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To explore the differences in stoichiometric homeostasis and resorption

efficiency of nitrogen (NRE) and phosphorus (PRE) of tree species in Kanas

natural forest. We selected four primary tree species: Larix sibirica (LS), Picea

obovata (PO), Pinus sibirica (PS), and Betula pendula (BP) and measured

concentrations of carbon (C), nitrogen (N), and phosphorus (P) in fresh leaves,

leaf litters, and soil. Our findings showed that compared to deciduous species

(LS, BP), evergreen species (PO, PS) had higher fresh leaf C concentrations

and C: N ratios. As opposed to evergreen plants, deciduous species have

higher levels of fresh leaf N concentration, while the P concentration and C:

P did not exhibit such a pattern. Mass-based NRE and PRE averaged 52.55

and 49.16%, respectively, with a significant difference among life forms in NRE

but no varied in PRE. NRE increased with N concentration in fresh leaves

of BP, PO, and LS, NRE decreased with N concentration in leaf litters of all

species; PRE increased with P concentration in fresh leaves of all species, PRE

decreased with P concentration in leaf litters of LS, PO, and PS. Only NRE of

BP and PS and PRE of PS showed significant relationship with soil N and P

concentrations, respectively. Neither NRE nor PRE was insignificantly related

to mean annual temperature (MAT) for all species. The N concentration of all

species showed strict homeostasis corresponding to their being limited by the

N element. Only the P concentration of PS and PO and N: P ratio of PS varied

with corresponding traits in soil. Overall, our results provide insight into the N

and P nutrient use characteristics of tree species in the Kanas natural forest

and can provide a scientific basis for regional ecological restoration.
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Introduction

Plant nutrient resorption is one of the essential mechanisms
for nutrient conservation and utilization by plants (Blanco
et al., 2009). It refers to the process of transferring readily
transferable nutrients from senescing tissues to other
living parts for reuse in growth (Aerts, 1996; Brant and
Chen, 2015), which can effectively reduce plants’ reliance
on soil nutrients and have essential effects on critical
processes such as nutrient uptake, productivity, inters-
specific competition, and carbon cycling (Killingbeck,
1996; Seidel et al., 2019; Liu X. et al., 2020). Carbon (C),
nitrogen (N), and phosphorus (P) are major macro elements
necessary for life (Elser et al., 2000); their cycling in plant
leaves–litter–soil systems has substantial effects on the
function and stability of ecosystems. Due to the important
function of N and P (Wang et al., 2022), previous studies
generally pay more attention to the resorption efficiency of N
(NRE) and P (PRE).

Previous studies have examined the differences in nutrient
requirements and nutrient resorption between evergreen and
deciduous tree species. Deciduous tree species are nutrient
luxury consumption type due to the relatively frequent leaf drop
and the occurrence of new leaves, as the high soil nutrient
requirements. Evergreen species have long-lived leaves and
low nutrient demand, so their evergreen habit is considered
an adaptation to poor soil habitats (Aerts, 1995; Givnish,
2002). Aerts (1996) found that the NRE of evergreen species
in temperate forests were significantly lower than deciduous
species in temperate forests, while PRE were not significantly
different between them. Tang et al. (2013) showed that
deciduous species in subtropical broadleaf evergreen forests
have higher PRE than evergreen species, but no significant
difference in NRE. In addition, Lal et al. (2001) have shown
that deciduous tree species in tropical arid habitats have
higher NuRE than evergreen tree species. There is currently
a lack of clarity regarding the variations in NuRE in different
life forms.

NuRE can be affected by soil nutrients, climate factors,
species-specific variations, and the nutrient concentrations of
litters and fresh leaves (Yuan and ChenHan, 2009a; Wang et al.,
2018, 2019). Yuan and ChenHan (2009a) have found that NRE
decreased with mean annual temperature (MAT) and mean
annual precipitation (MAP). In contrast, PRE increase with
MAT and MAP. Bai et al. (2015) found that NRE decreased
with altitude (ALT), while PRE were the opposite. See et al.
(2015) reported that plant NuRE was positively correlated with
soil nutrients, but it was also reported that plant NuRE was
negatively correlated with soil nutrients (Tully et al., 2013)
or not (Tang et al., 2013). Also, there is no consensus on
the relationship between NuRE and leaf nutrient status. Some
reports indicate that the higher the N content of mature
leaves, the higher their NRE during senescence, while no

such relationship exists for PRE (Zhou et al., 2016), and a
few reports found that NuRE decreases with the nutrient
content of mature leaves (Liu et al., 2014). The effects of
leaf nutrients on NuRE are complex, and recent studies used
NuRE to explain nutrient limitations. Moreover, studies on
the relationship between NuRE and environmental factors
(MAT and soil factors) and leaf nutrients have been limited in
Taiga ecosystems.

Ecological stoichiometry, which is used to evaluate the
balances of energy and chemical elements in ecosystems,
is a powerful tool for understanding ecological processes
and relationships among element cycles in plant leaves–
litters–soil systems (Elser et al., 2010). Leaf carbon: nitrogen
ratio (C: N ratio) and carbon: phosphorus ratio (C: P ratio)
represent the capacity of plants to assimilate the C and
reflect the efficiency of N and P utilization by plants (Yang
et al., 2021). Furthermore, leaf nitrogen: phosphorus ratio
(N: P ratio) can be used to determine nutrient limitations
for growth. Stoichiometric homeostasis, a basis and core of
ecological stoichiometry theory, comprehensively reflects
species’ adaptability to environmental changes (Persson
et al., 2010). Higher stoichiometric homeostasis in plants
corresponds to the maintenance of ecosystem functions and
stability (Yu et al., 2010). When soil nutrients limit plant
growth, plants can adapt through a variety of physiological
processes to improve the internal availability and use efficiency
of the limiting nutrient, hence maintaining stability and
the functions associated with it (Hessen et al., 2004).
However, studies on stoichiometric homeostasis mainly
focus on algae, zooplankton, and herb plants, with few
studies on higher plants and even fewer on tree plants in
the Taiga forest ecosystem (Deng et al., 2019). Therefore,
the evaluation of stoichiometric homeostasis and C: N: P
stoichiometry in this forest could enhance our knowledge
of tree species’ adaptation processes, nutrient cycles, and
ecosystem stability.

The Altai natural forest, as a typical representative of
the western Siberian mountain taiga in China, preserves
the original ecosystem represented by the taiga, which
is the only distribution area of the Palearctic European-
Siberian flora and fauna in China and has high scientific
research value (Liu X. J. et al., 2020). It plays an important
role in regional water vapor and nutrient cycling and
diversity maintenance and provides an ideal research field
for investigating the stoichiometric and NuRE of many
different tree species under similar environmental conditions.
In this study, we examined variations in C, N, and P
concentrations and their ratios in the fresh leaves and leaf
litters of four tree species in the Kanas National Nature
Reserve, China. We analyzed the NuRE and stoichiometric
homeostasis of four tree species. Specifically, we tested the
following hypotheses: (1) NuRE would be different between
evergreen species and deciduous species, (2) NuRE would

Frontiers in Ecology and Evolution 02 frontiersin.org

https://doi.org/10.3389/fevo.2022.1046444
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1046444 November 14, 2022 Time: 13:40 # 3

Bagedeng et al. 10.3389/fevo.2022.1046444

be negatively correlated with the leaf litter N and P
concentrations and positively correlated with the fresh leaf
N and P concentrations, (3) NuRE would be influenced by
environmental factors (MAT and soil factors), and (4) evergreen
trees would exhibit greater stoichiometric homeostasis than
deciduous trees.

Materials and methods

Study area

We conducted this research in Burqin County, Xinjiang
Province, China, at the Kanas National Nature Reserve
(87◦01′45′′E∼87◦33′50′′E, 48◦36′18′′N∼48◦38′56′′N, area
673 km2). The climate at the site is a typical temperate alpine
mountainous climate, with a MAT of approximately 0.2◦C,
MAP of 1,065 mm, mainly concentrated in May–August,
and snowfall primarily in January–April and September–
December, with snowfall accounting for about 40% of the
annual precipitation, and the frost-free period is about 90–
108 days (Liu et al., 2016). The forests are mainly located on
shady and semi-shady slopes from 1,300 to 2,300 m above sea
level, and the soil type is mountain brown coniferous forest soil.
The main tree species in the study area are Larix sibirica, Picea
obovata, Pinus sibirica, and Betula pendula. The main species of
the shrub layer are Lonicera caerulea, Rosa acicularis, Vaccinium
Vitis-idaea, and Spiraea chamaedryfolia. The main species of
the herb layer are Carex polyphylla, Poa nemoralis, and Elymus
nutans (Liu X. J. et al., 2020).

Sample collection and laboratory
analysis

We divided the natural forest into nine elevation gradients,
two sample lines, and 18 study sites (each with a size of
20 m × 20 m) at 100 m intervals within the elevation
distribution range of the natural forest (1,350∼2,150 m,
Figure 1). Within each plot, five healthy individuals for each
dominant tree species were randomly selected. Fresh leaves were
collected in the upper central south-facing part of the crown
with high-branch scissors and then mixed and packed into
ventilated bags (July 2021). Leaf litters were shaken off from
branches in the middle of the trees using a rod and put into
ventilated bags (October 2021) (Du et al., 2017). At each site,
we used a soil auger (diameter, 5 cm) at depths of 0–30 cm to
collect five soil samples and put them into sealed bags. The basic
characteristics of the sample plot are shown in Table 1.

We brought all samples back to the lab. The soil
samples were naturally air-dried, sieved, and stored for
determination. Leaf samples were dried at 105◦C for 20 min
and then transferred to 70◦C for 48 h. The dried samples

were grinded and then selected by 80 mesh sieving. C
concentrations were measured using the oil bath K2Cr2O7

titration. N concentrations were determined after semi-micro
Kjeldahl digestion using a flow injection autoanalyzer. P
concentrations were determined by the molybdenum–antimony
colorimetric method.

Calculations

(1) We calculated nutrient resorption efficiency by using
the nutrient concentrations in the fresh leaves and leaf litters
and corrected the calculation by using the mass loss correction
factor (MLCF) (Aerts, 1996; Vergutz et al., 2012). We used the
following formula.

NuRE
(

1−
CF

CL
MLCF

)
× 100 (1)

where CF and CL are nutrient concentrations in fresh leaves
and leaf litters, respectively. The MLCF values of broad-leaved
and coniferous species are 0.784 and 0.745, respectively (Vergutz
et al., 2012).

(2) Plant homeostasis reflects the ability of organisms
to maintain their nutrient composition relatively constant
irrespective of changing environmental nutrient status (Persson
et al., 2010; Yu et al., 2011), which is calculated by the following
formula (Wang et al., 2021):

y = c+
1
H
× log x (2)

where y is the N and P concentrations (g.kg−1) or N: P ratio for
fresh leaves, x is the corresponding value in the soil layer; c is a
constant, and H is the homeostatic regulation coefficient. If the
regression relationship is insignificant (p> 0.05), then the target
organism is strictly homeostatic. If the regression relationship
is significant (p < 0.05), then species are considered as not
homeostatic, homeostatic, weakly homeostatic, weakly plastic,
and plastic with | 1/H|≥ 1, 0 < | 1/H| <0.25, 0.25 < | 1/H| < 0.5,
0.5 < | 1/H| < 0.75, and | 1/H | > 0.75, respectively (Persson
et al., 2010).

Climate data collection

Climate data (MAT) were obtained from the station data
deployed at Kanas Ecological Station (87◦01′59′′E, 48◦41′21′′N)
by Forest Ecology, Xinjiang Academy of Forestry.

Statistical analysis

We used one-way analysis of variance (ANOVA) to analyze
the leaves, litters, and soil C, N, and P concentrations and
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FIGURE 1

Distribution of sampling site. Betula pendula forest (BP), Picea obovata + Larix sibirica mixed forest (PL), Larix sibirica forest (LS), Picea
obovata + Pinus sibirica mixed forest (PP), and Pinus sibirica forest (PS).

TABLE 1 Basic characteristics of sample plot.

Forest
type

Dominant
species

Life form Importance
value (%)

Average tree
height (m)

Average
DBH (cm)

Total N
(g.kg−1)

Total P
(g.kg−1)

BP Betula pendula Evergreen tree 86.07 26.14 32.27 1.78± 1.04 0.97± 0.34

PL Larix sibirica Deciduous tree 37.02 28.50 35.07 1.42± 0.83 0.53± 0.23

Picea obovata Evergreen tree 39.58 15.43 33.09

LS Larix sibirica Evergreen tree 83.96 25.43 46.59 2.08± 1.22 0.46± 0.26

PP Picea obovata Deciduous tree 30.17 23.15 34.11 2.92± 0.89 0.51± 0.13

Pinus sibirica Deciduous tree 42.59 22.57 31.38

PS Pinus sibirica Deciduous tree 89.08 21.92 35.68 2.45± 0.85 0.50± 0.09

Betula pendula forest (BP), Picea obovata + Larix sibirica mixed forest (PL), Larix sibirica forest (LS), Picea obovata + Pinus sibirica mixed forest (PP), and Pinus sibirica forest (PS),
diameter at breast height (DBH).

stoichiometric characteristics of different tree species. In testing
the homogeneity of variance, the least significant difference
(LSD) method was used for multiple comparisons if the
square difference is homogeneous. Tamhane’s T2 method was
utilized for multiple comparisons if the variance is uneven
(α = 0.05). Redundancy analysis of NuRE with leaf and
litter N and P concentrations was performed for different
tree species. The simple linear regression was performed to
uncover the relationship between N and P resorption rates
and environmental factors. All data analyses were carried
out with SPSS 19.0 and figures were generated via Origin
2021 and Canoco5.

Results

Carbon, nitrogen, and phosphorus
stoichiometry of fresh leaves and leaf
litters

Picea obovata had the highest and BP had the lowest
concentration of C in fresh leaves, and the trend of leaf litter
C concentrations remained consistent with that of fresh leaves
(Figure 2). The fresh leaf N concentrations in BP and LS
were significantly higher than in PO and PS (p < 0.05), and
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the leaf litter N concentrations in LS were significantly higher
than in BP, PO, and PS (p < 0.05). PS had the lowest N
concentration in both fresh and withered leaves. BP had the
both highest P concentration in fresh leaves and leaf litters,
while the lowest fresh leaves P concentrations in PO. PS had the
lowest P concentrations in leaf litters. In general, the C, N, and P
concentrations in fresh leaves are higher than those in leaf litters.

We found inconsistent trends in C: N: P ratios of fresh and
litter leaves in four tree species. The C: N ratio of fresh leaves
showed an order of PS > PO > BP > LS, and C: N ratio in
fresh leaves of PS and PO was significantly higher than that
of LS and BP (p < 0.05). C: P ratio in fresh leaves showed an
order of PO > LS > PS > BP. There was significant variability
(p < 0.05) in N: P ratios of fresh leaves, with the trend of
LS > BP > PO > PS. The trend of C: N: P of leaf litters was
not consistent with that of fresh leaves, except for C: N. The
order of C: P ratios in leaf litters was PS > PO > LS > BP,
among which there was no significant difference in leaf litter
C: P ratios between PS and PO, and between LS and BP
(p > 0.05). In addition, the leaf litter N: P ratios were shown
as LS > PO > BP > PS.

Nutrient resorption characteristics of
different tree species

The mean NRE and PRE of four tree species were 52.55
and 49.16%, respectively (Figure 3). The mean NRE with a
value of 62.51% for deciduous trees was significantly higher than
evergreen trees with a value of 42.60% (p < 0.05, Figure 3A),
while there was no significant difference among life forms
in PRE (p > 0.05, Figure 3B). The mean NRE for BP, LS,
PO, and PS were 65.93, 61.21, 30.41, and 46.84%, respectively
(Figure 3A). The mean PRE for BP, LS, PO, and PS were 52.21,
44.89, 44.38, and 59.85%, respectively (Figure 3B). There was
no significant difference in NRE between BP and LS (p > 0.05,
Figure 3A). The NRE of PS were significantly higher than
PO (p < 0.05, Figure 3A). Furthermore, while there were no
significant difference in the PRE in BP and PS (p > 0.05), it was
significantly higher in the PO and LS (p < 0.05, Figure 3B).
The difference in PRE between PO and LS was insignificant
(p > 0.05, Figure 3B).

Correlations among nitrogen and
phosphorus resorption efficiencies,
nutrient concentrations of leaf, and
environmental factors

Fresh leaf N concentrations of BP, PO, and LS were
positively correlated with NRE (Figure 4), but this relationship
disappeared for PS (Figure 4). PRE of all tree species were
positively correlated with P concentrations of fresh leaves.

NRE of all tree species were decreased with leaf litter N
concentrations. PRE of LS, PO, and PS were decreased with leaf
litter P concentrations, while PRE of BP were not related to leaf
litter P concentrations. Only PRE of PS were influenced by N:
P ratio of fresh leaves (Figure 4). N: P ratios of fresh leaves
increased with NRE in LS, BP, and PO (Figure 4). Leaf litter N:
P ratios decreased with NRE in PS, LS, and PO (Figure 4). Fresh
leaves and leaf litter N: P ratios had no effect on the NRE of PS
and BP, respectively (Figure 4).

There was no significant relationship between MAT and
NuRE (Figure 5I). PRE of BP and PS decreased with soil
P concentrations (p < 0.05, Figures 5B,H). The NRE of PS
had positive correlations with soil N concentrations (p < 0.05,
Figure 5G).

Stoichiometric homeostasis

Stoichiometric homeostasis of N, P, and N: P in the
leaf could be detected as shown in Table 2, only the
significant relationships are shown in Figure 6. We found strict
homeostasis of N and P concentrations and N: P ratios in BP
and LS (p > 0.05, Table 2). In addition, N concentrations and
N: P ratios of PO and N concentrations of PS displayed strict
homeostasis (p > 0.05, Table 2). However, P concentrations and
N: P ratio of PS and P concentrations of PO were homeostatic
(p < 0.05, Table 2 and Figure 6).

Discussion

Foliar nutrient concentrations and
stoichiometry

C, N, and P are the basic elements that constitute the dry
matter, proteins, amino acids, and nucleic acids of plants and
play an essential role in various physiological and biochemical
processes in plants (Ping et al., 2014). In the present study, we
found that mean C, N, and P contents varied from 478.80 to
560.04 g.kg−1, 7.18 to 17.12 g.kg−1, and 1.82 to 2.85 g.kg−1,
respectively (Figure 2). The C concentration was higher than
the global average of 492 terrestrial plant species (464.20 g.kg−1)
(Elser et al., 2000) and close to the mean value of alpine forest
in Central Asia (518.65 mg/g) (Zhang et al., 2020), whereas
the fresh leaf N concentration in this study was relatively
lower compared with that of global and Chinese averages
(20.09 g.kg−1 and 18.6 g.kg−1, respectively). The mean P
concentration of fresh leaves in our study area was significantly
higher than the Chinese average (1.21 g.kg−1) (Han et al., 2005)
and karst forest plants in Southwest China (1.20 g.kg−1) (Zeng
et al., 2015). This might be due to the fact that: First, the
higher fire disturbance of Kanas natural forest may lead to an
increase in the effective phosphorus concentration of the soil
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FIGURE 2

Leaf C, N, and P concentrations and stoichiometry of four tree species. Betula pendula (BP), Picea obovata (PO), Larix sibirica (LS), and Pinus
sibirica (PS). Different lowercase letters represent significant differences in fresh leaves of different tree species (p < 0.05). Different capital
letters represent significant differences in leaf litters of different tree species (p < 0.05).

while reducing the soil N pool, resulting in a rapid decrease in
soil inorganic N (Milla et al., 2005; Liu X. J. et al., 2020). Second,
plants improve their cold tolerance via lower their cytosol
freezing point to adapt to cold environment, while increasing
the concentration of cellular P elements can effectively lower the
cytosol freezing point and improve the success rate of plants to
survive in a cold environment (Yang et al., 2021).

The C: N and C: P ratios of plant leaves are important
indicators of carbon absorption ability, reflecting the nutrient

usage efficiency of plants and having significant ecological
significance (Wang et al., 2011a). In the present study, the C:
N ratios of evergreen species were substantially greater than
that of deciduous species, while the C: P ratios did not exhibit
such a pattern, indicating the higher N utilization efficiency
in evergreen trees. Previous studies found that plants were
N-limited at N: P < 14, P-limited at N:P > 16, and joint
limitation of N and P at 14 ≤ N: P ≤ 16 (Koerselman and
Meuleman, 1996). In this study, the N: P ratios of all species
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FIGURE 3

N (A) and P (B) resorption efficiencies of four tree species and different life forms in Kanas Natural Forest. Betula pendula (BP), Picea obovata
(PO), Larix sibirica (LS), Pinus sibirica (PS), deciduous trees (DT), and evergreen trees (ET). Different capital and lowercase letters represent
significant differences between different tree species and life forms, respectively (p < 0.05).

FIGURE 4

Redundancy analysis of leaf N, P resorption efficiencies and nutrients concentration and its stoichiometry ratios in different tree species. Fresh
leaf N concentration (NF), fresh leaf P concentration (PF), fresh leaf N: P ratio (N: PF), leaf litter N concentration (NL), leaf litter P concentration
(PL), and leaf litter N: P ratio (N: PL). Betula pendula (BP), Picea obovata (PO), Larix sibirica (LS), Pinus sibirica (PS), N resorption efficiency (NRE),
and P resorption efficiency (PRE).

were less than 14, indicating a N limitation of growth, which
is consistent with the previous findings that plants are more
susceptible to N-element limitation at high latitudes (Chapin
and Moilanen, 1991).

As an essential part of the biogeochemical cycle in forest
ecosystems, the decomposition process of leaf litters is an
important way for plant nutrients to be returned to the soil
(Zhang et al., 2015). The C, N, and P concentrations of leaf litters
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FIGURE 5

Relationships between N and P resorption efficiencies and MAT (I), and soil N and P concentrations (A–H). Lines were plotted for relationships
with p < 0.05.

TABLE 2 Homeostatic analysis for the stoichiometry in Kanas natural forest.

Tree species Stoichiometry traits R2 P 1/H Level

Betula pendula N 0.011 0.230 0 Strictly homeostatic

P 0.090 0.118 0 Strictly homeostatic

N: P 0.043 0.158 0 Strictly homeostatic

Larix sibirica N 0.028 0.170 0 Strictly homeostatic

P 0.075 0.087 0 Strictly homeostatic

N: P 0.009 0.761 0 Strictly homeostatic

Picea obovata N 0.005 0.679 0 Strictly homeostatic

P 0.146 0.015 0.133 Homeostatic

N: P 0.001 0.840 0 Strictly homeostatic

Pinus sibirica N 0.022 0.479 0 Strictly homeostatic

P 0.695 0.000 0.191 Homeostatic

N: P 0.260 0.009 0.227 Homeostatic

If the regression relationship is insignificant (P > 0.05), then the target organism is strictly homeostatic. If the regression relationship is significant (P < 0.05), then species are considered
as not homeostatic, homeostatic, weakly homeostatic, weakly plastic, and plastic with | 1/H|≥ 1, 0 < | 1/H| < 0.25, 0.25 < | 1/H| < 0.5, 0.5 < | 1/H| < 0.75, and | 1/H | < 0.75, respectively.

in this study were varied from 415.59 to 486.19, 5.19 to 9.67,
and 1.22 to 1.70 g.kg−1, respectively. Compared with the global
level of C (467.0 g.kg−1), N (10.0 g.kg−1), and P (0.7 g.kg−1)

concentrations of leaf litters (Yuan and ChenHan, 2009b), C and
P concentrations were higher in this study, and N concentration
was lower, showing an overall pattern of low N and high C and
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FIGURE 6

Relationships between fresh leaves and soil P concentrations in PS (A), and N: P in PS (B) and PO.

FIGURE 7

Relationships between leaf litter P concentration of BP and PS (A,B) and leaf litter N concentration of PS (C) and soil P and N concentrations,
respectively. Lines were plotted for relationships with p < 0.05.

P. Because leaf litter decomposition is primarily dependent on
microorganisms, the abundance of leaf litter N and P facilitates
the activity of microorganisms (particularly bacteria), which in
turn promotes the rapid decomposition and nutrient release of
leaf litters (Deng et al., 2020). Leaf litter C: N ratio < 40 and
C: P ratio < 480 are usually considered the threshold values for
favorable decomposition (Parton et al., 2007). In this study, C:
N ratios were higher than 40, while C: P ratios were lower than
480 of leaf litters in four tree species (Figure 2), indicating that
leaf litter decomposition was N-limited.

NuRE characteristics

Plant NuRE reflects the ability of plants to store and reuse
nutrients and adapt to poor soil conditions (An et al., 2011).
The average NRE of 52.55% and PRE of 49.16% (Figure 3)
for four species in our study area were lower than the average
values of woody plants in Mt. Dongling of Beijing, North

China (NRE, 57.4% and PRE, 61.4%) (Zhang et al., 2015) and
terrestrial plants of global (NRE, 62.10% and PRE, 64.90%)
(Vergutz et al., 2012), but close to woody plants of Eastern
China (NRE, 49.00% and PRE, 51.00%) (Tang et al., 2013) and
global level (both∼ 51%) (Aerts, 1996). The difference in species
composition from a specific habitat may result in a difference
in NuRE deviation from the general patterns observed at a
large scale (Vergutz et al., 2012). In addition, we found that
the PRE in evergreen species (mean value of 47.13%) were not
significantly (p > 0.05) different from deciduous species (mean
value of 51.19 %), while the NRE of deciduous species (mean
value of 52.57 %) were significantly (p < 0.05) higher than
evergreen species (mean value of 42.60 %), which is in line with
the results reported previously (Figure 4; Tang et al., 2013; Pi
et al., 2016).

Previous studies varied with the relationship between plant
leaf nutrient concentration and NuRE (An et al., 2005; Kobe
et al., 2005; Vergutz et al., 2012; Zeng et al., 2017). In the
present study, only PRE of BP and NRE of PS were not affected
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by leaf litter P concentration and fresh leaf N concentration,
respectively (Figure 4). The rest of the NRE and PRE of four
tree species were positively correlated with corresponding fresh
leaves N and P concentrations and negatively correlated with
leaf litter N and P concentrations (Figure 4). These results were
in line with our second hypothesis and similar to the results
reported elsewhere (Wang et al., 2019). The effect of leaf N and
P concentrations on NuRE and N: P ratios necessarily makes
some correlation between the latter two (Wang et al., 2019). In
this study, N: P ratios of fresh leaves increased with NRE of
LS, BP, and PO (Figure 4) and leaf litter N: P ratios decreased
with NRE of PS, LS, and PO (Figure 4). In addition, PRE had
no effect on N :P ratios of fresh leaves and leaf litters in BP,
LS, and PO (Figure 4). The increase of NRE will make the
residence time of N concentration in plant leaves longer (Aerts,
1996), thus increasing the N concentration of fresh leaves but
causing a decrease in the N concentration of leaf litters, which
in turn makes the N: P ratio of fresh leaves higher and finally
leads to a positive correlation between NRE and N: P ratio
of fresh leaves and a negative correlation with leaf litter N: P
ratio.

NuRE may also be influenced by soil conditions
(Killingbeck, 1996), climate, and climate change, either
separately or in combination (Luyssaert et al., 2005; Vergutz
et al., 2012). Inconsistent with the results of Vergutz et al.
(2012) and Tang et al. (2013) and our third hypothesis, MAT
had no effect on NuRE (p > 0.05, Figure 5) in the present
study. This may be due to the small difference in climatic
conditions across the study area and the limited variety of
tree species in the Kanas natural forest. The MAP in our
study area exceeds 1,065 mm (Liu et al., 2016), and soil water
resources are not a limiting factor for the growth of tree
species in this study. It is widely acknowledged that NuRE
is determined by the relative cost the plants absorb nutrients
from the leaf litters vs. soil, but not the absolute levels of soil
nutrients (Wright and Westoby, 2003). In nutrient-rich soils,
the energy cost for plants to absorb nutrients from soils was
lower than that to obtain by resorption from leaf litters (Wright
and Westoby, 2003). Contrary to the results of Zhang et al.
(2015) but similar to the studies of Tang et al. (2013), we
observed that both PRE of BP and PS decreased with soil P
concentration (Figures 5B,H). Soil P concentration is relatively
constant and mainly originates from the weathering of rocks
(Wang et al., 2011b) and it had no correlation with leaf litter
P concentration of BP and PS (Figures 7A,B). Along with
the increase in soil P concentration, PS and BP were biased
to take up P nutrients from the soil and reduced their PRE;
thus, the soil P content was negatively correlated with PRE.
The NRE increased with soil N concentration (Figure 5G),
but decreased with leaf litter N concentration (Figure 4), and
soil N concentration decreased with leaf litter N concentration
(Figure 7C), suggesting that PS reduced its consumption of soil
N concentration by elevating NRE and soil N concentration

that were not primarily derived from the decomposition of
leaf litters of PS. These results also suggest that plants tend to
maintain a high NRE in this N-limiting soil (Han et al., 2013)
and agreed with the fact that leaf litter decomposition was
N-limited in this study.

Homeostatic characteristics

Stoichiometric homeostasis reflects the balance between
resource consumption and storage in plants during the growth
period, and it is positively correlated with vegetation stability
(Yu et al., 2010). In this study, fresh leaf N, P concentrations
and N: P ratios of deciduous trees showed strict homeostasis,
whereas the degree of P concentration in PS and PO and N:
P ratio in PS was homeostatic (Table 2 and Figure 6). In
PS, the N concentration was strictly homeostatic, while the
degree of the N: P ratio was homeostatic. It might be due
to the degree of P concentration in PS being homeostatic,
which made the N: P ratios vary with the environment. The
N concentrations of four tree species were strictly homeostatic,
probably because N was a limiting element in this region,
which was consistent with the Stability of Limiting Elements
Hypothesis (Han et al., 2011). In terms of P concentration, the
homeostasis of evergreen trees was lower than that of deciduous
trees, which is contrary to our fourth hypothesis. Furthermore,
it was reported that dominant species had higher homeostatic
levels than other species, (Yu et al., 2010, 2015), since BP and
LS were dominant species in Kanas our study area, they might
be more conservative in their nutrient utilization patterns, thus
more easily adapting to the barren environment and becoming
dominant.

Conclusion

Our study suggested that stoichiometric characteristics,
nutrient resorption patterns, and stoichiometric homeostasis
varied among four tree species. First, evergreen species (PO,
PS) had higher fresh leaf C concentrations and C: N ratios. As
opposed to evergreen plants, deciduous species (BP, LS) have
higher levels of fresh leaf N concentration and NRE, while the
P concentration, C: P ratio, and PRE did not exhibit such a
pattern. Overall, 52.55% of N and 49.16% of P were resorbed
before senescence. Furthermore, the N: P ratio of four species
was below 14, indicating a general N limitation. Second, NRE
increased with N concentration but decreased with the N: P
ratio in fresh leaves of BP, PO, and LS, respectively, NRE
decreased with the N concentration of leaf litters in all species
but increased with the N: P ratio of leaf litters in PS, LS, and
PO; PRE increased with the P concentration of fresh leaves in
all species but decreased with the P concentration of leaf litters
in LS, PO, and PS. Only PRE decreased with the N: P ratio of
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fresh leaves in PS. In addition, the NRE of BP and PS decreased
with soil N concentration and PRE of PS increased with soil
P concentration. MAT had no effect on NRE and PRE in this
study. Third, we found that only fresh leaf P concentration of
PO and PS, and N: P ratio of PS varied with corresponding traits
in soil. Our findings are essential for understanding nutrient
cycling among forest components (plant leaves, litters, and soil)
and plant adaptation strategies in Taiga forest ecosystems.
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