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Abstract: Leaf stoichiometry of plants can respond to variation in environments such as elevation
ranging from low to high and success in establishing itself in a given montane ecosystem. An
evaluation of the leaf stoichiometry of Qinghai Spruce (Picea crassifolia Kom.) growing at different
elevations (2400 m, 2600 m, 2800 m, 3000 m, and 3200 m) in eastern China’s Qilian Mountains,
showed that leaf carbon (LC) and leaf phosphorus (LP) were similar among elevations, with ranges
of 502.76-518.02 g~kg*1, and 1.00-1.43 g-kgfl, respectively. Leaf nitrogen (LN) varied with changes
of elevation, with a maxima of 12.82 g-kg~! at 2600 m and a minima of 10.74 g-kg~! at 2800 m.
The LC:LN under 2400 m and 2600 m was lower than that under other elevations, while LC:LP
and LN:LP were not different among these elevations. Except for LN and LC:LN, P. crassifolia’s
other leaf stoichiometries remained relatively stable across elevations, partly supporting the home-
ostasis hypothesis. Variations in leaf stoichiometry across elevations were mainly linked to mean
annual precipitation, mean annual temperature, soil pH, and the soil organic C to soil total N ratio.
P. crassifolia growth within the study area was more susceptible to P limitation.

Keywords: topographic factor; environmental changes; plant adaptation; leaf elements; nutrient limitation

1. Introduction

Over the past several decades, leaf stoichiometry—leaf carbon (C), nitrogen (N), and
phosphorus (P) (LC, LN, LP, respectively) and their ratios—has been shown to be a key
tool in the study of element cycling, nutrient limitations for plant growth, and response
of plants to environmental change [1]. In terrestrial ecosystems, C, N, and P are usually
coupled to the processes of primary production, respiration, and decomposition [2,3]. P is
important for the production of N-rich proteins by ribosomes, which, in turn, help plants
perform photosynthesis and further enhance C accumulation [4]. Patterns in the variation
of plant element levels and their relationships with environmental factors have been
intensively studied at local [5-7], regional [8-11] and global scales [12,13]. In temperate
forest ecosystems situated along elevation gradients in northeastern China’s Changbai
Mountains, increasing elevation led to a rise in LC and declines in LN and LP [6]. In this
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setting, plant life form (e.g., herb, shrub, or tree) was the dominant factor influencing leaf
stoichiometry in 175 plant species. Similarly, plant ecotypes and taxonomic groups proved
to be the main determinants of leaf stoichiometry of 348 tree species in China’s forests [11].
It was further noted that LN and LP increased with latitude, from tropical to cooler and
drier zones, then decreased slightly at colder temperatures. Based on a total of 12,055 plant
species distributed amongst 486 sites worldwide, Tian et al. [13] found greater LN and LP
at high (vs. low) latitudes, and that different life-forms, plant growth rates and soil nutrient
availabilities were the main factors influencing the scaling exponent of LN and LP.

Situated at the intersection of the Loess, Qinghai-Tibet and Mengxin plateaus, the
Qilian Mountains represent an important ecological barrier from northwest China, and
feature a fragile environment, easily eroded, and disturbed by humans [4]. The unique
characteristics of the climate and the complex topographic features lead to significant
differences in temperature and precipitation along elevational gradients, thereby providing
an ideal natural laboratory to study the response of plants to environmental changes [14,15].
Ranging vertically from 2600 m to 3300 m, Qinghai Spruce (Picea crassifolia Kom.) is an
indigenous evergreen conifer tree species, occupying a large proportion of the coldest
part of the evergreen coniferous forest belt on the northern Qilian Mountains [16]. The
species provides significant ecological functions, including the conservation of water re-
sources and biodiversity, and the maintenance of ecological safety [17]. Recently, studies of
P. crassifolia have focused on its growth response and adaption to global warming from a
physiological perspective [18,19]. Yet knowledge remains limited regarding the response
of P. crassifolia’s leaf stoichiometry to environmental changes along elevational gradients.
An analysis of P. crassifolia leaf stoichiometry at different elevations could provide support
for a mechanistic hypothesis explaining the plant communities’” responses to a changing
environment, thereby offering a potential means of predicting C, N, and P stoichiometry in
other species [20,21]. Such knowledge could also help in selecting species for ecological
protection [22].

In the present study, our aims were to: (i) determine how P. crassifolia leaf stoichiometry
changed with elevation; (ii) screen the main driving factors affecting leaf stoichiometry
changes; and (iii) explore the relationship between the leaf stoichiometry of P. crassifolia
and dominant driving factors. Our hypothesis was that, given the existence of large
hydrothermal differences across elevations, temperature and precipitation determine leaf
stoichiometry of P. crassifolia.

2. Materials and Methods
2.1. Study Area

Situated in the central Qilian Mountains, the study area is subject to a mean annual
temperature of 5.4 °C, and a mean annual rainfall of 433.6 mm. The area’s wide range
in elevation (2300-4600 m) makes for an equally wide range of combined hydrological
and thermal conditions, resulting in different types of vegetation at different elevations.
From low to high elevations, the vegetation zones and their corresponding soil types
are: dry shrub steppe and mountain chestnut-calcium soil (2100-2400 m), mountainous
forest steppe and forest gray-brown soil (2400-3200 m), alpine shrub steppe and alpine
scrub-meadow soil (3200-3900 m), and alpine cold desert meadow and alpine cold desert
soil (3900-4600 m) [23]. The dominant species, P. crassifolia, is distributed in patches or
strips on the north-facing slopes at elevations ranging from 2400 m to 3300 m.

2.2. Sampling and Management

In August 2018, we collected soil samples and new leaves of P. crassifolia at elevations
of 2400 m, 2600 m, 2800 m, 3000 m and 3200 m along a north-facing gradient (Figure 1).
Three randomly situated 10 m x 10 m plots were established at each elevation for leaf
sampling, and 10 g of leaves per plot were collected. Three quadrats (1 m x 1 m) were
identified along the diagonal line of each plot. In each quadrat, soils were sampled at
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0-0.10, 0.10-0.20 and 0.20-0.40 m depths, respectively, as soil C and nutrients are mainly in
the 0-0.40 m soil depth [23,24], using a 35-mm diameter soil drill.
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Figure 1. The five sample sites at 2400 m, 2600 m, 2800 m, 3000 m and 3200 m in the study area.

Leaf samples were dried to a constant weight at 65 °C for 48 h. Samples were then
ground and stored in tin foil for later determination of LC, LN and LP. Soil samples were
air-dried and ground through a 2 mm mesh sieve prior to laboratory analysis. LC and
soil organic carbon (SOC) were determined using a volumetric potassium dichromate
method [25]. Both LN and soil total nitrogen (STN) were measured following selenium-
catalyzed HySO4-K;SO4-CuSOy digestion of the soil samples [26]. Soil ammonium nitrogen
(NH4*-N) and nitrate nitrogen (NO3; ~-N) were determined by a SmartChem 200 element
analyzer (AMS, Rome, Italy). LP and soil total phosphorus (STP) were extracted using H,O-
H,SO, and determined using the Olsen molybdenum-antimony colorimetric method [27].
Using a Sartorius PB-10 pH meter (Sartorius, Beijing, China), soil pH was determined
(water:soil = 2.5:1).

2.3. Data Analysis

Soil nutrient values at 0-0.4 m were the average of the measured values in each layer.
All the nutrient ratios were mass based. The mean annual temperature (MAT) and mean
annual precipitation (MAP) were calculated following Zhao et al. [17,28] as:

MAT = 20.957 — 0.00549H — 0.166Y + 0.0089X, R? = 0.98 (1)

MAP = 1690.6235 + 0.119H — 75.264Y + 12.405X, R? = 0.92 )
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where H is elevation, Y is latitude, X is longitude, and R? is the regression coefficient.

The Fisher test was used to determine the effect of elevation on each indicator. A
t-test was used to examine the significant differences in leaf stoichiometric indicators and
environmental factors among different elevations (p < 0.05). The correlations between
leaf stoichiometric indicators and environment factors were determined using the Pearson
Correlation Coefficient. Redundancy analysis (RDA) was used to identify the dominant
environmental factors of leaf stoichiometry [29]. The R ‘vegan’ package was used to
perform RDA [30], while other data analysis was conducted using SPSS 22.0 software (SPSS
Inc. Chicago, IL, USA).

3. Results
3.1. Variation in Soil Properties and P. crassifolia Leaf Stoichiometry across Elevation

In the present study, elevation had a significant influence on all of the measured soil
properties but, for P. crassifolia, elevation had a significant effect only on LN and LC: LN
(Table 1). Overall, SOC (86.83 g-kg~!) and STN (5.90 g-kg ') at 3200 m were significantly
greater than that at other elevations (Table 2). NH*-N first decreased then increased with
elevation, and its minimum value (6.17 mg-kg~!) at 2800 m was significantly lower than
that at other elevations. NO; ~-N (4.94 mg-kg ') at 3200 m was significantly greater than
that at other elevations except 2600 m. STP fluctuated across elevations, and its values
at 2600 m (0.63 g-kg~!) and 3000 m (0.62 g-kg ') were significantly greater than that at
other elevations. The SOC:STN at 2600 m (12.35) was significantly lower than at other
elevations, but its value among these elevations was similar. The SOC:STP and STN:STP
changed with elevation, both reaching the maximum values at 3200 m (166.82, 11.30,
respectively), and were significantly greater than at other elevations. Soil pH decreased
with increasing elevation and reached a minimum (7.44) at 3200 m, significantly lower than
at other elevations (Table 2).

Table 1. Effects of elevation on soil properties and leaf stoichiometric characteristics of P. crassifolia.

Effect of Elevation
Measured Parameters

r df
SOC (g-kg™) <0.001 4
STN (g-kg™1) <0.001 4
STP (g'kg ™) <0.001 4
SOC:STN <0.001 4
SOC:STP <0.001 4
STN:STP <0.001 4
NH;*-N (mg-kg™1) <0.001 4
NO;~-N (mg-kg™1) <0.001 4
pH <0.001 4
LC (g-kg™1) 0.158 4
LN (g'kg™1) <0.001 4
LP (g-kg™!) 0.203 4
LC:LN <0.001 4
LC.LP 0.388 4
LN:LP 0.428 4

SOC = soil organic carbon, STN = soil total nitrogen, STP = soil total phosphorus, NH;*-N = soil ammonium
nitrogen, NO3;~-N = soil nitrate nitrogen; LC = leaf carbon concentration, LN = leaf nitrogen concentration,
LP = leaf phosphorus concentration. p, probability value; df, degree of freedom. Significant values are in bold.

Across elevations, LC ranged from 502.76 to 518.02 g-kg~!, and LP from 1.0 to
1.43 g-kg~!, and there was no significant difference among the elevations (Figure 2A,C).
The maximum LN value (12.82 g-kg~!) was reached at 2600 m and was significantly greater
at 2800 m, 3000 m, and 3200 m. The minimum LN value (10.74 g-kg~!) at 2800 m was
significantly lower than the value at 2400 m or 3200 m, but did not differ significantly from
that at 3000 m (Figure 2B). The trends in leaf stoichiometric ratios (LC:LP and LN:LP) at
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different elevations were similar, but LC:LN at 2400 m and 2600 m was significantly lower
than at other elevations (Figure 2D-F).

Table 2. Soil nutrient contents, mean annual temperature and mean annual precipitation across the elevational gradient
within the study area.

Elevation (m)

Parameter
2400 2600 2800 3000 3200
50C (g-kgfl) 50.03 £ 9.88 BC 46.00 £5.01C 49.06 £+ 11.50 BC 56.40 = 7.68 B 86.83 £7.92 A
STN (g-kg’l) 3.58 £ 0.73 BC 3.72 £ 0.38 BC 328+0.70C 398+£0.75B 590+ 043 A
STP (g~kg*1) 0.54 £0.08B 0.63 £0.09 A 0.48 = 0.08 B 0.62 £0.05A 052 £0.05B
SOC:STN 13.99 £ 0.83 A 12.35 £ 0.48 B 1490 £ 0.78 A 1433 £1.62 A 1474 £ 137 A
SOC:STP 92.41 + 13.79 BC 7412 £5.72C 107.60 £ 4223 B 90.40 £+ 10.09 B 166.82 £22.45 A
STN:STP 6.59 £0.82B 6.01 £0.60 B 715+£247B 640 £1.14B 11.30 £ 092 A
NH4*-N (mg-kg_l) 8.07£0.73 A 742+ 055 A 6.17 £247B 811 £ 054 A 814 £155A
NO;™-N (mg-kg’l) 1.65+041C 4.34 +2.88 AB 3.43 £0.56 B 337+£042B 494+ 152 A
pH 7.86 £0.10 A 7.86 £ 0.09 A 783 £ 027 A 775 £0.18 A 744+024B
Longitude 100°21'55" E 100°17'13" E 100°14/28" E 100°13/19" E 100°22/35" E
Latitude 38°37'5"" N 38°34'4" N 38°33'9"" N 38°33'5"" N 38°38'15"" N
MAT (°C) 2.26 1.17 0.08 —1.02 —2.68
MAP (mm) 304.32 330.93 353.70 378.96 410.09
MAP = mean annual precipitation, MAT = mean annual temperature, NH,;*-N = soil ammonium nitrogen, NO3 ~-N = soil nitrate nitrogen, SOC
= soil organic carbon, STN = soil total nitrogen, STP = soil total phosphorus. Row-wise non-matching upper case letters (e.g., A, B, BC, ... )

indicate a significant difference in soil properties amongst elevations (p < 0.05). Soil parameters were taken from 0-0.40 m depth. E = Eastings

and N = Northings.
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Figure 2. P. crassifolia LC (A), LN (B), and LP (C) and LC:LN (D), LC:LP (E), and LN:LP (F) ratios at different elevations.
LC = leaf C concentration; LN = leaf N concentration, LP = leaf P concentration. For individual plots, non-matching
lowercase letters (e.g., a, b, ... ) indicate a significant difference in leaf stoichiometry between elevations.
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3.2. Dominant Factors Affecting the Leaf Stoichiometry of P. crassifolia

From the RDA, the eigenvalue of the two axes was 38.77%, the first axis accounting for
24.15% and the second for 14.62% (Figure 3). MAP, MAT, pH, and SOC:STN significantly
influenced the variation of leaf stoichiometry, and explained the total variation by 15.9%,
15.4%, 7.4%, and 7.1%, respectively (Table 3).
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Figure 3. Redundancy analysis (RDA) for the leaf stoichiometric indices of P. crassifolia and environmental indices, includ-
ing ratios of soil nutrients, for elevation. LC = leaf C concentration, LC:LN = LC:LN, LC:LP = LC:LP, LN:LP = LN:LP,
MAP = mean annual precipitation, MAT = mean annual temperature, LN = leaf N concentration, NHI — N = soil ammonium
nitrogen, NO;" — N = soil nitrate nitrogen, LP = leaf P concentration, SOC = soil organic carbon, STN = soil total nitrogen,
STP = soil total phosphorus.

Table 3. The dominant factors influencing leaf stoichiometry of P. crassifolia across the elevational

gradient based on RDA.

Environmental Factors RDA1 RDA2 R? p* Explains (%) Pseudo-F pr*
SOC (g~kg’1) 0.99426 —0.10702 0.1222  0.078 1.7 22 0.076
STN (g-kg™1) 0.87152  —0.49036 0.0965  0.126 1.5 2 0.134
STP (g-kg™) —0.99995 —0.01024 0.0406 0.41 0.3 0.7 0.604

pH —0.95203  0.30602 0.1687  0.024 4.7 3.5 0.012
SOC:STN 0.88126 0.47263  0.2418  0.003 3.9 3.3 0.016
SOC:STP 0.99858 —0.05328 0.1469  0.043 22 2.6 0.060
STN:STP 0.95268 —0.30397 0.1378  0.042 25 27 0.050

NH,*-N (mg-kg™") —0.45172 —0.89216 0.1216  0.076 0.3 0.7 0.484
NO;~-N (mg-kg™1) 0.63894 0.76926  0.0251  0.552 0.7 1.8 0.156
MAT (°C) —0.98159 —0.19099 0.4647 0.001 13.7 7.9 0.002
MAP (mm) 0.98013 0.19838 0.4814  0.001 15.9 8.1 0.002

NH,*-N = soil ammonium nitrogen, N03; ~-N = soil nitrate nitrogen, SOC = soil organic carbon, STN = soil total
nitrogen, STP = soil total phosphorus. * indicates that the environmental factor was significantly (p < 0.05) related
to the two RDA axes, while ** indicates that the variance of each environmental factor contributed (p < 0.05) to the
total variance. Significant values are in bold.
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Based on the results of RDA, we further investigated the correlation between the four
dominant factors and leaf stoichiometry of P. crassifolia. The LC was negatively related to
soil pH, while LN was positively related to MAT and negatively correlated with SOC:STN
and MAP. Of the stoichiometric ratios, LC:LN was positively correlated with SOC:STN
and MAP, but negatively correlated with pH and MAT. The LP, LC:LP and LN:LP were not
correlated with any of the dominant factors (Table 4).

Table 4. The Pearson correlations between the dominant factors from the RDA and leaf stoichiometry
of P. crassifolia.

pH SOC:STN MAT (°C) MAP (mm)
LC (g'kg™1) —0.301* —0.064 ~0.139 0.13
LN (g-kg™)) 0.276 —0.483 ** 0.670 ** —0.684 **
LP (g-kg1) 0.219 0.044 0.099 —0.093
LCLN —0.370* 0.392 ** —0.654 ** 0.664 **
LC.LP ~0.229 ~0.114 ~0.125 0.127
LN:LP —0.206 —0.134 —0.069 0.069

LC = leaf carbon concentration, LN = leaf nitrogen concentration, LP = leaf phosphorus concentration; SOC = soil
organic carbon, STN = soil total nitrogen, MAT = mean annual temperature, MAP = mean annual precipitation.
*p <0.05 *p<0.01.

4. Discussion
4.1. Effect of Elevation on Soil Properties

Elevation had a significant influence on soil properties (Table 1), due to temperature
and precipitation, plant composition, geological substrates, light resources, and even
the disturbance regime varying along the elevation gradient [1,3,14]. In the study area,
although the sampled sites were all located on north-facing slopes and the dominant species
was P. crassifolia, we found that the composition of understory vegetation gradually changed
as elevation increased, from herbaceous plants to shrubby plants. This, in combination
with variations in other environmental factors as mentioned above, led to changes in
soil properties. However, Tewksbury et al. [31] and Godgift et al. [32] found that soil
properties did not change with changing environments along an elevation gradient due to
the confounding effect of stand structure, growth patterns, litter quality, plant production
and soil parent material over the long term. These inconsistent results suggest that elevation
has a complicated effect on soil properties, or that the relationship between soil properties
and elevation is site dependent.

4.2. Overall Patterns of Leaf Stoichiometry of P. crassifolia across the Elevation Gradient

In the study area, as biotic and abiotic factors changed with elevation, plant stoi-
chiometry along the elevation gradient was also affected [33,34]. LC, LP, LC:LP, and LN:LP
were relatively stable over the elevation range of 2400 m to 3200 m (Figure 1, Table 2),
inconsistent with the biogeochemical hypothesis or soil substrate age hypothesis [35]. This
indicated the maintenance of a high stability of internal chemical components through
regulation of nutrient concentrations and their ratios and suggested the plants were able to
adapt to external environmental changes having a potential impact on their growth [36].
This was mainly attributable to the genetic evolution of P. crassifolia and its long-term
adaptation to the habitat in the study area with its unique climatic conditions [33], through
a form of conservative nutrient utilization strategy [34,37].

LN and LC:LN varied significantly with elevation (Figure 1, Table 2). The relatively
lower LN at high (vs. low) elevations was likely because lower temperatures slowed
soil nutrient turnover and reduced availability, which resulted in little N accessible for
plant uptake at high elevations [38]. However, some studies found LN constant across
elevations [7], showing a species- and habitat-dependent behavior of LN [7,38]. In our study,
LN increased from 3000 m to 3200 m, mainly related to the change of micro-habitats. With a
further reduction in temperature, P. crassifolia needed more nutrients to maintain a normal
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metabolic rate and support the evolution of functional tissues under low temperature
stress [39], which is consistent with the “Temperature-plant physiological” hypotheses [35].
Therefore, 3000 m may be the critical point of the adaption of P. crassifolia to temperature.
As LN varied and LC changed little with elevation, variation in LC:LN was similar to
that of LN. This also indicated that in the study area, LC:LN of P. crassifolia was mainly
influenced by LN.

Generally, high values of LC:LN and LC:LP indicated a low growth rate and high
C assimilation [40]. In the present study area, the LC:LN (43.97) and LC:LP (558.27)
of P. crassifolin were much greater than those of the Loess Plateau (28.6 and 404, respec-
tively) [41] and global flora (22.5 and 232, respectively) [42], indicating a lower growth rate
and high C assimilation of P. crassifolia in the Qilian mountains, which has been confirmed
in other studies [10,43].

4.3. Effects of MAP and MAT on Leaf Stoichiometry of P. crassifolia

From the RDA results, about 40% of the total variation in leaf stoichiometry of
P. crassifolia could be explained by the measured parameters (Figure 2), Of these envi-
ronmental factors, MAP and MAT were the main explanatory variables, accounting for
30% of the total variation (Table 3), thereby supporting our hypothesis.

In the present study, MAP was negatively correlated with LN, positively correlated
with LC:LN, but not correlated with other indicators (Table 4). The LN of P. crassifolia
decreased with an increase in MAP, as reported in other studies [20]. This may be because
increased precipitation alleviates drought stress and protects the plant’s photosynthetic
apparatus [44]. Accordingly, as the photosynthetic metabolism rises, N, which is the main
component of the enzyme, is consumed in greater quantities [44]. However, other studies
found a positive correlation [39] or no correlation [45] between LN and MAP. The reason for
this disparity may be related to different plant responses to water availability and different
adaptation strategies for survival [6,7]. With a constant LC and a negative relationship
between MAP and LN, the LC:LN showed a significantly positive relationship with MAP,
suggesting that the greater the precipitation, the slower the growth rate of P. crassifolia [40].
P. crassfolia growth was sensitive to high MAP; plants may consume greater amounts of N
under high MAP than under lower MAP, as mentioned above.

In contrast to MAP, MAT was positively correlated with LN and negatively correlated
with LC:LN, and had no correlation with other indicators (Table 4). This was mainly related
to the limitation of low temperatures on the rate of nutrient turnover [35]. Generally, low
temperatures can decrease soil microbial activity and in turn, reduce the decomposition
rate of organic materials and the release of soil nutrients that could subsequently be
absorbed by plants [46]. However, some studies found that MAT was negatively correlated
with LN [37,38], because plants growing at low temperatures require more nutrients to
maintain normal eco-physiological processes [35,47]. In addition, MAT may also affect LN
by regulating SOC:STN; that is, the decreased temperature inhibits the microbial activity
and reduces the rate of N mineralization, resulting in a high SOC:STN [46,48] (details
of SOC:STN influencing LN in Section 4.4). The LC:LN was significantly and negatively
related to MAT, indicating that P. crassifolia grew faster at low elevations than at high
elevations due to the moderate temperature and soil nutrients such as STP at 2600 m
(Table 1).

4.4. Effects of Soil pH and SOC:STN on Leaf Stoichiometry of P. crassifolia

Soil pH was negatively related to LC and LC:LN, but showed no correlation with
other indices (Table 4). The relationship between LC and soil pH was consistent with other
studies [35,49]. Under drought stress and the associated shortage of water in stomata, a high
soil pH (7.75), such as that found in the study area, limited photosynthesis, which further
inhibited leaf C accumulation [36]. Moreover, the negative relationship between LC:LN and
soil pH further confirmed that, in the study area, P. crassifolia grew faster at low elevations
than at high elevations. In contrast to other studies [44], in the present study LN and LP
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showed no correlation with soil pH. This was mainly because P. crassifolia developed a good
nutrient storage mechanism and improved its efficiency in resource utilization, thereby
enhancing its capacity to face the study area’s harsh growing environment [44,50,51].
Low nutrient requirements have been suggested to be among the most important plant
strategies to conserve nutrients [37,51]. However, studies have found both positive and
negative relationships between soil pH and LN and LP [44,52,53], indicating that plants
independently choose their resource utilization strategies according to differences in the
growth environment [51].

SOC:STN was negatively related to LN and positively related to LC:LN, but was not
correlated with other indicators (Table 4). SOC:STN was significantly negatively related to
LN, concurring with other studies [54]. The higher the SOC:STN, the weaker the microbial
activity and thus the lower the soil availability of N [55-57]. With a decline in soil available
N, LN will decrease. Notably, nutrient concentrations are not only relevant to microbial
communities, but are also related to bulk density when they are presented as nutrient pools
(concentration times bulk density) [58-60]. In this case, soil bulk density might change the
relationship between soil nutrients and leaf stoichiometry, because it varies widely with
elevation in the study area [61,62], but this needs further exploration. LC:LN increased
with SOC:STN, suggesting high SOC:STN can limit growth of P. crassifolia as available soil
N is mainly used by soil microbes [63].

4.5. Effects of Other Factors on Leaf Stoichiometry of P. crassifolia

Although MAP, MAT, soil pH and SOC:STN were found to be the main factors that
influenced the leaf stoichiometry of P. crassifolia across elevations, they only explained
38.77% of the total variation, indicating that other important but undocumented and
non-measured factors may be involved. These other factors could include properties of
the bedrock [64], disturbance level [54,65], genetic inheritance of species [64], intra- and
inter-species competition [7,23,66], phylogenetics [10], and limitation of other nutrient
elements. Both Ca [67] and K [68] have been shown to be important factors influencing
leaf stoichiometry.

As P. crassifolia is one of the most important species in the unique alpine ecosystems of
the Qilian Mountains, which harbor a wide spectrum of plant growth forms [7], further
studies of P. crassifolia leaf stoichiometry, considering multiple additional factors, should
be undertaken.

4.6. Nutrient Limitations of P. crassifolia in the Study Area

Previous studies have shown that the LN:LP might be an important indicator of nutri-
ent limitation [33]. Different researchers have judged these elements limiting plant growth
on the basis of different LN:LP thresholds. For example, a study by Koerselman et al. [69]
on plant communities in wetland systems showed that plant growth was limited by N
when LN:LP was less than 14, by P when it was greater than 16, and by both N and P when
it was between 14 and 16. However, Gusewell [70] found that plants were limited by N
when the LN:LP was less than 10, by P when it was greater than 20, and that fertilization
had no significant effect on the LN:LP when it was between 10 and 20. Therefore, nutrient
limitations based on LN:LP are more speculative, and actual soil stoichiometry may be
more useful [71]. Previous studies found that an SOC:STN below 25 indicated sufficient N
for plant growth [62]. Since the SOC:STN in the study area was 14.06, it was inferred that
the growth of P. crassifolia may not be limited by N. Coupled with global warming and N
deposition, the rate of net N mineralization would be accelerated [71], and N available for
P. crassifolia growth will further increase. In the study area, SOC:STP was 106.27, signifi-
cantly higher than 99.0 in severely P deficient soils [66]. In addition, STP (0.56 g~kg’1) was
lower than the global average (2.8 g-kg™!) [72]. Therefore, we speculated that P. crassifolia
growth may be susceptible to P limitation in the present study area.

Several studies have shown that high P concentrations are essential for fast growth to
compete for a spot in the canopy and access to light (e.g., [65]). However, in high elevation
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systems, plants take up P not for rapid growth, but for resistance to harsh conditions
such as low temperatures and drought [1,34,39]. Given low P concentration in the topsoil,
P. crassifolia may have to absorb P in deep soil through roots [73,74], or by resorption from
the litter to ensure its growth requirements [14].

5. Conclusions

Our study provided a detailed picture of the spatial patterns of the leaf stoichiometry
of P. crassifolia at varying elevations in the Qilian Mountains. It identified the environmental
factors causing differences in some leaf nutrient levels of P. crassifolia (especially for LN
and LC:LN) at different elevations. However, other leaf stoichiometries exhibited a strong
homeostasis to different habitats, thereby offering a great potential to adapt to future
climate change. Accordingly, the protection of P. crassifolia, should be strengthened to
ensure the safe and sustainable development of forest ecosystems in the Qilian Mountains,
thus ensuring the long-term development of the region.

Due to MAP and MAT contributing more to the total variance of leaf stoichiometry of
P. crassifolia than soil pH and SOC:STN across elevations in the study area, P. crassifolia was
apparently more sensitive to MAP and MAT than soil properties. However, these factors
only explained 38.77% of the variation. Other, presently unidentified factors influencing
the patterns of leaf stoichiometry at different elevations should be considered in future
research.

N versus P limitation based on leaf N:P is speculative. After examining soil nutrient
levels, we found that P. crassifolia in the Qilian Mountains was susceptible to P limitation,
but this needs to be further explored.

Author Contributions: Conceptualization, J.C. and Y.N.; methodology, J.C. and Y.N.; writing—
original draft preparation, J.C. and Y.N.; writing—review and editing, J.C., YN., ] K., J FA., AB., H.S.
and C.L.; visualization, Y.N. and H.S.; supervision, ].C.; funding acquisition, J.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the Major Program of the Natural Science Foundation of
Gansu Province, China, Grant number 18]R4RA002, and the Qilian Mountains Eco-environment
Research Center in Gansu Province, Northwest Institute of Eco-environment and Resources, Chinese
Academy of Sciences, Grant number QLS202002.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jiang, L.;He, Z,; Liu, J; Xing, C.; Gu, X.; Wei, C.; Zhu, J.; Wang, L. Elevation gradient altered soil C, N, and P stoichiometry of
Pinus taiwanensis forest on Daiyun Mountain. Forests 2019, 10, 1089. [CrossRef]

2. Finzi, A.C,; Austin, A.T,; Cleland, E.E.; Frey, S.D.; Houlton, B.Z.; Wallenstein, M.D. Responses and feedbacks of coupled
biogeochemical cycles to climate change: Examples from terrestrial ecosystems. Front. Ecol. Environ. 2011, 9, 61-67. [CrossRef]

3. Miiller, M,; Oelmann, Y.; Schickhoff, U.; Bohner, J.; Scholten, T. Himalayan treeline soil and foliar C: N: P stoichiometry indicate
nutrient shortage with elevation. Geoderma 2017, 291, 21-32. [CrossRef]

4. Vitousek, PM,; Porder, S.; Houlton, B.Z.; Chadwick, O.A. Terrestrial phosphorus limitation: Mechanisms, implications, and
nitrogen—phosphorus interactions. Ecol. Appl. 2010, 20, 5-15. [CrossRef] [PubMed]

5. Soethe, N.; Lehmann, J.; Engels, C. Nutrient availability at different altitudes in a tropical montane forest in Ecuador. J. Trop. Ecol.
2008, 24, 397-406. [CrossRef]

6.  Zhao,N.; He, N.P; Wang, Q.F.; Zhang, X.Y.; Wang, R.L.; Xu, Z.W.; Yu, G.R. The altitudinal patterns of leaf C: N: P stoichiometry
are regulated by plant growth form, climate and soil on Changbai Mountain, China. PLoS ONE 2014, 9, €95196. [CrossRef]

7.  Xu,SJ;Fan, X.Y.; Wang, L.L.; Zhang, X.E; An, L.Z. The patterns of nitrogen and phosphorus stoichiometry across communities
along altitudinal gradients in Qilian Mountains, China. Biochem. Syst. Ecol. 2015, 62, 58-65. [CrossRef]

8.  Han, W.X;; Fang, ].Y,; Guo, D.L.; Zhang, Y. Leaf nitrogen and phosphorus stoichiometry across 753 terrestrial plant species in

China. New Phytol. 2005, 168. [CrossRef]


http://doi.org/10.3390/f10121089
http://doi.org/10.1890/100001
http://doi.org/10.1016/j.geoderma.2016.12.015
http://doi.org/10.1890/08-0127.1
http://www.ncbi.nlm.nih.gov/pubmed/20349827
http://doi.org/10.1017/S026646740800504X
http://doi.org/10.1371/journal.pone.0095196
http://doi.org/10.1016/j.bse.2015.07.037
http://doi.org/10.1111/j.1469-8137.2005.01530.x

Forests 2021, 12, 1325 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kang, H.; Zhuang, H.; Wu, L; Liu, Q.; Shen, G.; Berg, B.; Man, R;; Liu, C. Variation in leaf nitrogen and phosphorus stoichiometry
in Picea abies across Europe: An analysis based on local observations. Forest Ecol. Manag. 2011, 261, 195-202. [CrossRef]
Sardans, J.; Ubach, A.R.; Peuelas, J. Factors affecting nutrient concentration and stoichiometry of forest trees in Catalonia (NE
Spain). Forest Ecol. Manag. 2011, 262, 2024-2034. [CrossRef]

Wu, Y.T.; Liu, H.Y; Song, Z.L.; Yang, X.M.; Li, Z.C.; Hao, Q.; Liu, L.N. Ecological stoichiometry of nitrogen, phosphorous, and
sulfur in China’s forests. Acta Geochim. 2017, 36, 525-530. [CrossRef]

Elser, ].J.; Bracken, M.E.S.; Cleland, E.E.; Gruner, D.S.; Harpole, W.S.; Hillebrand, H.; Ngai, ]J.T.; Seabloom, E.W.; Shurin, J.N.;
Smith, J.E. Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol. Lett. 2007, 10, 1135-1142. [CrossRef]

Tian, D.; Yan, Z.B.; Niklas, K.J.; Han, W.X,; Kattge, J.; Reich, P.B.; Luo, Y.K.; Fang, J. Global leaf nitrogen and phosphorus
stoichiometry and their scaling exponent. Natl. Sci. Rev. 2018, 5, 728-739. [CrossRef]

Sundgqvist, M.K,; Sanders, N.J.; Wardle, D.V. Community and ecosystem responses to elevational gradients: Processes, mecha-
nisms, and insights for Global Change. Annu. Rev. Ecol. Evol. Syst. 2013, 44, 261-280. [CrossRef]

Qian, D;; Yan, C.; Xiu, L.; Feng, K. The impact of mining changes on surrounding lands and ecosystem service value in the
southern slope of Qilian Mountains. Ecol. Complex. 2018, 36, 138-148. [CrossRef]

Liang, E.Y.; Shao, X.M.; Eckstein, D.; Huang, L.; Liu, X.H. Topography- and species dependent growth responses of Sabina
przewalskii and Picea crassifolia to climate on the northeast Tibetan Plateau. Forest Ecol. Manag. 2006, 236, 268-277. [CrossRef]
Zhao, C.Y.; Nan, Z.G.; Cheng, G.D.; Zhang, ].H.; Feng, Z.D. GIS-assisted modelling of the spatial distribution of Qinghai spruce
(Picea crassifolia) in the Qilian Mountains, northwestern China based on biophysical parameters. Ecol. Model. 2005, 191, 487-500.
[CrossRef]

Plante, PM.; Rivest, D.; Vézina, A.; Vanasse, A. Root distribution of different mature tree species growing on contrasting textured
soils in temperate windbreaks. Plant Soil 2014, 380, 429—439. [CrossRef]

Wang, B.; Yu, PT,; Zhang, L.; Wang, Y.H.; Yu, T.P; Wang, S.L. Differential trends of Qinghai Spruce growth with elevation in
northwestern China during the recent warming hiatus. Forests 2019, 10, 712. [CrossRef]

Sandel, B.; Goldstein, L.J.; Kraft, N.J.B.; Okie, ].G.; Shuldman, M.I,; Ackerly, D.D.; Cleland, E.E.; Suding, K.N. Contrasting trait
responses in plant communities to experimental and geographic variation in precipitation. New Phytol. 2010, 188, 565-575.
[CrossRef]

Chen, Y.H.; Han, WX,; Tang, L.Y,; Tang, Z.Y.; Fang, ].Y. Leaf nitrogen and phosphorus concentrations of woody plants differ in
responses to climate, soil and plant growth form. Ecography 2013, 36, 178-184. [CrossRef]

Agren, G.I.; Weih, M. Plant stoichiometry at different scales: Element concentration patterns reflect environment more than
genotype. New Phytol. 2012, 194, 944-952. [CrossRef]

Qin, Y.Y; Feng, Q.; Holden, N.M.; Cao, ].J. Variation in soil organic carbon by slope aspect in the middle of the Qilian Mountains
in the upper Heihe River Basin, China. Catena 2016, 147, 308-314. [CrossRef]

Dwij, A.; Cct, B.; Det, A. Changes in forest floor and soil nutrients in a mixed oak forest 33 years after stem only and whole-tree
harvest—ScienceDirect. Forest Ecol. Manag. 2016, 361, 56-68. [CrossRef]

Nelson, D.; Sommers, L.E. Total carbon, organic carbon, and organic matter. Methods Soil Anal. Part 2 Chem. Microbiol. Prop. 1982,
9, 539-579.

Bao, S.D. Soil and Agricultural Chemistry Analysis; China Agriculture Press: Beijing, China, 2020.

Olsen, S.R.; Cole, C.V.; Watanble, ES.; Dean, S. United States Department of Agriculture; Estimation of Available Phosphorus in Soils
by Extraction with Sodium Bicarbonate; USDA Cicular: Washington, DC, USA, 1954.

Zhao, C.Y,; Nan, Z.R.; Cheng, G.D. Methods for modelling of temporal and spatial distribution of air temperature at landscape
scale in the southern Qilian mountains, China. Ecol. Model. 2006, 189, 209-220. [CrossRef]

Yang, F; Niu, K,; Collins, C.G.; Yan, X,; Ji, Y.; Ling, N.; Zhou, X.; Du, G.; Guo, H.; Hu, S. Grazing practices affect the soil microbial
community composition in a Tibetan alpine meadow. Land Degrad. Dev. 2018, 30, 49-59. [CrossRef]

Yang, F; Wu, ].].; Zhang, D.D.; Chen, Q.; Zhang, Q.; Cheng, X.L. Soil bacterial community composition and diversity in relation to
edaphic properties and plant traits in grasslands of southern China. Appl. Soil Ecol. 2018, 128, 43-53. [CrossRef]

Tewksbury, C.E.; Miegroet, V.H. Soil organic carbon dynamics along a climatic gradient in a southern Appalachian spruce-fir
forest. Can. |. Forest Res. 2007, 37, 1161-1172. [CrossRef]

Godgift, S.; Henry, ].N.; Pantaleo, K.; Deo, D.S. Carbon stocks of Hanang forest, Tanzania: An implication for climate mitigation.
J. Ecol. Nat. Environ. 2014, 6, 90-98. [CrossRef]

Zhang, H.; Guo, WH.; Wang, G.G.; Yu, M.K.; Wu, T.G. Effect of environment and genetics on leaf N and P stoichiometry for
Quercus acutissima across China. Eur. J. Forest Res. 2016, 135, 795-802. [CrossRef]

McGroddy, M.E.; Daufresne, T.; Hedin, L.O. Scaling of C: N: P stoichiometry in forests worldwide: Implications of terrestrial
Redfield-type ratios. Ecology 2004, 85, 2390-2401. [CrossRef]

Reich, P.B.; Oleksyn, J. Global patterns of plant leaf N and P in relation to temperature and latitude. Proc. Natl. Acad. Sci. USA
2004, 101, 11001-11006. [CrossRef]

Persson, ].; Fink, P.; Goto, A.; Hood, J.M.; Jonas, ].; Kato, S. To be or not to be what you eat: Regulation of stoichiometric
homeostasis among autotrophs and heterotrophs. Oikos 2012, 119, 741-751. [CrossRef]


http://doi.org/10.1016/j.foreco.2010.10.004
http://doi.org/10.1016/j.foreco.2011.08.019
http://doi.org/10.1007/s11631-017-0225-8
http://doi.org/10.1111/j.1461-0248.2007.01113.x
http://doi.org/10.1093/nsr/nwx142
http://doi.org/10.1146/annurev-ecolsys-110512-135750
http://doi.org/10.1016/j.ecocom.2018.08.002
http://doi.org/10.1016/j.foreco.2006.09.016
http://doi.org/10.1016/j.ecolmodel.2005.05.018
http://doi.org/10.1007/s11104-014-2108-7
http://doi.org/10.3390/f10090712
http://doi.org/10.1111/j.1469-8137.2010.03382.x
http://doi.org/10.1111/j.1600-0587.2011.06833.x
http://doi.org/10.1111/j.1469-8137.2012.04114.x
http://doi.org/10.1016/j.catena.2016.07.025
http://doi.org/10.1016/j.foreco.2015.11.012
http://doi.org/10.1016/j.ecolmodel.2005.03.016
http://doi.org/10.1002/ldr.3189
http://doi.org/10.1016/j.apsoil.2018.04.001
http://doi.org/10.1139/X06-317
http://doi.org/10.5897/JENE2013.0418
http://doi.org/10.1007/s10342-016-0973-8
http://doi.org/10.1890/03-0351
http://doi.org/10.1073/pnas.0403588101
http://doi.org/10.1111/j.1600-0706.2009.18545.x

Forests 2021, 12, 1325 12 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Elser, ].J.; Fagan, W.E,; Kerkhoff, A.].; Swenson, N.G.; Enquist, B.]. Biological stoichiometry of plant production: Metabolism,
scaling and ecological response to global change. New Phytol. 2010, 186, 593-608. [CrossRef]

Rina, S.; Koichi, T. Effects of leaf age, elevation and light conditions on photosynthesis and leaf traits in saplings of two evergreen
conifers, Abies veitchii and A. mariesii. |. Plant Ecol. 2020, 4. [CrossRef]

Cao, ].J.; Wang, X.Y.; Adamowski, ].F,; Biswas, A.; Feng, Q. Response of leaf stoichiometry of Oxytropis ochrocephala to elevation
and slope aspect. Catena 2020, 194, 104772. [CrossRef]

Weidner, S.; Koller, R.; Latz, E.; Kowalchuk, G.; Bonkowski, M.; Scheu, S.; Jousset, A. Bacterial diversity amplifies nutrient-based
plant-soil feedbacks. Funct. Ecol. 2015, 29, 1341-1349. [CrossRef]

Zheng, S.; Shangguan, Z. Spatial patterns of leaf nutrient traits of the plants in the Loess Plateau of China. Trees 2007, 21, 357-370.
[CrossRef]

Elser, ].J.; Fagan, W.E,; Denno, R.E; Dobberfuhl, D.R.; Folarin, A.; Huberty, A.; Sterner, R.W. Nutritional constraints in terrestrial
and freshwater food webs. Nature 2000, 408, 578-580. [CrossRef] [PubMed]

Zhu, X.; He, Z.B.; Chen, L.E; Du, J.; Yang, J.].; Lin, PF,; Li, J. Changes in species diversity, aboveground biomass, and distribution
characteristics along an afforestation successional gradient in semiarid Picea crassifolia Plantations of Northwestern China. Forest
Sci. 2017, 63, 17-28. [CrossRef]

Zhang, X.E; Liu, X.D,; Jing, WM.; Cao, J.J. Characteristics of Leontopodium leontopodiodes leaf stoichiometry with altitude and
their relationship with soil nutrients in Qilian Mountains, Northwest China. Chin. J. Appl. Ecol. 2019, 30, 4012-4020. [CrossRef]
Lovelock, C.E.; Feller, I.C.; Ball, M.C.; Ellis, J.; Sorell, B. Testing the growth rate vs. geochemical hypothesis for latitudinal
variation in plant nutrients. Ecol. Lett. 2007, 10, 1154-1163. [CrossRef] [PubMed]

Liu, J.; Huang, W.; Zhou, G.; Zhang, D.; Liu, S. Nitrogen to phosphorus ratios of tree species in response to elevated carbon
dioxide and nitrogen addition in subtropical forests. Global Chang. Biol. 2013, 19, 208-216. [CrossRef]

Hall, E.K,; Singer, G.A.; Kainz, M.].; Lennon, ].T. Evidence for a temperature acclimation mechanism in bacteria: An empirical test
of a membrane-mediated trade-off. Funct. Ecol. 2010, 24, 898-908. [CrossRef]

Littke, K.M.; Harrison, R.B.; Zabowski, D.; Briggs, D.G.; Maguire, D.A. Effects of geoclimatic factors on soil water, nitrogen, and
foliar properties of Douglas-Fir plantations in the Pacific Northwest. Forest Sci. 2014, 60, 1118-1130. [CrossRef]

Xue, Z.; Cheng, M. An Soil nitrogen distributions for different land uses and landscape positions in a small watershed on Loess
Plateau, China. Ecol. Eng. 2013, 60, 204-213. [CrossRef]

Moe, S.J.; Stelzer, R.S.; Forman, M.R.; Harpole, W.S.; Daufresne, T.; Yoshida, T. Recent advances in ecological stoichiometry:
Insights for population and community ecology. Oikos 2005, 109, 29-39. [CrossRef]

Du, BM,; Ji, HW.,; Peng, C.; Liu, X]; Liu, CJ. Altitudinal patterns of leaf stoichiometry and nutrient resorption in Quercus variabilis
in the Baotianman Mountains, China. Plant Soil 2017, 413, 193-202. [CrossRef]

Diehl, P.; Mazzarino, M.].; Funes, F,; Fontenla, S.; Gobbi, M.; Ferrari, ]J. Nutrient conservation strategies in native Andean-
Patagonian forests. J. Veg. Sci. 2009, 14, 63-70. [CrossRef]

Pinguet, Y.L.B.; Gross, N.; Maestre, F.T.; Maire, V.; Bello, F,; Fonseca, C.R.; Liancourt, P. Testing the environmental filtering concept
in global drylands. . Ecol. 2017, 105, 1058-1069. [CrossRef]

Bui, E.N.; Henderson, B.L. C: N: P stoichiometry in Australian soils with respect to vegetation and environmental factors. Plant
Soil 2013, 373, 553-568. [CrossRef]

Zhang, D.; Wang, C.; Li, X.L.; Yang, X.S.; Zhao, L.B.; Liu, L.; Li, R. Linking plant ecological stoichiometry with soil nutrient and
bacterial communities in apple orchards. Appl. Soil. Ecol. 2018, 126, 1-10. [CrossRef]

Pietri, ].C.A.; Brookes, P.C. Nitrogen mineralisation along a pH gradient of a silty loam UK soil. Soil Biol. Biochem. 2007, 40,
797-802. [CrossRef]

Borer, E.T.; Bracken, M.E.S.; Seabloom, E.W.; Smith, ].E.; Cebrian, J.; Cleland, E.E.; Ngai, ].T. Global biogeography of autotroph
chemistry: Is insolation a driving force? Oikos 2013, 122, 1121-1130. [CrossRef]

Li, J.G.; Wan, X,; Liu, X.X,; Chen, Y,; Slaughter, L.C.; Weindorf, D.C.; Dong, Y. Changes in soil physical and chemical characteristics
in intensively cultivated greenhouse vegetable fields in North China. Soil Till. Res. 2019, 195, 104366. [CrossRef]

Noll, A.; Mobilian, C.; Christopher, C. Five Decades of wetland soil development of a constructed tidal salt marsh, North Carolina,
USA. Ecol. Restor. 2019, 37, 163-170. [CrossRef]

Han, W,; Chang, J.; Jiang, H.; Niu, S.; Liu, Y,; Xu, J.; Wu, J.; Ge, Y. Plant species diversity affects plant nutrient pools by affecting
plant biomass and nutrient concentrations in high-nitrogen ecosystems. Basic Appl. Ecol. 2021, 56, 213-225. [CrossRef]

Chen, L.F;; He, Z.B.; Du, J.; Yang, J.J.; Zhu, X. Patterns and environmental controls of soil organic carbon and total nitrogen in
alpine ecosystems of northwestern China. Catena 2016, 137, 37-43. [CrossRef]

Zhu, M.; Feng, Q.; Zhang, M.X,; Liu, W.; Deo, R.C.; Zhang, C.Q.; Yang, L. Soil organic carbon in semiarid alpine regions: The
spatial distribution, stock estimation, and environmental controls. J. Soil Sediments 2019, 19, 3427-3441. [CrossRef]

Prescott, C.E.; Chappell, H.N.; Vesterdal, L. Nitrogen turnover in forest floors of coastal douglas-fir at sites differing in soil
nitrogen capital. Ecology 2000, 81, 1878-1886. [CrossRef]

Alewell, C.; Ringeval, B.; Ballabio, C.; Robinson, D.A.; Borrelli, P. Global phosphorus shortage will be aggravated by soil erosion.
Nat. Commun. 2020, 11, 4546. [CrossRef]

Tian, H.; Chen, G.; Zhang, C.; Melillo, ].M.; Hall, C.A.S. Pattern and variation of C: N: P ratios in China’s soils: A synthesis of
observational data. Biogeochemistry 2010, 98, 139-151. [CrossRef]


http://doi.org/10.1111/j.1469-8137.2010.03214.x
http://doi.org/10.1093/jpe/rtaa034
http://doi.org/10.1016/j.catena.2020.104772
http://doi.org/10.1111/1365-2435.12445
http://doi.org/10.1007/s00468-007-0129-z
http://doi.org/10.1038/35046058
http://www.ncbi.nlm.nih.gov/pubmed/11117743
http://doi.org/10.5849/forsci.16-041
http://doi.org/10.13287/j.1001-9332.201912.009
http://doi.org/10.1111/j.1461-0248.2007.01112.x
http://www.ncbi.nlm.nih.gov/pubmed/17927772
http://doi.org/10.1111/gcb.12022
http://doi.org/10.1111/j.1365-2435.2010.01707.x
http://doi.org/10.5849/forsci.13-141
http://doi.org/10.1016/j.ecoleng.2013.07.045
http://doi.org/10.1111/j.0030-1299.2005.14056.x
http://doi.org/10.1007/s11104-016-3093-9
http://doi.org/10.1111/j.1654-1103.2003.tb02128.x
http://doi.org/10.1111/1365-2745.12735
http://doi.org/10.1007/s11104-013-1823-9
http://doi.org/10.1016/j.apsoil.2017.12.017
http://doi.org/10.1016/j.soilbio.2007.10.014
http://doi.org/10.1111/j.1600-0706.2013.00465.x
http://doi.org/10.1016/j.still.2019.104366
http://doi.org/10.3368/er.37.3.163
http://doi.org/10.1016/j.baae.2021.08.002
http://doi.org/10.1016/j.catena.2015.08.017
http://doi.org/10.1007/s11368-019-02295-6
http://doi.org/10.1890/0012-9658(2000)081[1878:NTIFFO]2.0.CO;2
http://doi.org/10.1038/s41467-020-18326-7
http://doi.org/10.1007/s10533-009-9382-0

Forests 2021, 12, 1325 13 of 13

66.

67.

68.

69.

70.

71.

72.

73.

74.

Li, H; Ye, D.D.; Wang, X.G.; Settles, M.L.; Wang, J.; Hao, Z.Q.; Ma, Z.S. Soil bacterial communities of different natural forest types
in Northeast China. Plant Soil 2014, 383, 203-216. [CrossRef]

Minocha, R.; Long, S.; Thangavel, P.; Minocha, S.C.; Eagar, C.; Driscoll, C.T. Elevation dependent sensitivity of northern hardwood
to Ca addition at Hubbard Brook experimental forest, NH, USA. Forest Ecol. Manag. 2010, 260, 2115-2124. [CrossRef]

Egilla, ].N.; Davies, ET.; Boutton, T.W. Drought stress influences leaf water content, photosynthesis, and water-use-efficiency of
Hibiscus rosa-sinensis at three potassium concentrations. Photosynthetica 2005, 43, 135-140. [CrossRef]

Koerselman, W.M.; Arthur, EM. The vegetation N: P ratio: A new tool to detect the nature of nutrient limitation. J. Appl. Ecol.
1996, 33, 1441-1450. [CrossRef]

Giisewell, S. N: P ratios in terrestrial plants: Variation and functional significance. New Phytol. 2004, 164, 243-266. [CrossRef]
[PubMed]

Cao, Y,; Wang, Y.; Xu, Z. Soil C: P ratio along elevational gradients in Picea schrenkiana forest of Tianshan Mountains. Pol. |. Ecol.
2019, 66, 325. [CrossRef]

Han, W.X,; Fang, ].Y.; Reich, P.B.; Woodward, F.; Wang, Z.H. Biogeography and variability of eleven mineral elements in plant
leaves across gradients of climate, soil and plant functional type in China. Ecol. Lett. 2011, 14, 788-796. [CrossRef]

Kumar, B.; Dhar, S.; Paul, S.; Paramesh, V.; Dass, A.; Upadhyay, P.K.; Abdelbacki, A.M. Microbial biomass carbon, activity of
soil enzymes, nutrient availability, root growth, and total biomass production in wheat cultivars under variable irrigation and
nutrient management. Agronomy 2021, 11, 669. [CrossRef]

Tran, C.T.K.; Watts-Williams, S.J.; Smernik, R.J.; Cavagnaro, T.R. Root and arbuscular mycorrhizal effects on soil nutrient loss are
modulated by soil texture. Appl. Soil Ecol. 2021, 167, 104097. [CrossRef]


http://doi.org/10.1007/s11104-014-2165-y
http://doi.org/10.1016/j.foreco.2010.09.002
http://doi.org/10.1007/s11099-005-5140-2
http://doi.org/10.2307/2404783
http://doi.org/10.1111/j.1469-8137.2004.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/33873556
http://doi.org/10.3161/15052249PJE2018.66.4.002
http://doi.org/10.1111/j.1461-0248.2011.01641.x
http://doi.org/10.3390/agronomy11040669
http://doi.org/10.1016/j.apsoil.2021.104097

	Introduction 
	Materials and Methods 
	Study Area 
	Sampling and Management 
	Data Analysis 

	Results 
	Variation in Soil Properties and P. crassifolia Leaf Stoichiometry across Elevation 
	Dominant Factors Affecting the Leaf Stoichiometry of P. crassifolia 

	Discussion 
	Effect of Elevation on Soil Properties 
	Overall Patterns of Leaf Stoichiometry of P. crassifolia across the Elevation Gradient 
	Effects of MAP and MAT on Leaf Stoichiometry of P. crassifolia 
	Effects of Soil pH and SOC:STN on Leaf Stoichiometry of P. crassifolia 
	Effects of Other Factors on Leaf Stoichiometry of P. crassifolia 
	Nutrient Limitations of P. crassifolia in the Study Area 

	Conclusions 
	References

