
“N-rich subalpine”. It was located on the opposite 
site of elevational gradient and occupied by the sub-
alpine tall forb community, dominated by forbs. Soil 
N-NO3

− concentration in this community was the 
highest observed, comparing to sward, scrub and 
heathland vegetation types. Albeit tall forb soil pH 
was relatively highest among studied communities, it 
reached values ≥ 5.0, which still can be classified as 
extremely acidic (Osman 2013). Rumex alpinus, the 
community’s dominant species, was characterized by 
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the highest NRA values (over ten times than in other 
species) and total leaf N concentration (over 4 times). 
Constantly high NR activity was shown earlier for 
many species from the Rumex genus and ranged 
between 6.9 to 16.6 µM NO2

− g−1 DW h−1 (Güleryuz 
et al. 2008; Langelaan and Troelstra 1992; Rajsz et al. 
2019). High NRA values are typically attributed to 
synanthropic plants, which grow on highly disturbed 
areas (Al Gharbi and Hipkin 1984; Lee and Stewart 
1979). It is evident that nitrification was the domi-
nant process here, as N-NO3

− concentration increased 
over 18 times during soil incubation experiment. A 
strong increase of nitrate concentration in soil from 
the R. alpinus community was observed also by Reh-
der (1982). Interestingly his research was conducted 
in the Northern Calcareous Alps, while our study 
shows that the same pattern occurs on acidic soils. 
Soil pH lower than 4.5 usually inhibit nitrification 
processes (e.g. Chu and Grogan 2010; Haynes and 
Swift 1986) however some authors reported nitrifi-
cation processes occurring even at low soil pH from 
arctic ecosystems (Chapin et al. 1988; Davy and Tay-
lor 1974; Giblin et al. 1991) where probable nitrifiers 
are some archaea (Gubry-Rangin et al. 2010). The tall 
forb was the only community where N-NH4

+ concen-
tration decreased during the soil incubation. Similar 
results were obtained by Güleryuz et  al. (2008) for 
soils dominated by R. olympicus, a species closely 
related with R. alpinus. Due to soil NO3

− is mostly 
produced by microbial oxidation of ammonium ions, 
the observed decrease can be a result of a high nitrifi-
cation rate (Schimel and Bennet 2004). In general the 
lower C:N the higher net N mineralization rate (Björk 
et al. 2007; Nadelhoffer et al. 1991). This pattern was 
clearly visible in the tall forb community where the 
soil C:N ratio was the lowest, while the net N miner-
alization rate highest among studied vegetation types.

N‑mixed subalpine N‑environment

To the third identified N-environment we assigned the 
working name "N-mixed subalpine". It was located in 
the middle of the elevational gradient.. In general it 
was covered by two, most strictly neighboring vegeta-
tion types: scrub and sward. The subalpine scrub is 
strongly dominated by coniferous shrub Pinus mugo. 
To date little research has been done on P. mugo com-
munity and its N biogeochemistry so far; therefore 
the available literature on this topic is scarce. The leaf 

NRA observed in the P. mugo was very low and on a 
similar level as in C. vulgaris. This observation sup-
ports the general statement that most angiosperms 
exhibit constantly low but detectable leaf NR activ-
ity (Rajsz et al. 2019; Smirnoff et al. 1984). It clearly 
corresponds with results by Dias et al. (2011) which 
presented that plant functional group can reflect the 
nutritional preferences for specific N form. In addi-
tion soil pH in the scrub community was the low-
est observed. Soils with such low pH are classified 
as extremely acidic (Osman 2013). Low soil pH in 
scrub community (mean pH 4.2) clearly correlate 
with the highest soil ammonium concentration. It is 
known that in the communities dominated by conif-
erous species, ammonium is usually the prevalent 
soil inorganic N form (Eviner and Chapin 1997). It 
can be supposed that soil DON can be an important 
N source for P. mugo. Although many authors reports 
that plants from nutrient-poor ecosystems are able to 
utilize DON as a significant N source. further investi-
gations are needed to examine the P. mugo ability to 
utilize organic N forms (Chapin et al. 1993, Kielland 
1994; Miller and Bowman 2003; Raab et al. 1999).

Along with scrub, the sward community covers the 
“N-mixed subalpine” environment, forming a large 
mosaic-like area of two distinct communities. The 
sward’s dominant species N. stricta is a grass cover-
ing typically more than 90% of the community. The 
NRA values observed in N. stricta were on a simi-
lar level as reported for the species by other authors 
(Havill et  al. 1974; Langelaan and Troelstra 1992). 
Mean leaf NRA in N. stricta was higher than in P. 
mugo and C. vulgaris, but still much lower than in R. 
alpinus. This suggests that N. stricta utilize nitrates 
more effectively than C. vulgaris and P. mugo, but 
still far less efficiently than R. alpinus. Although N. 
stricta typically grows on acidic soils, it shows con-
siderable biomass growth under nitrate feeding (Per-
kins 1968). Havill et al. (1974) presented N. stricta’s 
ability to up-regulate leaf NRA to an order of mag-
nitude higher after nitrate feeding, which suggest 
its wide physiological plasticity for nitrate assimi-
lation. It is visible also by large standard deviation 
value obtained for NRA in N. stricta. Nitrification 
was on similar level as ammonification in sward soil 
N incubation experiment, but also total inorganic N 
production was comparable between the sward and 
scrub. Therefore the quantitative and qualitative rela-
tions between different inorganic N forms seems to 
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be relatively balanced in sward community. Falken-
gren-Grerup (1995) showed that many species from 
the Poaceae family can utilize both NO3

− and NH4
+ 

in relatively balanced proportions (40% NO3
−; 60% 

NH4
+). The versatile preference for different soil N 

forms is known for N. stricta for a long time (e.g. 
Gigon and Rorison 1972). This phenomenon can be 
regarded as species adaptation to spatial heterogeneity 
of soil inorganic N. Due to N. stricta rooting system is 
not as long as in neighbouring P. mugo, the versatile 
N preferences have developed in N. stricta to avoid 
potential N deficiency. Hence each clump can exhibit 
domination of different N assimilation pathway, and 
therefore particular clumps can differ in terms of N 
metabolism, more than individuals of other studied 
species. It is supported also by the fact that leaf N 
concentration in N. stricta strongly depends on nitro-
gen availability (Hicks et  al. 2000). Moreover the 
ability to soil organic N utilization can also be impor-
tant in this species nutrition. Weigelt et al. (2005) pre-
sented preference of N. stricta for serine, even over 
inorganic N. A different strategy is likely observed 
in P. mugo. Although P. mugo can potentially repro-
duce by seeds, in Karkonosze mountains it is known 
to prosper as clonal species mostly. Clonal plants can 
exploit soil grains rich in nutrients through connect-
ing rhizomes or stolons (Xue et al. 2019). Therefore 
even distant N-abundant soil patches can be reached 
by such species. These differences between scrub and 
sward communities can be a one of the key factors 
leading to distinct differentiation of these vegetation 
types, despite the fact that they occur at the same alti-
tude and closely adjoin each other, forming a mosaic-
like spatial pattern.

Comparative analysis of the identified 
N‑environments

Although both increase and decrease of N transfor-
mations rate along increasing elevation have been 
reported for different ecosystems (Marrs et al. 1988; 
Kitayama et  al. 1998; Knoepp and Swank 1998; 
Zhang et  al. 2012), the decreasing N turnover rate 
with increasing altitude is visible in our results. 
The N-poorest as well as most acidic is the “N-poor 
alpine” environment located at the upper end of ele-
vational gradient. Dias et al. (2015) showed for spe-
cies from Mediterranean ecosystems, that ammonium 
can inhibit NRA even when nitrates are abundant in 

the soil. However the effect was dependent on plant 
functional group which given species belonged to. 
Because in each of studied communities NH4

+ was 
relatively abundant, further research are needed to 
assess the species reaction to different ammonium 
concentrations in controlled conditions. Although in 
tall forb community the soil N-NH4

+ concentration 
was similar to sward, scrub and even heathland, the 
multivariate analysis indicated soil ammonium as a 
one of most important factors explaining studied vari-
ation. The observed pattern can be a result of different 
soil nitrification/ammonification potentials in studied 
N-environments. In the heathland community, very 
low soil ammonium concentration resulted from low 
soil N-dynamics and therefore low ammonium pro-
duction, while in the tall forb community the larger 
amounts of soil N-NH4

+ was likely produced but in 
the same time it was oxidized by microorganisms, 
and partially absorbed by plants. However further 
research are needed, for examination of temporal vari-
ation of N turnover in each vegetation type. Total leaf 
N concentrations were lowest in both P. mugo and 
C. vulgaris which support the statement that nutrient 
concentration in mature leaves of evergreen species is 
usually lower than in fast growing deciduous plants 
due to a specific nutritional strategy focused on slow 
accumulation (Aerts 1996; Diehl et  al. 2003; Knops 
and Koenig 1997). Therefore it is likely that observed 
differences in N-turnover partially resulting from 
dominance of different functional group. The C. vul-
garis – woody dwarf shrub dominating in heathland is 
focused on slow nutrient accumulation, but also low 
N deposition. On the other hand, deciduous herb—R. 
alpinus occupying the tall forb community, accumu-
late high nitrogen amounts as can be observed in the 
total leaf N concentration (Table 1) but it also release 
high N amounts at the end of growth season. Cruz 
et al. (2008), and Rutigliano et al. (2004) showed that 
the one of the key factors influencing soil properties 
is the plant cover type. The shape and structure of 
the crowns, growth form of the dominant species as 
well as the leaf morphology may significantly affect 
the distribution of light and water availability, as well 
as the soil temperature and in consequence the type 
of soil N transformations. Water availability and soil/
air humidity is regarded as a one of the main factors 
shaping the relationships between plants in a commu-
nity, and therefore likely between entire communities 
(Liancourt et  al. 2005; Brooker et al. 2008). Results 
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presented in our previous paper showed that in each 
of the communities soil moisture was very similar 
(Rajsz et al. 2017). Nevertheless single measurements 
give little information on the actual water and humid-
ity conditions, therefore further research are needed 
to explore both daily and seasonal moisture and tem-
perature changes in studied ecosystems.

Conclusions

The environmental factors connected with N biogeo-
chemistry explaining the largest part of variation in 
neighboring, subalpine and alpine vegetation types 
in Karkonosze mountains are: altitude, soil pH, soil 
ammonium concentration and soil total C. The three 
main, distinct N-environments can be identified 
along small elevational gradient: the N-poor alpine, 
N-mixed subalpine, and N-rich subalpine. The spe-
cific vegetation types are occupying these N-environ-
ments, and differ by growth form of dominant spe-
cies, reflecting different strategies of nitrogen use.
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