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Abstract Plants adapted to nutrient-poor temperate 
peatlands exhibit relatively low foliar N and P con-
tents and resorb N and P from ageing leaves very effi-
ciently to minimize their nutrient losses through lit-
ter fall. Changes in nutrient resorption efficiency due 
to an expectable increase of temperature may affect 
nutrient cycling in peatlands. We used an elevational 
gradient as a proxy for the effect of ongoing climatic 
change and compared the foliar N and P resorption 
efficiencies (REN, REP) of two co-occurring typical 
plant dominants (Molinia caerulea and Vaccinium 
uliginosum) at four microsites of each of two acidic 
peatbogs in southern Bohemia, Czechia, at two eleva-
tions differing by ca 500 m. No significant difference 
in soil nutrient content was found between the two 
sites. Foliar N and P contents in mature leaves in both 
species did not depend on the elevational gradient and 
were mostly not correlated with the inorganic soil 
nutrients. The REN (70–78%) and REP values (61–
70%) in Vaccinium were markedly lower than those in 
Molinia (84–85% and 92–94%, respectively). In line 
with literature data, the peatland dominants Molinia 

and Vaccinium possess different strategies of foliar N 
and P resorption from ageing leaves. High REN and 
REP in Molinia obviously underlie its strong domi-
nance in unmanaged peatland habitats. No elevational 
difference in both REN and REP was found in either 
species, indicating that the resorption efficiencies of 
these species are not expected to change markedly 
under the projected scenario of increasing tempera-
ture and lengthening growing season.

Keywords Leaves · Nutrient reutilization · 
Nitrogen · Phosphorus · Peatland · Global warming

Introduction

Nutrient resorption from senescing leaves and / or 
shoots enables plants to decrease the nutrient losses 
associated with biomass turnover and represents a sig-
nificant component of their mineral nutrient economy 
(Güsewell 2004, 2005a,b). Plants growing in nutrient-
poor habitats might minimize their relative nutrient 
losses in senescent leaves / shoots by increasing the 
fraction of nutrients reutilized in mature leaves, that 
is, the ‘resorption efficiency’ (RE), or decreasing the 
final nutrient content in senescent biomass, that is, the 
‘resorption proficiency’ (Killingbeck 1996). Another 
strategy is to evolve a long life span of organs (Aerts 
et  al. 1999). Plants adapted to growing in nutrient-
poor peatlands (bogs and fens) resorb N and P very 
efficiently. Aerts et al. (1999) and Güsewell (2005b) 
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state mean RE values for N (REN) of ca  40–55% 
and P (REP) ca  60–80% (cf. Aerts 1989; Aerts and 
Caluwe 1989) for dozens of peatland species. Car-
nivorous plants resorb N and P even more efficiently 
(Adamec 2002). Usually, REN closely positively cor-
relates with REP (Killingbeck 1996; He et al. 2020). 
Plant species growing in nutrient-poor habitats do not 
always resorb N and P more efficiently than those in 
nutrient-rich habitats and their resorption efficiency 
may not correlate with soil nutrient content (Aerts 
1996; Güsewell 2005b and the literature therein).

As temperature influences various plant processes 
differently (e.g. mineral nutrient uptake, photosyn-
thesis or growth), it might also influence foliar N 
and P content and nutrient resorption (Woods et al. 
2003; Vergutz et  al. 2012; He et  al. 2020). In sev-
eral studies of plant adaptations to global warming 
(with differences between temperature treatments 
of 2–5°C), the average decrease in foliar nutri-
ent content was about 3% for both N and P at the 
higher temperature (Chapin et  al. 1995; Michelsen 
et  al. 1996). Likewise, low-elevation plants usually 
exhibit a lower N content than their high-elevation 
conspecifics (Körner 1989). A higher N and P leaf 
content can partly compensate for decreases in the 
metabolic rate at low temperatures (Woods et  al. 
2003). Additionally, the growth rate of new tissues 
(leaves) may be directly limited by low temperatures 
at higher elevations, leading to a smaller sink for 
nutrients and their higher content in mature leaves 
(Körner 2003).

Until now, there have been only few studies (Nor-
dell and Karlsson 1995; Dorrepaal et al. 2005; Aerts 
et al. 2007; Vergutz et al. 2012; Gerdol et al. 2019) on 
possible effects of other environmental factors, such 
as temperature change, on nutrient resorption effi-
ciency and proficiency, as the main focus has usually 
been paid to their nutritional regulation (e.g. Aerts 
1996; Killingbeck 1996; Aerts et al. 1999; Güsewell 
2005b; Xu et  al. 2020). In a high-latitude peatland, 
the experimental spring warming reduced senesced 
leaf N content in Vaccinium uliginosum (i.e. reduced 
nutrient resorption proficiency) whereas summer 
warming led to its reduction both in Betula nana 
and Rubus chamaemorus during a five-year warming 
experiment (Aerts et al. 2007). However, the experi-
mental warming did not change REN, probably due 
to the small overall increase of mean air temperature 

(by only 0.9°C). On the other hand, a significantly 
lower REN with increasing summer temperature was 
reported in Betula pubescens subsp. tortuosa trees at 
380 m a.s.l. compared to trees growing at 670 m a.s.l. 
in northern Sweden (Nordell and Karlsson 1995). 
Similarly, a significant decrease of both REN and 
REP with increasing mean air temperature was 
reported by Vergutz et  al. (2012) along a latitudinal 
gradient in their global meta-analysis.

Central European temperate peatbogs are rather 
scattered, and many of them have been negatively 
impacted by drainage, peat extraction or eutrophi-
cation in the past (Rybníček et al. 2017). Neverthe-
less, the mountain peatbogs still harbour typical 
biodiversity, which can be negatively influenced 
by the ongoing climatic change. Changes in leaf 
nutrient contents in dominant plant species and 
both nutrient resorption efficiency and proficiency 
(i.e. leaf litter nutrient content) may have an impor-
tant feedback on nutritional plant–soil interactions 
(e.g. leaf litter decomposability, Ward et al. 2010) 
and peatbog functioning (Dorrepaal et  al. 2005). 
To study these topics, we used an elevational gra-
dient as a spatial analogue for future increases in 
temperature using a space-for-time approach (cf. 
Dorrepaal et  al. 2005). We compared the foliar N 
and P resorption efficiencies and proficiencies of 
two co-occurring typical dominant plant species 
(Molinia caerulea and Vaccinium uliginosum) at 
four microsites in each of two partially drained and 
extracted peatbogs in southern Bohemia, Czechia, 
at two different elevations. The two study sites 
have a similar history, soil-nutrient conditions and 
water table fluctuation, but differ in mean air tem-
perature and growing season length. The mean air 
temperature difference (2°C) between the lowland 
and the mountain peatbog corresponds well to the 
anticipated global warming scenario for this part 
of Central Europe until 2050 (Ministry of the Envi-
ronment of the Czech Republic 2017). In accord-
ance with the literature, we hypothesized (1) an 
elevational increase in both mature and senescent 
leaf nutrient contents (i.e. nutrient proficiency) and 
(2) an increase in N and P resorption efficiency. 
Additionally, we studied whether the local N and 
P contents in the soil are related to foliar N and P 
contents in mature and senescent leaves or have an 
impact on N and P resorption efficiencies.
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Material and Methods

Site Description

The study was conducted in two peatlands at differ-
ent elevations in southern Bohemia, Czechia: The 
lowland Kozohlůdky (KZ) peatbog near Soběslav is 
part of the peatland complex of Borkovická blata at 
410 m a.s.l. representing a special area of conserva-
tion, and the mountain Kapličky (KP) peatbog Nature 
Reserve near Vyšší Brod is located at 900 m a.s.l. (for 
more site characteristics, see Table 1). Both sites are 
characterized by very acidic peaty soils (pH 3.4–3.8; 
Table  2). The sites differ in their mean summer as 
well as annual temperatures by ca 2°C. At each site, 
four different experimental microsites were cho-
sen which represented typical peatbog herb and low 
shrub vegetation. The four microsites were very simi-
lar in their biotic and abiotic conditions and can be 
accepted as replicates. Plant dominants within typi-
cal terrestrial peatbog communities included Molinia 
caerulea, Eriophorum angustifolium, Eriophorum 
vaginatum, Vaccinium uliginosum, Carex rostrata, 
Carex lasiocarpa and Carex nigra at both sites. The 

monocot graminoid M.  caerulea (Poaceae) and the 
dicot shrub V.  uliginosum (Ericaceae) were selected 
for this mineral nutritional study because they repre-
sent dominant plant species in Central European peat-
lands. They are relatively eurytopic and occur in habi-
tats of several types, including peatbogs, fens and wet 
forests. Both have seasonal (short span, deciduous) 
leaves, and also have commonly been used for simi-
lar studies (e.g. Aerts 1989; Aerts and Caluwe 1989; 
Güsewell and Koerselman 2002; Güsewell 2005b; Xu 
et al. 2020).

Leaf Sampling

To determine N and P resorption efficiency and 
proficiency in above-ground biomass, green, fully 
developed, mature leaves were collected from four 
plant individuals of M. caerulea and V. uliginosum 
at each of the four microsites (the size of the indi-
vidual microsites corresponded to ca 25  m2) at both 
sites in mid-August 2020, that is, before the end of 
the growing season. Two segments ca  4  cm long 
(one sample) were excised using scissors from the 
central part of one mature leaf of four M. caerulea 

Table 1  Characteristics of 
the two peatland study sites 
in Czechia (Tolasz et al. 
2007)

Kozohlůdky (KZ) Kapličky (KP)

GPS coordinates 49.218063° N, 
14.645390° E

48.602077° N, 
14.221180° E

Size [ha] 80 73
Elevation [m a.s.l.] 410 900
Mean July air temperature [°C] 17–18 15–16
Mean January air temperature [°C[ −2 to −3 −3 to −4
Length of vegetation period [days] 140–160 120–140
Mean annual precipitation [mm] 600–700 850–1,000

Table 2  Peat soil chemistry measured at two experimen-
tal peatland sites in Czechia. The nutrient contents represent 
extractable (available) nutrients per kg of dry weight of the 
soil. Organic matter represents loss by ignition. The statisti-

cal significance of the differences between two sites was tested 
using t-tests. The difference in pH was evaluated through  H+ 
concentrations. Means ± SE intervals are shown; n = 4. For 
the detailed data, see Table S1

Parameter Kozohlůdky (KZ) Kapličky (KP) d.f. T P

pH 3.77 (3.68–3.82) 3.55 (3.36–3.82) 6 1.821 0.12
NH4

+-N [mg ·  kg−1] 8.6 ± 1.5 6.8 ± 1.3 6 −0.923 0.39
NO3

--N [mg ·  kg−1] 0.86 ± 0.38 0.72 ± 0.39 6 −0.260 0.80
PO4-P [mg ·  kg−1] 43 ± 18 51 ± 7 6 0.407 0.70
Organic matter [%] 90 ± 2 93 ± 3 6 0.659 0.54
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plants at each microsite and stored separately (a 
total of 32 samples from 32 plants at both sites). 
Simultaneously, three to four mature leaves of 
V.  uliginosum were sampled using forceps from 
one longer branch of each of four plants (a total 
of 48–64 leaves from 16 plants): They were sam-
pled from the two-year twig just below the place 
of sprouting of the young, one-year twig. Simi-
lar sampling of senescent leaves of both species at 
both sites and all microsites was conducted on 20 
October 2020 at KP and on 21–27 October 2020 at 
KZ due to differences in V.  uliginosum phenology. 
Special attention was paid to the selection of similar 
age categories of mature and senescent leaves (van 
Heerwaarden et  al. 2003). At both sites, we col-
lected senescent leaves shortly after the first frosts 
had come, when completely yellow-brown M. caer-
ulea leaves and dark-red V. uliginosum leaves were 
thought to be fully senescent. To measure specific 
leaf area (SLA; in   m2 ·  kg−1) for resorption effi-
ciency estimation, ca  12 similar leaf segments of 
M.  caerulea and 25 leaves of V.  uliginosum were 
sampled from different plants at one representative 
microsite both at KZ and KP at both summer and 
autumnal sampling times.

Analytical Procedures

The collected leaves were transported to the labora-
tory the same day and dried at 80°C to a constant dry 
weight (DW) for 6–8 h. Approximately 1–1.6 mg DW 
from one leaf (only the lamina) of V.  uliginosum or 
one leaf segment of M. caerulea were weighed for N 
estimation and 2.1–3.5 mg DW from the same organ 
for P estimation. For N, the material was mineralized 
by concentrated  H2SO4 at 310°C for 8  h and, for P, 
by concentrated  HClO4 at 185°C for 3 h, then diluted 
and analysed for N and P content colourimetrically 
by an automatic FIAstar 5010 Analyzer (Tecator, 
Sweden; see Adamec 2002). Leaf area was scanned 
using a desk scanner and the program ImageJ to cal-
culate the SLA. Then the leaves were dried at 80°C 
to a constant DW and weighed to determine the SLA. 
The decrease in SLA as the determination of autum-
nal loss of leaf biomass due to ageing and resorption, 
was used as a mass loss correction factor (MLCF) for 
the estimation of N and P resorption efficiency (see 
e.g., Güsewell 2005b; Vergutz et al. 2012). Values of 

REN (in %) were calculated as the relative loss of N 
pools in leaf tissues in senesced leaves according to 
equation (1). An analogical equation was used for the 
calculation of REP.

where N (or P)mat and N (or P)sen is the mean nitro-
gen (or phosphorus) content in mature and senesced 
leaves at individual microsites on a mass basis, and 
MLCF is the mass loss correction factor, specifically 
the ratio of the dry mass of senesced leaves and that 
of mature leaves.

Resorption proficiency was equal to the estimated 
analytical N or P content in senesced leaves (Killing-
beck 1996). In a few samples of senesced leaves of 
both species from both sites, both N and P contents 
were unexpectedly high. Although the age category 
and colour of these leaves were the same as in other 
leaves collected from neighbouring plants at the same 
microsite and the V. uliginosum leaves started dehisc-
ing, this may indicate that the N and P resorption in 
these leaves was delayed. These data were discarded 
and other material from the same plant was used 
for analyses. Values of foliar N and P content are 
expressed as percentages of DW and N : P ratios are 
presented on a mass basis, as usual.

Soil Sampling

Five subsurface peat soil samples (5–10  cm deep, 
approx. 100  g each) were collected together with 
the leaf samples from all experimental microsites in 
October 2020. The soil subsamples were homoge-
nized within each microsite. A subsample of 15 g wet 
soil was dried at 60°C to measure the soil moisture 
content. In the dry soil sample, loss of weight (i.e. the 
content of organic matter) by combustion at 550°C 
was estimated. Water pH was measured in wet soil 
samples.  NH4

+-N,  NO3
−-N and  PO4-P content in wet 

soil samples eluted by 1-M KCl (ISO/DIS 14 256-1) 
was measured using a FIAstar 5010 Analyzer.

Statistical Analysis

A Student t-test was used to compare soil nutrient 
contents  (NH4

+-N,  NO3
−-N,  PO4-P) between the two 

sites. Differences in nutrient leaf contents (N, P) and 

(1)REN =

(

1 −
N

sen

N
mat

× MLCF

)

× 100
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N : P ratios between the study sites were tested using 
hierarchical nested ANOVA. Leaf contents from dif-
ferent individuals, nested in microsites (random fac-
tor), nested in the two peatlands (fixed factor) were 
used as explanatory variables. Differences in REN 
and REP between the two species and two sites were 
tested using two-way ANOVA. We quantified the lin-
ear regression models between REN, REP and mean 
nutrient contents in mature and senescent leaves and 
soils for each microsite using Pearson´s linear corre-
lation coefficients (r) and present the data in a corre-
lation matrix. We are aware of that several parameters 
(e.g. REN, N content in mature and senescent leaves, 
N : P content ratio) are more strongly or more weakly 
interrelated by definition. Where possible, all analyti-
cal data are stated as means ± SE at the four micro-
sites. All statistical analyses were done in Statistica 
(version 6.0, StatSoft Inc. 2004).

Results

Peat soils at both experimental peatland sites, the 
lowland one at Kozohlůdky (KZ) and the mountain 
one at Kapličky (KP), had a very high mean organic 
matter content (90–93%) and very low pH val-
ues (3.55–3.77; Table  2,  S1). The mean extractable 
 NH4

+-N content of only 6.8–8.1 mg ·  kg−1 exceeded 
that of  NO3

--N by about ten times, but the mean 
 PO4-P content was in the range of 43–51 mg ·  kg−1. 
No statistically significant difference in these soil 
nutrients was found between the two sites.

The N content in mature leaves of M. caerulea at 
KZ (2.36 ± 0.09%) was significantly higher than that 
at KP (2.00 ± 0.06%), but the higher foliar P content 
at KP was not significant (Table 3; Fig. 1). Thus, the 
foliar N : P ratio was higher at KZ, but the difference 
was only weakly significant. Both N and P content in 

Table 3  N and P content 
in mature and senescent 
leaves, SLA and MLCF 
(mass loss correction factor) 
used for the calculation 
of resorption efficiencies. 
Statistical F and P values 
correspond to the main 
effect of site (d.f. = 1). 
The results are based 
on hierarchical-nested 
ANOVA. Values in bold 
are statistically significant 
(P < 0.05). Means ± SE 
intervals are shown, n = 4 
microsites

Leaf age Kozohlůdky (KZ) Kapličky (KP) F P
Parameters mean ± SE

Molinia caerulea
  Mature leaves
    N [% DW] 2.36 ± 0.09 2.00 ± 0.06 14.83 0.009
    P [% DW] 0.091 ± 0.004 0.115 ± 0.011 1.32 0.295
    N:P ratio 26.1 ± 0.85 19.5 ± 1.64 4.46 0.079
    SLA  [m2 ·  kg−1] 15.1 14.6 – –
  Senescent leaves – resorption proficiency
    N [% DW] 0.44 ± 0.03 0.36 ± 0.02 2.28 0.182
    P [% DW] 0.010 ± 0.001 0.008 ± 0.001 1.03 0.348
    N:P ratio 55.1 ± 8.08 50.9 ± 4.38 0.30 0.605
    SLA  [m2 ·  kg−1] 19.3 16.7 – –
    MLCF 78.4 87.3 – –

Vaccinium uliginosum
  Mature leaves
    N [% DW] 1.97 ± 0.09 1.93 ± 0.06 0.07 0.795
    P [% DW] 0.073 ± 0.004 0.112 ± 0.010 5.23 0.062
    N:P ratio 28.3 ± 2.13 18.8 ± 1.35 4.01 0.092
    SLA  [m2·kg−1] 10.9 11.4 – –
  Senescent leaves – resorption proficiency
    N [% DW] 0.50 ± 0.05 0.67±0.06 0.87 0.383
    P [% DW] 0.025 ± 0.002 0.049±0.006 10.97 0.011
    N:P ratio 22.2 ± 2.48 15.6 ± 1.86 0.14 0.720
    SLA  [m2 ·  kg−1] 12.5 13.5 – –
    MLCF 86.8 84.9 – –
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senescent leaves was greatly reduced (Fig.  1) when 
compared to that in mature leaves at both sites, so 
the REN was 84–85% and the REP was 92–94% 
(Table 4). This very high REP caused the N : P ratio 
in senescent leaves to be 51–55.

In mature leaves of V. uliginosum, the N content 
was the same at both sites (Table 3, Fig. 1), and the 
higher foliar P content at KP was not significant 
(P = 0.062); the N : P ratio was thus lower at KP 
(18.8–28.3), but this difference was non-significant, 
too. By contrast, the P content in senescent V. ulig-
inosum leaves was two times larger at KP than at 
KZ (P = 0.011). The N content in senescent leaves 
was only about 3–4 times lower than in mature 
ones (Table 3, Fig. 1). SLA increased in both spe-
cies during the senescence (Table  3). The loss of 

foliar biomass due to senescence was 12.7–21.6% 
in M. caerulea and 13.2–15.1% in V. uliginosum at 
both sites. In summary, REN (70–78%) and REP 
(61–70%) were significantly lower for V. uliginosum 
than those in M. caerulea (Table 4). In both species, 
the content of neither N nor P in mature leaves cor-
related with extractable inorganic nutrients in the 
peaty soil (Tables  5,  6). The mature N and P leaf 
contents did not correlate with each other, either. 
Only the N content in senescent leaves of M. caer-
ulea correlated negatively with the soil content of 
 PO4-P. Also, a negative relationships between the 
N : P ratio in senescent leaves and the content of 
P in mature leaves of V.  uliginosum was found. In 
both species, neither REN nor REP correlated with 
the inorganic nutrient content in the soil.

Fig. 1  N and P content (in % DW) in mature (n = 16) and senescent leaves of Molinia caeruela (n = 14) and Vaccinium uliginosum 
(n = 12) at the lowland peatbog site Kozohlůdky (KZ, black quadrats) and the mountain peatbog site Kapličky (KP, open circles)
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Table 4  Resorption 
efficiencies of nitrogen 
and phosphorus in leaves 
of Molinia caerulea and 
Vaccinium uliginosum. 
Statistical F and P values 
correspond to the effect 
of site and species; results 
are based on two-way 
ANOVA. Values in bold 
are statistically significant 
(P < 0.05). Means ± SE 
intervals are shown

Kozohlůdky (KZ) Kapličky (KP)

REN [%] Molinia caerulea 85.0 ± 2.1 84.3 ± 1.2
Vaccinium uliginosum 77.9 ± 3.7 70.2 ± 3.9

ANOVA F (1, 13) P
Species 12.59 0.004
Site 1.95 0.186

REP [%] Molinia caerulea 91.7 ± 1.1 93.9 ± 0.6
Vaccinium uliginosum 69.9 ± 3.9 61.1 ± 6.7

F (1, 13) P
ANOVA Species 1,511 0.0001

Site 0.647 0.436

Table 5  Correlation matrix (pairwise comparisons based on 
Pearson´s correlation coefficient r) for nutrient contents in the 
soil, in mature (mat) and senescent (sen) leaves and REN and 

REP of Molinia caerulea. Bold values were considered signifi-
cant (α < 0.05); n = 8

Parameter REN REP Soil pH Soil  NO3
−-N Soil  NH4

+-N Soil  PO4-P Nmat Pmat Nmat :  Pmat Nsen Psen

REP −0.34
Soil  NO3

−-N −0.40 −0.53 0.37
Soil  NH4

+-N −0.21 −0.15 0.68 0.33
Soil  PO4-P  0.61 −0.02 0.20 −0.43 −0.15
Nmat  0.13 −0,63 0.49 0.28    0.60 −0.37
Pmat −0.25  0.23 −0.16 −0.07 −0.00    0.23 −0.47
Nmat :  Pmat  0.17 −0.33 0.21 0.05    0.05 −0.36  0.65 −0.94
Nsen −0.74 −0.10 0.44 0.48    0.52 −0.76  0.55 −0.20 0.38
Psen  0.19 −0.80 0.34 0.44    0.22    0.15  0.38  0.38 −0.24 0.01
Nsen:Psen −0.55  0.43 0.05 -0.03    0.10 −0.62  0.16 −0.53 0.57 0.66 −0.72

Table 6  Correlation matrix (pairwise comparisons based on 
Pearson´s correlation coefficient r) for nutrient contents in the 
soil, in mature (mat) and senescent (sen) leaves and REN and 

REP of Vaccinium uliginosum. Bold values were considered 
significant (α < 0.05); n = 8

Parameter REN REP Soil pH Soil  NO3
−-N Soil  NH4

+-N Soil  PO4-P Nmat Pmat Nmat :  Pmat Nsen Psen

REP  0.36
Soil pH −0.18 −0.04
Soil  NO3

−-N −0.25 −0.01    0.37
Soil  NH4

+-N −0.61 −0.08    0.68    0.33
Soil  PO4-P −0.09 −0.07    0.2 −0.43 −0.15
Nmat  0.07 −0.61    0.24    0.22    0.10   -0.45
Pmat −0.56  0.06 −0.4 −0.17 −0.00    0.24 -0.64
Nmat :  Pmat  0.51 −0.07    0.41    0.08    0.06 −0.39  0.77 −0.88
Nsen −0.81 −0.71    0.32    0.41    0.55 −0.02  0.42    0.07 −0.10
Psen −0.69 −0.74 −0.2 −0.05    0.06    0.25  0.04    0.61 −0.56 0.65
Nsen :  Psen  0.11  0.15    0.56    0.5    0.52 −0.52  0.47 −0.75    0.67 0.18 −0.60
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Discussion

Comparisons of nutrient resorption in the same spe-
cies along an elevational gradient, besides the warm-
ing experiments, can be used as a proxy for the effect 
of ongoing climatic change, as both temperature and 
growing season length are changed synchronously 
across the whole study sites. With regard to the soil 
chemistry, the two sites used in this study were very 
similar and the nutrient content differences between 
them were at a maximum of 26% (Table 2, Table S1 
in the Electronic supplementary material). The 
ammonium form of N strongly prevailed over the 
nitrate N at all microsites, indicating anoxic soil con-
ditions typical of the peatlands. The soil N : P ratio 
of extractable N and P was very low at both peatland 
sites, which is in contrast with the relatively high N 
content in mature leaves (1.93–2.36%) found in both 
species and demonstrates efficient N uptake from the 
peaty soils. The foliar P content lay within the range 
of 0.073–0.115% in both species, and together with 
that of N, it is similar to values reported for both spe-
cies or other peatland deciduous shrubs or graminoids 
in the literature (cf. Aerts 1989, 1996; Aerts et  al. 
1999; Güsewell and Koerselman 2002; Güsewell 
2005b; Xu et al. 2020). As opposed to most literature 
cited, the N and P contents of mature leaves did not 
correlate with each other (Tables 5, 6). Moreover, N 
and P contents in mature leaves did not correlate with 
any of the soil chemistry parameters (Tables  5,  6). 
This is due to the fact that our elevational gradient 
was rather short (400–900  m a.s.l.) whereas signifi-
cant correlations are more likely found along larger 
elevational / latitudinal gradients (Dorrepaal et  al. 
2005; Gerdol et al. 2019). Both lowland and mountain 
study sites are relatively large, therefore, the selected 
microsites differed slightly in the mean ground water 
table. However, no relationship of the results with the 
ground water table was found (data not presented).

The average mature leaf N : P mass content ratios 
were higher in both species than common values 
reported for terrestrial plants at natural sites (i.e. 
12–13 in Güsewell and Koerselman 2002). In particu-
lar, the higher foliar N : P ratio in both species at KZ 
(26.1–28.3) could indicate a P limitation (Koerselman 
and Meuleman 1996; Güsewell and Koerselman 
2002; Güsewell et  al. 2003; Güsewell 2004). How-
ever, the concept of N or P growth limitation is based 
on short-term fertilization experiments and should 

not be automatically applied to plants in natural habi-
tats, where other growth co-limitations occur (e.g. 
Güsewell and Koerselman 2002; Güsewell et  al. 
2003; Güsewell 2004).

In contrast to our expectation, we found an eleva-
tional decrease in mature leaf N content in M. caer-
ulea. We found only a non-significant elevational 
nutrient content increase in mature leaf P content in 
V.  uliginosum, but no other significant differences 
in mature leaf nutrient content along the elevational 
gradient of 500  m. Higher values of leaf nutri-
ent contents are regularly found in alpine plants at 
high elevations (Körner 1989). The greatest leaf N 
pool is RuBP-carboxylase-oxydase in the leaves 
of C3 plants, directly involved in the leaf metabo-
lism (Huffaker 1982); its higher concentration may 
therefore compensate for lower metabolic rate under 
low-temperature conditions. However, the tempera-
ture conditions are not so limiting for the growth of 
the two study species in our mountain peatbog dur-
ing the growing period (mean July temperature of 
15–16°C, see Table 1). Thus, the significant increase 
of leaf nutrient content along the elevational gra-
dient would be manifested more strongly in more 
extreme conditions (high latitudes, the alpine zone 
above the treeline, etc.). Aerts et  al. (2007) found 
no effect of either mild summer or winter warming 
on mature leaf N content in V. uliginosum, a species 
well adapted to high latitudes, either.

Similarly, nitrogen resorption proficiency (i.e. N 
content in senescent leaves, Fig.  1) did not change 
in either species along the elevational gradient, simi-
lar to the P resorption proficiency in M.  caerulea 
(Table 3). According to our expectation, the P resorp-
tion proficiency increased with elevation in V. uligi-
nosum, probably as a result of the non-significant 
elevational increase of P content in mature leaves 
and the weak correlation of both values to the soil 
 PO4-P content (Table 6). The very low nutrient profi-
ciency (i.e. low N and P content in senescent leaves), 
especially in M.  caerulea, was close to the values 
in Sphagnum  sp. div. litter (e.g. Hájek and Adamec 
2009). Nevertheless, Certini et  al. (2015) reported 
faster litter decomposition for M. caerulea and Cal-
luna vulgaris in comparison with Sphagnum litter.

Although all senescent leaves of both species sam-
pled within each site and microsite were from the 
same age category of leaves and had the same colour 
and, moreover, V. uliginosum leaves started dehiscing 
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from the branches, the results proved that in a minor 
proportion of leaves, even within the same plant in 
both species and at both sites, N and P resorption 
were delayed. It is not clear why the resorption pro-
cess is asynchronous within a plant micropopulation 
and also within single plants, but this fact should be 
taken into account in similar studies. Several authors 
(e.g. Nordell and Karlsson 1995) mentioned that the 
most appropriate way to study resorption efficien-
cies might be using of the same leaves for repeated 
measurements of their nutrient content due to large 
infraspecific leaf nutrient content variability. The 
recent use of near infrared spectroscopy to estimate 
nutrient contents in individual leaves without destruc-
tive sampling (e.g. Bon et  al. 2020) might allow to 
researchers to apply this approach in the near future.

No elevational difference in REN or REP was 
found in any of the species examined in this study, 
indicating that the resorption efficiencies of neither 
species will change markedly under the projected 
increase in temperature and the length of the grow-
ing season in the mountain peatbog (at 900 m a.s.l.). 
By contrast, both N and P resorption efficiencies 
increased between 1,200 and 2,200 m a.s.l. in the Ital-
ian Alps (i.e. along 1,000-m wide elevational gradi-
ent; Gerdol et  al. 2019). They found that the main 
process regulating nutrient resorption was a negative 
feedback effect on nutrient availability in the mineral 
soil, especially on the contents of organic N forms for 
nitrogen resorption efficiency (REN) and of inorganic 
P forms for phosphorus resorption efficiency (REP). 
The estimation of organic N and P soil content might 
be advantageous also in our study sites with highly 
organic soils, where organic forms are probably more 
available and more important for plant nutrition than 
inorganic forms. Therefore, the absence of a corre-
lation of both mature leaf N contents and resorption 
efficiencies with soil inorganic N content was prob-
ably affected by the absence of such data in our study.

Both species exhibited very efficient N and 
P resorption from senescent leaves (Table  4): In 
M.  caerulea, the REP exceeded the REN by ca 
7–10%, while the opposite relationship between 
these parameters applied for V.  uliginosum. These 
results also agree with abundant literature data on 
foliar REN and REP values for the same species or 
for plants growing especially at mineral-poor wet-
land sites (Aerts 1989, 1996; Aerts and Caluwe 1989; 
Aerts et  al. 1999; Güsewell and Koerselman 2002; 

Güsewell 2005b; He et al. 2020; Xu et al. 2020). Very 
high foliar REN and REP values were reported for 
wetland graminoids by Güsewell (2005b), who con-
cluded that better nutrient economy played a greater 
role for graminoids with shorter leaf life span in 
comparison with deciduous trees. We found larger 
intraspecific differences in both REN and REP in 
V. uliginosum than in M. caerulea (see the SE inter-
vals in Table  4). Large differences in REN between 
individual trees were found also in Betula pubescens 
subsp. tortuosa (Nordell and Karlsson 1995).

On the basis of extensive literature data on 894 
terrestrial plant species, comprising 2,541 records, 
He et al. (2020) determined the REN : REP ratio for 
all species to be 0.88, with small variations for sin-
gle functional plant groups, which corresponds to 
the ratios determined for M.  caerulea in this study 
(0.93 and 0.89 at the lowland and the mountain site, 
respectively). Thus, M.  caerulea reabsorbed P from 
senescent leaves more effectively than N; the oppo-
site pattern was found in V.  uliginosum. Therefore, 
the two species use different strategies of leaf N and 
P resorption (cf. Güsewell 2005b; Xu et  al. 2020). 
The observed high REP and REN in M.  caerulea 
could contribute to the dominance of this species in 
P-limited and non-managed peatlands, as generally 
suggested for graminoids and stress tolerators (e.g. 
Güsewell 2004, 2005b). Similarly, the study by Xu 
et  al. (2020) concludes that non-mycorrhizal grami-
noid species increase their fitness by minimizing 
nutrient losses through high nutrient resorption rather 
than by promoting nutrient uptake through mycorrhi-
zal symbioses. By contrast, V. uliginosum is a shrub 
with an ericoid mycorrhiza and this fact can also elu-
cidate its different N and P resorption strategy (Xu 
et al. 2020).

In line with literature data, the peatland dominants 
M. caerulea and V. uliginosum exhibit different strat-
egies of N and P resorption from senescing leaves. 
The high REN and REP values observed in M. caeru-
lea obviously underlie its strong dominance in both 
unmanaged peatbogs affected by drainage in the past. 
On the basis of our comparison of resorption efficien-
cies at the lowland and mountain sites, it is possible 
to presume that the nutrient resorption efficiencies 
and proficiencies of neither of the two species within 
the mountain population (at 900 m a.s.l.) will change 
markedly under the projected increase in tempera-
ture and growing season length. However, given the 
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large interspecific differences in nutrient resorption 
traits (Aerts et al. 2007), substantial changes may be 
expected in nutrient cycling in temperate mountain 
peatlands after changes in the species composition, 
for example due to an increase of the dominance of 
deciduous trees (Betula pendula, Frangula alnus, 
Salix aurita) as recently observed at the lowland 
study site (A. Kučerová, unpubl. data).
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