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Abstract 
Background and aims Leaf nutrient resorption 
process is an indispensable aspect of plant nutrient 
utilization strategies in boreal peatlands. However, 
how nitrogen (N) enrichment alters leaf nutrient 
resorption is unclear at both species and commu-
nity levels, and the underlying mechanisms remain 
unknown in these ecosystems.
Methods Using a fertilization experiment with 
four N addition levels, we investigated the influ-
ence of increased plant-available N on leaf nutri-
ent resorption efficiency and proficiency at both 

species and community levels, and disentangled 
the relative contributions of intraspecific variabil-
ity and altered plant composition to the shifts in 
community-level nutrient resorption in a poor fen, 
Northeast China.
Results Leaf nutrient resorption exhibited divergent 
responses to N addition at species and community levels. 
For most species, leaf N resorption efficiency remained 
unchanged, but leaf N resorption proficiency declined 
after N addition. In contrast, N addition increased leaf 
phosphorus (P) resorption of most species. At the spe-
cies level, leaf N resorption declined with increasing 
green leaf N:P ratio, while leaf P resorption showed 
an opposite changing trend. Nitrogen addition reduced 
community-level leaf N resorption efficiency and profi-
ciency, but increased community-level leaf P resorption 
efficiency and proficiency. Compared with intraspecific 
variability, altered plant composition contributed much 
more to N addition-induced shifts in community-level 
leaf nutrient resorption.
Conclusion The plasticity in leaf N:P stoichiometry 
determines the interspecific responses of leaf nutrient 
resorption to N addition and shifted plant composition 
exerts a critical control over N enrichment effect on 
plant nutrient resorption at the community level in boreal 
peatlands.
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Introduction

Nutrient resorption from senescing leaves is a key 
determinant of plant internal nutrient cycling and 
nutrient conservation strategy in most terrestrial eco-
systems (Aerts and Chapin 2000; Vergutz et al. 2012; 
Estiarte et al. 2022). In general, leaf nutrient resorp-
tion is expressed either as the fraction of nutrients 
that can be resorbed from the mature leaves before 
senescence (i.e., nutrient resorption efficiency, Aerts 
1996), or as the degree to which leaf nutrient concen-
trations can be reduced during senescence (i.e., nutri-
ent resorption proficiency, Killingbeck 1996). Leaf 
nutrient resorption process can increase plant compe-
tition and fitness by reducing plant’s reliance on soil 
nutrient status (Eckstein et al. 1999; Yuan and Chen 
2015) and determine litter decomposition and nutri-
ent release through its effects on litter chemical com-
position (Deng et al. 2018; Xu et al. 2020). Therefore, 
leaf nutrient resorption is of great significance to 
vegetation community composition, soil organic mat-
ter sequestration, and nutrient cycling in terrestrial 
ecosystems.

Boreal peatlands are often nutrient-poor, carbon-
rich ecosystems with about 30% of the world’s soil 
organic carbon pool as a result of slow organic matter 
decomposition rates (Limpens et al. 2008; Yu 2011). 
In these ecosystems, plants usually adapt to soil nutri-
ent deficiency by increasing leaf nutrient resorption 
capacity, which can reduce nutrient loss during leaf 
senescence (Eckstein et  al. 1999; Xu et  al. 2020). 
Boreal peatlands have recently experienced increas-
ing plant-available nitrogen (N) primarily because 
of atmospheric N deposition, warming-accelerated 
soil organic matter mineralization, and permafrost 
thaw (Rustad et al. 2001; Gruber and Galloway 2008; 
Finger et  al. 2016). The elevated reactive N inputs 
are believed to reduce leaf N resorption by increas-
ing bioavailable N but enhanced leaf phosphorus (P) 
resorption due to the intensified P limitation in boreal 
peatlands. In the limited empirical studies, however, 
the effect of increased plant-available N on leaf nutri-
ent resorption varies with plant growth forms (van 
Heerwaarden et  al. 2003; Wang et  al. 2014; Gao 
et  al. 2022) probably due to the differences in leaf 
lifespan (Eckstein et  al. 1999; Zhang et  al. 2013), 
leaf economic spectrum traits (Yu et  al. 2022a, b), 
plant growth performance (Zhang et  al. 2015), the 
size of non-leaf nutrient pool (Vergutz et  al. 2012), 

and nutrient allocation patterns (Tanabe et al. 2022). 
Therefore, additional studies are conducted to 
uncover the general pattern of leaf nutrient resorption 
responses to altered N availability and its underlying 
mechanisms in boreal peatlands.

Considering the species-specific responses of leaf 
nutrient resorption to increased plant-available N, 
the consequence of N enrichment on leaf nutrient 
resorption should be assessed at the community level 
in boreal peatlands. Community-level leaf nutrient 
resorption is generally controlled by species resorp-
tion and plant community composition (See et  al. 
2015; Lü et  al. 2020; Yu et  al. 2022a, b). In boreal 
peatlands, increased plant-available N can substan-
tially change species composition and community 
structure (Kirkham et al. 1996; Levy et al. 2019; Lin 
et  al. 2020). For instance, N addition is observed to 
increase the abundances of deciduous shrubs and 
graminoids at the expense of evergreen shrubs and 
mosses in a poor fen (Shi et al. 2022). Moreover, the 
interspecific differences in plant nutrient resorption 
are even greater than N addition-induced intraspecific 
variation of plant nutrient resorption in these nutrient-
poor ecosystems (e.g., van Heerwaarden et al. 2003; 
Gao et al. 2022). Therefore, shifted plant community 
composition after N addition may play a critical part 
in modulating the direction and magnitude of the 
changes in community-level plant nutrient resorption. 
However, the contribution of N enrichment-induced 
altered plant composition and intraspecific variabil-
ity to community-level plant nutrient resorption has 
rarely been disentangled in boreal peatlands.

Here, we established a multi-level N fertilization 
experiment in a poor fen in the Daxing’anling Moun-
tain, Northeast China, and investigated the shifts 
in leaf N and P resorption at both species and com-
munity levels after six years of N fertilization. The 
main objectives were to assess the effects of N addi-
tion on leaf nutrient resorption efficiency and profi-
ciency and their potential underlying mechanisms in 
boreal peatlands. Accordingly, we hypothesized that: 
(1) the impacts of N addition on leaf nutrient resorp-
tion would be species-specific due to the interspecific 
variations in genetic regulation of nutrient use strate-
gies (Yuan and Chen 2015; Estiarte et al. 2022); (2) 
at the community level, N addition would reduce N 
resorption but increased P resorption because of the 
shifts in limiting nutrients from N to P (You et  al. 
2018; Chen et  al. 2021); and (3) altered species 
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composition would make a greater contribution to N 
addition-induced shifts in community-level nutrient 
resorption than the intraspecific changes in nutrient 
resorption due to the substantial interspecific differ-
ences in nutrient resorption (e.g., van Heerwaarden 
et al. 2003; Wang et al. 2014; Gao et al. 2022).

Materials and methods

Study area and experiment design

This experiment was conducted in a poor fen 
(52°56′36’N, 122°51′19’E) which is located at the 
north slope of Daxing’anling Mountain in North-
east China. This peatland lies in the south margin of 
the Eurasian continuous permafrost area with a cold 
temperate climate. The mean annual temperature 
is –3.9  °C and mean annual precipitation is about 
450 mm. The average depth of the peat layer is about 
60  cm, and the maximum thickness of permafrost 
active layer is about 55  cm. Soil  NH4

+-N,  NO3
−-N, 

and total N concentrations in the 0–10 cm depth are 
37 μg  g−1, 3.2 μg  g−1, and 15.6 mg  g−1, respectively. 
This peatland lies in an intermontane basin and is 
primarily fed by precipitation and groundwater from 
the surrounding uplands. The plant community in 
this peatland consists of deciduous shrubs, evergreen 
shrubs, graminoids, and mosses. The dominant decid-
uous shrubs are Betula fruticosa, Salix myrtilloides, 
Salix rosmarinifolia, and Vaccinium uliginosum, the 
dominant evergreen shrubs are Ledum palustre and 
Rhododendron lapponicum, the dominant graminoid 
species are Deyeuxia angustifolia, Carex globularis, 
and Eriophorum vaginatum, and the dominant moss 
species are Sphagnum palustre, Sphagnum beccarii, 
and Sphagnum magellanicum (Shi et  al. 2022). The 
ambient atmospheric N deposition rate in the study 
site is approximately 4.5 g N  m−2   yr−1 (Zhan et  al. 
2014).

This N fertilization experiment followed a com-
pletely randomized block design. In August 2010, 
four blocks with similar vegetation and microtopogra-
phy were randomly chosen and four plots (4 m × 4 m) 
per block were established in this peatland. Because 
atmospheric deposited N input is extremely low in the 
study area, 3 (N3), 6 (N6), and 12 (N12) g N  m−2  yr−1 
were set up to simulate warming-induced soil 
organic N mineralization and associated increases in 

plant-available N (Lin et  al. 2020). Meanwhile, the 
plots without N addition were established as the con-
trol treatment. The plots were fenced with stainless 
steel (40  cm in depth) to avoid the lateral exchange 
of water and nutrients, and the distance between the 
adjacent plots was about 1  m. From 2011 to 2016, 
urea solution was applied monthly from May to July, 
and the same amount of purified water was added to 
the control treatments. A detailed description of this 
experiment was introduced by Lin et al. (2020).

Sample collection and measurements

Because N addition caused the disappearance of moss 
species (Shi et  al. 2022), eight vascular plants that 
occurred in each plot were selected: three deciduous 
shrubs (B. fruticosa, S. myrtilloides, and V. uligino-
sum), two evergreen shrubs (R. lapponicum and L. 
palustre), and three graminoid species (C. globularis, 
D. angustifolia, and E. vaginatum). These selected 
eight species accounted for 87.1% of total above-
ground plant biomass in the control treatment.

In early August 2016, we measured the cover of 
each species with the visual-estimated method (Lin 
et  al. 2020; Shi et  al. 2022) and then calculated the 
relative cover of the selected species in the plot. In 
each plot, we marked 20 shoots for each shrub species 
and 60 shoots for each graminoid species. In early 
August, 30 healthy mature green leaves per species 
were collected from the marked shoots. Subsequently, 
30 newly-senesced leaves per species were collected 
from late August to late September. Both mature and 
senesced leaves were oven-dried (45  °C), weighed, 
ground to pass 0.15-mm sieves, and then used to 
determine N and P concentrations. Leaf N and P con-
centrations were respectively measured with sodium 
hypochlorite-salicylic acid spectrophotometry and 
molybdate blue spectrophotometry (Temminghoff 
and Houba 2004) on an AA3 autoanalyzer (Seal 
Analytical, Germany) after digestion with concen-
trated sulphuric acid. In addition, we collected soil 
pore water at 10 cm depth using the hand pumps in 
each plot in early August 2016. Water samples were 
filtered, and  NH4

+-N and  NO3
−-N concentrations 

in the filters were measured spectrometrically with 
sodium hypochlorite-salicylic acid (Temminghoff and 
Houba 2004) and hydrazine reduction (Kamphake 
et  al. 1967) methods with an AA3 autoanalyzer, 
respectively.
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For each species, nutrient resorption efficiency (%) 
was obtained with the following formula (Vergutz 
et al. 2012; Xu et al. 2020):

Nutrient resorption eff iciency =
Ngreen ×Massgreen − Nsenesced ×Masssenesced

Ngreen ×Massgreen

× 100%,

where Ngreen and Nsenesced are nutrient concentra-
tions of green and senesced leaves, respectively, and 
Massgreen and Masssenesced are the mass of green and 

senesced leaves, respectively. Senesced leaf nutrient 
concentration can reflect the ultimate nutrient resorp-
tion potential and thus is used to characterize nutrient 
resorption proficiency; a high nutrient concentration 
in senesced leaves is associated with a low nutrient 
resorption proficiency (Killingbeck 1996). Commu-
nity-level nutrient resorption was obtained based 
on the relative cover and nutrient resorption of the 
selected species in each plot (Yu et al. 2022a, b).

Statistical analyses

Statistical analyses were performed with the R pack-
age (version 4.1.1, R Development Core Team 2021), 
and the significance level was set to 0.05. The effects 
of species and N addition level on nutrient resorp-
tion were tested with linear mixed models in the 
“nlme” package. The significant differences in nutri-
ent resorption among N addition treatments were 
assessed with Tukey’s multiple tests in the “mult-
comp” package. At the species level, the relationship 
between nutrient resorption and green leaf N:P ratio 
was assessed with simple linear regression analysis.

According to the procedure of Lepš et al. (2011), 
we disentangled the relative contributions of intraspe-
cific variability, altered plant composition, and their 
covariation to community-level nutrient resorp-
tion. First, we calculated the specific (including 
both intraspecific variability and altered plant com-
position) and fixed (including altered plant com-
position) community-level nutrient resorption, and 
then obtained intraspecific community-level nutri-
ent resorption based on the difference between spe-
cific and fixed community-level nutrient resorption. 
Second, the general linear model was performed 
respectively for specific, fixed, and intraspecific 
community-level nutrient resorption with N addi-
tion level as an explanatory variable. Subsequently, 
the sums of squares (SS) were extracted for specific 
 (SSspecific), fixed  (SSfixed), and intraspecific  (SSintra) 

community-level nutrient resorption explained by 
the N addition level. Third, the covariation between 
intraspecific variability and altered plant composition 
 (SScov) was calculated as  SScov =  SSspecific –  SSfixed 
–  SSintra. Thus, the total variation  (SSspecific) can be 
decomposed into intraspecific variability  (SSintra), 
altered plant composition  (SSfixed), and their covari-
ation  (SScov).

Results

Compared with the control treatments,  NH4
+-N and 

 NO3
−-N concentrations in the soil pore water were 

higher in the N addition treatments (Fig. S1). Regard-
less of N addition levels, N addition enhanced the 
relative cover of B. fruticosa and D. angustifolia, 
but reduced the relative cover of V. uliginosum, L. 
palustre, C. globularis, and E. vaginatum (Table S2). 
However, the relative cover of S. myrtilloides and R. 
lapponicum remained unchanged after N addition 
(Table S2).

For each species, N addition caused an increase in 
green leaf N concentration, but did not affect green leaf 
P concentration (Table S3 and Fig. 1). Irrespective of 
species, N addition often increased senesced leaf N 
concentration (Fig.  2), indicating declined N resorp-
tion proficiency. Except for C. globularis, N addition 
decreased P concentration of senesced leaves (Fig. 2), 
exhibiting increased P resorption proficiency. The 
response of leaf N resorption efficiency to N addition 
differed among species (Table S3 and Fig. 3). Nitrogen 
addition significantly decreased N resorption efficiency 
of three species (i.e., B. fruticosa, S. myrtilloides, and 
D. angustifolia), and generally did not change leaf N 
resorption efficiency of the other five species (Fig. 3). 
In contrast, N addition increased leaf P resorption effi-
ciency of the selected eight species (Fig. 3).

At the species level, N:P ratio in green leaves 
showed a negative relationship with leaf N resorption 
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efficiency (r = –0.447, P < 0.01; Fig. 4), but exhibited 
a positive relationship with leaf P resorption effi-
ciency (r = 0.462, P < 0.01; Fig. 4). In contrast, green 
leaf N:P ratio correlated positively with senesced leaf 
N concentration (r = 0.737, P < 0.01; Fig. 4), but cor-
related negatively with senesced leaf P concentration 
(r = –0.576, P < 0.01; Fig.  4). In addition, species-
level leaf N:P resorption ratio correlated negatively 

with N:P ratio in green leaves (r = –0.530, P < 0.01; 
Fig. S2).

Nitrogen addition caused an increase in commu-
nity-level green leaf N concentration, but caused 
a reduction in community-level leaf N resorption 
efficiency (Table  1). Accordingly, community-
level senesced leaf N concentration was increased 
by N addition, exhibiting declined N resorption 

Fig. 1  Effect of N addition 
level on green leaf nutrient 
concentrations of selected 
eight species in a boreal 
peatland. Error bars are 
standard errors of the means 
(n = 4). For each species, 
different lowercase letters 
indicate the significant dif-
ferences (P < 0.05) among 
treatments. N3, N addition 
at 3 g N  m−2  yr−1; N6, N 
addition at 6 g N  m−2  yr−1; 
N12, N addition at 12 g N 
 m−2  yr−1
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proficiency (Table  1). However, N addition did 
not affect green leaf P concentration, but increased 
leaf P resorption efficiency at the community 
level (Table  1). Therefore, community-level 
senesced leaf P concentration decreased after N 
addition (Table  1), exhibiting an increase in leaf 
P resorption proficiency. At the community level, 
senesced leaf N:P ratio significantly increased 

with increasing N addition levels, whereas leaf 
N:P resorption ratio significantly declined with 
increasing N addition levels (Table 1).

Compared with intraspecific variability, altered 
plant composition contributed higher to N addi-
tion-induced shifts in community-level leaf nutri-
ent resorption (Fig.  5). The relative contribu-
tions of intraspecific variability, altered plant 

Fig. 3  Effect of N addi-
tion level on leaf nutrient 
resorption efficiency of 
selected eight species in a 
boreal peatland. Error bars 
are standard errors of the 
means (n = 4). For each 
species, different lowercase 
letters indicate the signifi-
cant differences (P < 0.05) 
among treatments. N3, N 
addition at 3 g N  m−2  yr−1; 
N6, N addition at 6 g N 
 m−2  yr−1; N12, N addition 
at 12 g N  m−2  yr−1
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composition, and their covariation were respec-
tively 3.1%, 64.4%, and 22.0% for green leaf N 
concentration, 19.7%, 32.3%, and 45.1% for leaf 
N resorption efficiency, and 9.8%, 44.8%, and 
41.5% for leaf N resorption proficiency (Fig.  5). 
Similarly, the relative contributions of intraspe-
cific variability, altered plant composition, and 
their covariation were respectively 9.7%, 10.5%, 
and –11.4% for green leaf P concentration, 1.0%, 
92.2%, and 0.7% for leaf P resorption efficiency, 
and 0.6%, 105.5%, and –15.3% for leaf P resorp-
tion proficiency (Fig. 5).

Discussion

Consistent with the first hypothesis, leaf nutrient 
resorption responses to N addition were species-spe-
cific in this peatland. This result was in line with pre-
vious studies which found that leaf nutrient resorption 
exhibited divergent responses to N addition at the 
species level in temperate and boreal peatlands (van 
Heerwaarden et al. 2003; Wang et al. 2014; Gao et al. 
2022). These different responses would be primarily 
caused by the differences in genetic adaptation strate-
gies and associated nutrient uptake and storage poten-
tials among species (Yuan and Chen 2015; You et al. 
2018; Estiarte et  al. 2022). In general, plants often 
preferentially resorb more limiting nutrient elements 
from senescing leaves (See et  al. 2015; Chen et  al. 
2021). Leaf N:P ratio can reflect the limiting nutri-
ents for plant growth (Güsewell et al. 2003; You et al. 
2018), and thus may be a potential modulator of plant 
N and P resorption processes. However, no empiri-
cal studies have been performed to test the role of 
leaf N:P ratio in controlling the shifts in leaf nutrient 
resorption process in boreal peatlands. In this study, 
the tight correlation between green leaf N:P ratio and 
leaf nutrient (i.e., N and P) resorption (Fig.  4) con-
firms that the plasticity in N:P stoichiometry after N 
enrichment determines the intraspecific variability of 
plant N and P resorption in boreal peatlands.

Notably, leaf N resorption efficiency of B. fru-
ticosa, S. myrtilloides, and D. angustifolia was 
more responsive to N addition than that of the other 
five species. These species-specific responses of N 
resorption efficiency to N addition would be partly 

Table 1  Effect of N addition level on community-level leaf nutrient resorption parameters in a boreal peatland

Data in the parentheses are the standard errors of the means (n = 4)
In each column, different lowercase letters indicate the significant differences (P < 0.05) among treatments
N3, N addition at 3 g N  m−2  yr−1; N6, N addition at 6 g N  m−2  yr−1; N12, N addition at 12 g N  m−2  yr−1

Treatments Green leaf N 
concentration

Green leaf P 
concentration

Senesced leaf 
N concentra-
tion

Senesced leaf 
P concentra-
tion

N resorp-
tion 
efficiency

P resorption 
efficiency

Senesced 
leaf N:P 
ratio

N:P resorption 
ratio

mg  g−1 mg  g-1 mg  g−1 mg  g−1 % %

Control 14.2(0.3)c 1.20(0.03)a 6.3(0.1)d 0.59(0.01)a 67.1(0.5)a 63.5(0.4)b 10.7(0.1)d 1.06(0.01)a
N3 19.2(0.4)b 1.15(0.02)a 10.4(0.3)c 0.46(0.01)b 61.2(0.7)b 70.8(0.4)a 22.4(0.7)c 0.87(0.01)b
N6 21.6(1.3)ab 1.17(0.04)a 12.2(0.7)b 0.47(0.01)b 58.8(0.5)b 70.6(0.3)a 26.1(1.2)b 0.83(0.01)c
N12 24.4(0.05)a 1.18(0.04)a 16.0(0.3)a 0.46(0.01)b 51.6(0.6)c 71.1(0.7)a 34.9(1.1)a 0.73(0.01)d
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altered plant composition. *** indicates the significant effects 
of intraspecific variability or altered plant composition or total 
variability at P < 0.001



328 Plant Soil (2024) 494:321–331

1 3
Vol:. (1234567890)

explained by mycorrhizal type and associated nutri-
ent economy (Phillips et  al. 2013; Xu et  al. 2020). 
Compared to ericoid mycorrhizal shrubs (V. uligino-
sum, R. lapponicum, and L. palustre) and non-myc-
orrhizal sedges (C. globularis and E. vaginatum), 
ectomycorrhizal shrubs (B. fruticosa and S. myr-
tilloides) and non-mycorrhizal grass (D. angustifo-
lia) are well-adapted to N-rich habitats (Lin et  al. 
2020; Shi et  al. 2022), and thus can effectively uti-
lize the added available N in this peatland. We also 
observed that the increase magnitudes of green leaf 
N concentration after N addition were much greater 
for B. fruticosa, S. myrtilloides, and D. angustifolia 
than for the other five species (Fig.  1). Considering 
the tight relationship between leaf N resorption and 
leaf N status (Yuan and Chen 2015), N addition only 
reduced leaf N resorption efficiency of B. fruticosa, S. 
myrtilloides, and D. angustifolia. Because the plastic-
ity in nutrient resorption can reinforce plant-soil feed-
backs and increase plant fitness (Lü et  al. 2012), B. 
fruticosa, S. myrtilloides, and D. angustifolia gained 
a competitive advantage over the other five species 
after N addition in this peatland (Table  S1). Tsujii 
et  al. (2017) have observed that leaf N resorption is 
tightly linked to N allocation among low molecular 
weight compounds, nucleic acids, lipids, and residu-
als. Due to the difference in nutrient economy, plants 
with different mycorrhizal associations may have 
distinct nutrient allocation among different chemical 
fractions. Therefore, to uncover the mechanisms driv-
ing the divergent responses of leaf N resorption, fur-
ther studies should be performed to assess the effect 
of N enrichment on leaf N fractions among mycor-
rhizal associations in boreal peatlands.

Despite the inconsistent responses of leaf nutri-
ent resorption efficiency, N addition often increased 
N concentration and reduced P concentration in 
senesced leaves, indicating decreased plant N 
resorption proficiency and increased plant P resorp-
tion proficiency in this peatland. These observations 
supported the assumption that, compared with nutri-
ent resorption efficiency, nutrient resorption pro-
ficiency was more responsive to increased N avail-
ability (e.g., van Heerwaarden et al. 2003; Mao et al. 
2013; Lü et al. 2020). These results also imply that 
leaf nutrient resorption proficiency (i.e., the termi-
nal senesced leaf nutrient concentration) would be 
a powerful indicator reflecting the adaptation of 
plant nutrient strategies to altered soil N status. Leaf 

nutrient resorption proficiency determines the ini-
tial chemical quality of leaf litter that controls litter 
decomposability (Deng et al. 2018; Xu et al. 2020). 
Therefore, N enrichment could further intensify the 
P limitation of leaf litter decomposition through its 
contrasting effects on N and P resorption proficiency 
in boreal peatlands.

At the community level, leaf N resorption 
declined, but leaf P resorption increased after N addi-
tion in this peatland. Thus, these findings supported 
our second hypothesis. Increased N availability has 
also been observed to decrease community-level 
plant N resorption in temperate forests, grasslands, 
and wetlands (See et al. 2015; Lü et al. 2020; Zhang 
et  al. 2021). However, N addition effect on commu-
nity-level plant P resorption was contrasting; nega-
tive effects were observed in a temperate grassland 
(Lü et  al. 2020) but neutral effects were found in a 
temperate wetland (Zhang et al. 2021). These obser-
vations imply that the responses to N addition were 
more complex for P resorption than for N resorption. 
Considering the idiosyncratic responses of species-
level nutrient resorption to N addition among species, 
these observations imply that assessing community-
level leaf nutrient resorption responses can fully 
understand and predict the consequence of altered N 
availability on plant internal nutrient cycling in boreal 
peatlands.

In accordance with the third hypothesis, the rela-
tive contribution to N addition-induced shifts in 
community-level nutrient resorption, especially for P 
resorption, was much greater for altered plant com-
position than for intraspecific variability. Zhang et al. 
(2021) also observed that, despite unchanged species-
level N resorption efficiency, shifted plant composi-
tion after N addition decreased community-level N 
resorption efficiency in a temperate marsh. For both 
leaf N and P resorption, N addition-induced intraspe-
cific variability was much lower than the intrinsic dif-
ference among species in this peatland (Figs.  3 and 
4). Moreover, N addition increased the dominance 
of B. fruticosa, S. myrtilloides, and D. angustifolia 
(Shi et  al. 2022), leaf nutrient resorption of which 
was more responsive to N addition than the other five 
species (Figs.  3 and 4). Accordingly, altered plant 
composition made a greater contribution to N addi-
tion-induced shifts in community-level leaf nutrient 
resorption than intraspecific variability. These obser-
vations indicate the crucial role of altered species 
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composition in regulating community-level nutrient 
resorption process in boreal peatlands.

Leaf N:P resorption stoichiometry is proposed as 
an effective indicator of nutrient limitation of plant 
growth in terrestrial ecosystems (Reed et  al. 2012). 
At the community level, the declined leaf N:P resorp-
tion ratio after N addition showed the shift in N limi-
tation to P limitation in this boreal peatland. Boreal 
peatlands will undergo increased bioavailable N in 
soils due to climate warming, permafrost thaw, and 
atmospheric N deposition (Rustad et al. 2001; Gruber 
and Galloway 2008; Finger et al. 2016). This continu-
ous increase in bioavailable N will further cause the 
decouple of N and P cycles in soils through its con-
trasting influences on plant N and P resorption, and 
thus aggravate the P limitation of biological processes 
in boreal peatlands.

Boreal peatlands store a vast amount of soil 
organic carbon mainly because of the extremely slow 
litter decomposition rates (Limpens et  al. 2008; Yu 
2011). Considering the critical role of plant nutrient 
resorption in controlling litter decomposability (Deng 
et al. 2018; Xu et al. 2020), our observations are key 
to predicting the consequence of increased N avail-
ability on soil organic carbon accumulation in these 
carbon-rich ecosystems. Nitrogen addition-induced 
increases in plant P resorption can reduce the amount 
of litter P return to soils, further causing N:P imbal-
ance in plant litter (You et  al. 2018). Meanwhile, 
increased dominance of B. fruticosa and D. angus-
tifolia after N addition will amplify the N addition 
effect on N:P imbalance due to their relatively high 
responsiveness of leaf nutrient resorption. Intensified 
N:P imbalance after N addition will prime the decom-
position of soil organic carbon by promoting the 
microbial investment in P-degrading enzymes (Braga-
zza et al. 2013). However, N addition is observed to 
enhance plant primary productivity (Shi et al. 2022), 
resulting in increased soil organic carbon inputs via 
plant litter. Accordingly, further studies are needed to 
clarify the effect of N enrichment on soil organic car-
bon budget in boreal peatlands.

In summary, we examined the response of leaf 
nutrient resorption to N addition at species and com-
munity levels and disentangled the contribution of 
intraspecific variability and shifted plant composi-
tion to community-level nutrient resorption in a poor 
fen, Northeast China. Despite the species-specific 
responses of leaf nutrient resorption, N addition 

decreased leaf N resorption but increased leaf P 
resorption at the community level. The intraspecific 
variations of leaf nutrient resorption efficiency and 
proficiency after N addition were largely determined 
by plasticity in green leaf N:P stoichiometry, and N 
addition effects on community-level leaf nutrient 
resorption, particularly P resorption, were primarily 
caused by the altered plant composition. These find-
ings highlight the key determinants of leaf nutrient 
resorption at species and community levels and sug-
gest the predominance of changed species composi-
tion after N addition in regulating the variations of 
community-level plant nutrient resorption in boreal 
peatlands.
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