™ forests MBPY

Article

Elevation Gradient Altered Soil C, N, and P
Stoichiometry of Pinus taiwanensis Forest
on Daiyun Mountain

Lan Jiang 123, Zhongsheng He 1-2-3*(, Jinfu Liu 1?3, Cong Xing 1'2-3, Xinguang Gu 123,
Chensi Wei /23, Jing Zhu 23 and Xuelin Wang /23

1 College of Forestry, Fujian Agriculture and Forestry University, Fuzhou 350002, China;

jln0629@163.com (L.J.); fafuljf@126.com (J.L.); fafuxc1208@126.com (C.X.); GXG_1996@163.com (X.G.);
18850443459@163.com (C.W.); hdly0718@126.com (J.Z.); wangxl0026@163.com (X.W.)

Key Lab of Ecology and Resources Statistics of Fujian Colleges, Fuzhou 350002, China

Cross-Strait Nature Research Center of Fujian Agriculture and Forestry University, Fuzhou 350002, China
*  Correspondence: jxhzs85@fafu.edu.cn; Tel.: +86-130-6726-8912

Received: 6 November 2019; Accepted: 29 November 2019; Published: 1 December 2019 ﬁl;’e;;(t?sr

Abstract: Researches focused on soil carbon (C), nitrogen (N), and phosphorus (P) content and the
stoichiometry characteristics along elevation gradients are important for effective management of
forest ecosystems. Taking the soil of different elevations from 900 to 1700 m on Daiyun Mountain as
the object, the elevation distribution of total C, N, and P in soil and their stoichiometry characteristics
were studied. Also, the driving factors resulting in the spatial heterogeneity of soil stoichiometry are
presented. The results show the following: (1) The average soil C and N content was 53.03 g-kg~! and
3.82 g-kg™!, respectively. The content of C and N at high elevation was higher than that of at low
elevation. Soil phosphorus fluctuated with elevation. (2) With increasing elevation, soil C:N ratio
increased initially to 17.40 at elevation between 900-1000 m, and then decreased to 12.02 at elevation
1600 m. The changing trends of C:P and N:P were similar, and they all fluctuated with elevation.
(3) Elevation, soil bulk density, and soil temperature were the main factors influencing the variation
of soil C, N, and C:N. Soil pH and slope position were the driving factors for soil P, C:P, and N:P.
The soil is rich in C and N, and has less total phosphorus on Daiyun Mountain. Raising the level of
phosphate fertilizer appropriately can help to improve soil fertility and promote plant growth as well.
In light of this information, in the near future, it will be necessary to conduct separation management
of C, N, and P with regular monitoring systems to maintain favorable conditions for soil.

Keywords: soil stoichiometry; elevation; driving factors; Daiyun Mountain

1. Introduction

Soil is an important component and nutrient pool of ecosystems. Carbon (C), nitrogen (N),
and phosphorus (P) in soil play essential roles in the growth of plants. However, even if the content
of a single nutrient in soil is sufficient, it may not meet the requirements of plant growth. Only the
proper stoichiometric ratio of nutrient elements is beneficial for the growth of plants [1]. Ecological
stoichiometry can clarify soil nutrient abundance, plant nutrient availability, and reveal the main soil
elements for limitation the community productivity [2]. Ecological stoichiometry focuses on the balance
of multiple chemical elements in ecological processes, such as nutrient cycling and organic matter
decomposition [3]. Carbon, nitrogen, and phosphorus are the fundamental chemical elements of life on
the earth, and are also the main elements of ecological stoichiometry [4]. The contents of these elements
and their ratios affect the main ecosystem processes [5]. For example, nitrogen is the basic element

Forests 2019, 10, 1089; d0i:10.3390/£10121089 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-7421-041X
http://dx.doi.org/10.3390/f10121089
http://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/10/12/1089?type=check_update&version=2

Forests 2019, 10, 1089 2 of 15

of plant photosynthetic organs, and there is a positive correlation between leaf nitrogen content and
maximum net photosynthetic efficiency [6]. The nitrogen content of canopy leaves in the forest canopy
can represent the photosynthetic capacity of the community to a certain extent, which determines
ecosystem productivity [7]. In fact, ecological stoichiometry has been widely used in the study
of plant growth, trace element determination, ecosystem stability, and biogeochemical cycling [8].
Recently, many studies have drawn attention to the traits of soil nutrient [8]. These researches
found that soil stoichiometry has significant differences in grassland with various degradation [9],
different forest types [10], and different succession stages [11]. In the Qinghai-Tibet Plateau, grazing
cattle increase soil total carbon content and soil C:P, and total phosphorus content is decreased,
while grazing sheep decrease soil C:P [9]. In the southwestern karst region of China, soil C:P and N:P
are significantly lower in secondary forest than in natural forest, shrub, and grassland [10]. Soil C:N
will also gradually decrease as the ecosystem succession progresses, which in turn will increase the
ecosystem’s multifunctionality [11]. These researches are of vital significance and are substantially
effective for the management of local soil and even the sustainable operation of forest ecosystems.

On the small scale, the main environmental factor affecting soil nutrient distribution is topography.
Because mountains usually have large elevation differences, environmental factors such as light,
precipitation, temperature, and soil nutrients will change drastically, forming a clear sequential
gradient [12]. Thus, elevation is a particularly key factor among many topographical factors, and it has
become an essential and basic window for environmental change response research. Along elevation
gradients, heterogeneous habitat conditions cause differences in species composition, litter quality;,
and microbial communities of a forest. The combined effects of various factors affect the material and
energy exchange between soil and environment, and thus change the nutrient flux in forest soil. Finally,
there is an influence on the distribution and accumulation of soil nutrients [13]. At present, most studies
on soil stoichiometry focus on large-scale latitude and longitude patterns [14], stoichiometry changes
in different succession stages [11], and variations in vegetation types [10]. Small-scale elevation
gradient studies are relatively rare. In the existing research, the stoichiometry ratios of soil nutrients
do not change uniformly along elevation gradients. With increased elevation, soil C:P and N:P in
the Dongting Lake area gradually increase [15], but gradually decrease on Taibai Mountain [16].
Soil C:N gradually decreases in the Himalayas with increased elevation [17], while in the Chinese
subtropical region, soil C:N increases with elevation [18]. Geographic location, climate, precipitation,
and micro-topography can all lead to different outcomes. Therefore, it is necessary to study soil
stoichiometry along elevation gradients to identify the key factors affecting its distribution. It is
beneficial to accumulate data for in-depth research of soil stoichiometry, and to promote the development
of ecological stoichiometry application in theory and practice.

The Daiyun Mountain National Nature Reserve is located in the transitional zone between
the southern subtropics and the middle subtropics. It preserves the typical southeastern coastal
mountainous forest ecosystem of China. It is a refuge for ancient relic plants, acting as a natural
biodiversity center, and is also one of the largest gene pools for studying biodiversity in Fujian
Province [19]. The key protection target on Daiyun Mountain is the native Pinus taiwanensis Hayata
community, with an area of 64 km?2, which is also the southernmost, largest, and best preserved native
P. taiwanensis community in the Chinese mainland [20]. Although some researchers have carried
out related research on the soil of Daiyun Mountain, those studies were only aimed at the physical
properties of soil water and spatial variation of nutrients [21,22], and most of them only described
phenomena. They lacked discussions about intrinsic driving forces of soil stoichiometry. Therefore,
based on previous research, we raised the following questions: What are the distribution characteristics
of C, N, and P stoichiometry along elevation gradients? What is the main driving force affecting this
distribution? These problems are the key to studying the soil stoichiometry of Daiyun Mountain.
Revealing these problems can provide a theoretical basis for the effective management of mountain
soil resources.
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2. Materials and Methods

2.1. Study Site

Daiyun Mountain National Nature Reserve (25°38’07”-25°43'40” N, 118°05’22”-118°2015" E) is
located in Dehua County, Fujian Province, China. The highest peak of the mountain has a maximum
elevation of 1856 m. The total area of the reserve is 134.72 km?. The study site has a southern subtropical
and mid-subtropical climate with an average annual temperature of 15.6-19.5 °C [19]. The extreme
minimum temperature is —16.8 °C, and extreme maximum temperature is 36.6 °C. The average annual
precipitation is about 1700-2000 mm, along with average annual relative humidity of 80%. According
to the World Reference Base for Soil Resources [23], the main type of soil in Daiyun Mountain is
mountain Ferric acrisols soil. Daiyun Mountain is rich in plant resources that are distributed widely
and randomly. The forest coverage rate is 93.4%. The typical vegetation types are coniferous and
evergreen broad-leaved forest (CEBF) and coniferous forest (CF) [19].

2.2. Sample Plot Setting

At an elevation of 900-1700 m on the southern slope of Daiyun Mountain, we divided the elevation
range into eight gradients with intervals of 100 m. Eight permanent sample plots were established
at each elevation point (Figure 1c), away from areas already struck by natural disturbances or with
obvious clues of artificial interference. Further, communities in those selected plots were expected to
be representative (Table 1). A 20 x 30 m plot was set in each elevation gradient, and each plot was
divided into three 10 X 20 m quadrats. Each quadrat had three repetitions of soil samples. There was
a total of 72 soil samples, which were collected at the soil layer of 0-20 cm. General information of
these plots are shown in Table 1. Considering the influence of vegetation types for the distribution of
soil stoichiometry, we also calculated the alpha diversity of species in each plot. Species alpha diversity
were calculated by Margalef, Simpson, Shannon-Wiener, and Pielou indices [24]. The calculation
method referred to the study by Zhu et al. [24]. The diversity results showed in Table Al.

Table 1. General information of plant communities on the southern slope in Daiyun Mountain.

Plot . . . Vegetation . . Slope
Number Elevation  Longitude Latitude Type [18] Dominant Species Slope Position
DYS-900 915 118°10’36”  25°38/46”  CEBF Cyclobalanpsis glauca; 28~38  mid-slope

Cunninghamia lanceolata
DYS-1000 1001 118°10'38”  25°38’51” CEBF C. lanceolata; C. glauca 35~35  upper-slope
DYS-1100 1091 118°10'43”  25°38'57” CEBF C. lanceolata; C. glauca 35~50  mid-slope
DYS-1200 1201 118°10’53”  25°3906”  CEBF C. lanceolats; 15~33  mid-slope

Machilus thunbergii

Eurya rubiginosa var.

DYS-1300 1321 118°10’55”  25°39722" CEBF . , ,
attenuate; Pinus taiwanensis

14~27  down-slope

P. taiwanensis; E. rubiginosa

DYS-1400 1411 118°10'58”  25°39'32” CEBF 26~31  upper-slope
var. attenuate

DYS-1500 1501 118°10’57”  25°39'47” CF P. taiwanensis 22~34  down-slope

DYS-1600 1613 118°11'05”  25°40’06” CF P. taiwanensis 31~32  mid-slope

CEBF stands for coniferous and evergreen broad-leaved forest, CF stands for coniferous forest.

2.3. Data Collection

Soil temperature measurement: Soil temperature monitoring was done with an iButton
temperature recorder (DS1922L-F50) produced by the Maxim Company, American. Its measurable
amplitude is —20 to +85 °C, measurement accuracy is +0.1%, and maximum temperature recording
number is 4096. For field monitoring, the iButton temperature recorder was buried 10 cm below the
ground and the data were set to be recorded every 2 h.
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Figure 1. The general information of sample plots in Daiyun Mountain. (a) The map of Fujian Province,
China. The star in (a) is the location of Daiyun Mountain. (b) The area of Daiyun Mountain. (c) The
eight permanent plots along the elevation gradients. (d) One permanent plot divided into three sample
quadrats of 10 x 20 m. The red dots in (d) indicate three repetitions of soil sample in each quadrat.
A total of 72 soil samples were collected in Daiyun Mountain.

Measurement of soil physical and chemical properties: In the field, the soil profile was scraped
at each soil sampling point. After removing the litter and organic matter from the upper layer of
the soil section, we used a cutting ring to get soil cores at the 0-20 cm soil layer. A total of 72
soil core samples were collected. These soil core samples were used to measure soil water content
(SWC) and soil bulk density (BD). Meanwhile, regular soil samples of the 0-20 cm soil layer were
excavated by shovel. There were also 72 regular soil samples. After taking these soil samples back
to the laboratory, we air-dried them for 12 days and ground them finely to pass through a 100-mesh
sieve. The sieved samples were used to measure soil chemical properties: pH, total carbon (C),
total nitrogen (N), total phosphorus (P), and soil C:N, C:P, and N:P ratios. The pH was measured by
potentiometry. Total carbon and total nitrogen were determined by an elemental analyzer (vario MAX
CN Elementar, Germany). Total phosphorus was determined by molybdenum antimony colorimetric
method. The details of all of these methods refer to forest soil analysis methods [25].

2.4. Data Analysis

First, one-way analysis of variance (ANOVA) was used to analyze the differences in nutrient
content along elevation gradients. Since the soil phosphorus content data did not fit for the normal
distribution, the logarithm of soil phosphorus content was converted to conduct ANOVA analysis.
Duncan test was used for multiple comparisons. Before multiple comparisons, in order to reduce the
probability of class I error, the p-value was adjusted according to Bonferroni correction. The adjusted
p-value is the original p-value multiplied by the number of multiple comparisons (n = 28). Adjusted
p-value less than alpha-level as 0.05 indicates a significant difference. Pearson correlation analysis was
used to study the correlations between soil stoichiometry. Second, redundancy analysis (RDA) was
used to give an interpretation of environmental factors on soil carbon, nitrogen, and phosphorus and
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their stoichiometric distribution, and to determine the significant environmental factors that contribute
to soil stoichiometry. Finally, stepwise regression analysis was used to explore the main environmental
factors that affect the variation of single stoichiometry. ANOVA analysis was done in SPSS 17.0,
and RDA and stepwise regression analysis were achieved with the vegan package of R 3.5.1 [26].

3. Results

3.1. Distribution Characteristics of Soil Physical and Chemical Properties

There was no significant difference in soil carbon and nitrogen among different elevations (adjusted
p > 0.05) (Table 2). Soil carbon content on Daiyun Mountain varied from 39.18 to 74.11 g-kg_1 (Table 2).
It was highest at elevation of 1000 m and lowest at 1200 m. The soil carbon content had large fluctuation
from 39.18 to 74.11 g-kg™! at low and middle elevation from 900 to 1300 m, while a tiny variation
from 41.24 to 56.56 g-kg™! at high elevation from 1400 to 1600 m. The soil nitrogen content varied
from 3.12 to 4.57 g-kg™!, and was highest at elevation of 1500 m and lowest at 1200 m. In general,
the contents of soil carbon and nitrogen were higher at high elevation between 1400 and 1600 m than
at low and middle elevation between 900 and 1300 m. Soil phosphorus content fluctuated widely
between elevations. The logarithm of soil phosphorus content on Daiyun Mountain ranged from —0.74
to —0.24 g'kg™!, with an average of —0.49 g-kg™!. The coefficient of variation (CV) of C and N was
38.3% and 31.58%, respectively, which was relative lower. However, the coefficient of variation of
logarithm of phosphorus was larger, reaching 77.77%, which indicated that carbon and nitrogen were
relatively stable, while phosphorus had larger variation. The soil of Daiyun Mountain was strongly
acidic, with an average pH of 3.71, and the variation of soil pH coefficient was the smallest, only 4.03%.
The soil water content increased between 900 and 1500 m and then decreased between 1500 and 1600 m.
The average water content was 44.41%,; the highest was 53.33% at 1500 m and the lowest was 35.56% at
900 m. Soil bulk density also fluctuated with elevation. Soil temperature gradually decreased with
elevation, from 23.2 °C at 900 m to 19.0 °C at 1600 m.

Table 2. The variation of soil physical and chemical properties along the elevations of Daiyun Mountain.

Soil Water Soil Bulk Soil
Elevation C(gkg™) N (gkgl) LogP(gkg™) pH c o Density Temperature
ontent (%) B A
(g-em™3) 0
900 4628 +1.84  338+0.08  -0.24 +0.09 3.82+0.02a 35.56 + 1.91 0.7 +0.04c,d 232+02a
1000 7411+ 4.9 431+025  -037+0.11 3.65+0.05¢ 41.85+294 0.64+0.03d 22.6+02b
1100 52.63 +1.53 321+0.1 -0.74+£0.05 3.7+0.05ab,c 439 +£1.92 0.68 +0.04 ¢, d 215+0.1c
1200 39.18+729  312+044  -035+0.11 3.83+0.02a 4425 +2.14 0.8 +0.03ab,c 214+0.1c
1300 63.57 £10.31  439+055  -0.59+0.19 3.61+0.03 ¢ 47.83 + 4.51 0.76 + 0.06 b,c,d 21.2+02¢
1400 4124 +44 3.36 + 0.41 -0.72 £ 0.14 3.58 +0.04 ¢ 43.69 + 6.58 0.86 +0.03 a,b 20.4+0.1d
1500 56.56 +8.19  457+0.53  -0.52+0.08 38+0.05ab 53.33 £5.51 0.77 £ 0.07 b,c,d 198+0.1e
1600 50.7 + 3.54 421+028  -039+0.15  3.68+0.05b,c 44.54 +2.37 092 +0.05a 19.0+0.1f
Mean +SE  53.03+239  382+0.14 -049+0.05 3.71+0.02 44.41 £ 1.30 0.77 +0.02 21.1+0.2
Ccv 38.30 31.58 77.77 4.03 20.24 20.83 6.50
F 3.769 2.587 2.073 4.117 5.268 1.682 108.808
p 0.002 0.021 0.059 0.001 0.000 0.141 0.000
p-adjusted 0.056 0.588 1.652 0.028 0.000 3.948 0.000

The Duncan test was selected for multiple comparisons between indicators at different elevations, and the p-value
was adjusted according to Bonferroni correction. The adjusted p-value is the original p-value multiplied by the
number of multiple comparisons (1 = 28). Adjusted p-value less than 0.05 indicates a significant difference.
The different letters in the same column meant significant differences among treatments (p-adjusted <0.05). Since the
soil phosphorus content data did not fit for the normal distribution, the logarithm of soil phosphorus content was
converted to conduct ANOVA analysis. Mean + standard error (SE) was the average + SE. CV was coefficient of
variation. The same below.

3.2. S0il C, N, and P and Their Stoichiometry Changes Along Elevation Gradients

The soil C:N of Daiyun Mountain varied from 11.96 to 17.40, and the coefficient of variation was
20.83% (Figure 2). The variation of C:N between different elevations was small, indicating that C:N was
relatively stable on Daiyun Mountain. Soil C:N had a significant positive correlation with elevation
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(R? =0.215, p < 0.01; Figure A1). The trends of C:P and N:P were consistent with increased elevation,
and both fluctuated with elevation. However, soil C:P and N:P were not correlated with elevation
(p > 0.05; Table A2). Changes of soil stoichiometry can reflect the situation of soil nutrients. The values
of C:P and N:P at 1300 m on Daiyun Mountain indicated that the carbon and nitrogen contents were
relatively high, and the phosphorus content was relatively low. This means that soil phosphorus was
the limiting element at 1300 m. Similarly, elevations of 1100 and 1600 m were also limited by soil
phosphorus. In general, the effects of elevation on stoichiometry of carbon, nitrogen, and phosphorus
were different. Soil C:N was relatively stable at various elevation gradients, and soil phosphorus
remained the major limiting element on Daiyun Mountain. The difference of soil stoichiometry along
elevation gradients related to different species composition and diversity. All species x-diversity
indicators reflected that species diversity of P. taiwanensis community in elevation of 1200 m was
highest (Table Al). Soil C:N, C:P, and N:P had a significant decline in elevation of 1200 m. These results
indicate that biodiversity played an important role in distribution of soil stoichiometry.

3.3. Correlation Analysis Between Soil Nutrient Elements and Soil Stoichiometry

There was a significant positive correlation between C and N on Daiyun Mountain (p < 0.01;
Table 3). There was no significant correlation between P and C, or N and C:N (p > 0.05). However,
there was a significant correlation between P and C:P, and P and N:P (p < 0.01). The results show
that there was a strong negative correlation between P and C:P, P and N:P, and C:P and N:P, but the
correlation between P and C, and P and N were weak. In terms of stoichiometry, there was a significant
correlation between C:P and N:P (p < 0.01; Figure A2). Due to the strong correlation between carbon
and nitrogen, there was a general positive correlation between the elements or stoichiometry containing
carbon and nitrogen. However, phosphorus only correlated with stoichiometry containing phosphorus.

p<0.001
Mean=13.78
’ CV=20.83

C:N

4sp L 900 1000 1100 1200 1300 1400 1500 1600
400
350
300
2 250
© 200

p<0.005
) Mean=200.18
50 CV=73.28

100

900 1000 1100 1200 1300 1400 1500 1600

p<0.05
5 Mean= 14.75
. CV=T77.62

900 1000 1100 1200 1300 1400 1500 1600

Figure 2. The variation of soil stoichiometry along elevations in Daiyun Mountain. p is the p-value by
Duncan test of multiple comparisons. Mean is the average value.
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Table 3. Correlation analysis of soil nutrients and stoichiometry in Daiyun Mountain.

C N r C:N C:P N:P
C Pearson Correlation 1 0.869 ** 0.162 0.580 ** 0.245 * 0.064
Sig. (2-tailed) 0.000 0.000 0.177 0.000 0.041 0.596
N Pearson Correlation 0.869 ** 1 0.106 0.126 0.205 0.137
Sig. (2-tailed) 0.000 0.000 0.378 0.291 0.089 0.258
P Pearson Correlation 0.162 0.106 1 0.108 —0.591 ** —0.575 **
Sig. (2-tailed) 0.177 0.378 0.000 0.370 0.000 0.000
C:N Pearson Correlation 0.580 ** 0.126 0.108 1 0.140 -0.122
Sig. (2-tailed) 0.000 0.291 0.370 0.000 0.249 0.315
C:P  Pearson Correlation 0.245 * 0.205 —0.591 ** 0.140 1 0.948 ™
Sig. (2-tailed) 0.041 0.089 0.000 0.249 0.000 0.000
N:P  Pearson Correlation 0.064 0.137 —0.575 ** -0.122 0.948 ** 1
Sig. (2-tailed) 0.596 0.258 0.000 0.315 0.000 0.000

** and * correlation is significant at the 0.01 and 0.05 level, respectively (2-tailed).

3.4. Correlation Between Soil Stoichiometry and Environmental Factors

The effects of seven environmental factors on soil nutrients and stoichiometry along elevation
gradients on Daiyun Mountain were analyzed by the ordination method. By detrended correspondence
analysis (DCA) calculation, the maximum axial length was 1.2512. This result suggests that the next
analysis would seem to be more appropriate in RDA (Table 4). The cumulative variance percentage of
the first two axes in RDA was 71.28%, which contains most of the information of the RDA ordination.
Thus, RDA ordination can be analyzed with the first two axes. The interpretation of seven soil
environmental factors for the distribution of soil stoichiometry along elevation gradients was 21.80%.
Monte Carlo displacement test showed a significant correlation between environmental factors and
soil stoichiometry (p = 0.001) (Table 4).

Table 4. Ordination analysis of soil nutrient and stoichiometry in Daiyun Mountain.

Ordination Information Value
The largest axis length of DCA 0.9747
The sum of first two axis of RDA 0.9323
The sum of eigenvalues for constrained axes in RDA 1.308
Cumulative percentage of stoichiometry environment variation the first two axes in RDA 71.28%
Total eigenvalues of RDA 6.0000
Total explanatory proportion of environmental factors 21.80%
Significance test for all axes p =0.001

The first axis of the ordination mainly reflected the change of soil water content and slope (Figure 3).
From left to right along the first axis, the terrain changed from a steep slope to flat terrain, and the soil
water content gradually increased. At the habitat in flat terrain with high soil water content, the soil
acid was stronger and the content of soil carbon and nitrogen was higher. The second ordination axis
mainly reflected the change of soil temperature and soil bulk density. Soil C:N was mainly distributed
in areas with low soil bulk density and high temperature. Soil carbon and nitrogen content was in
relation to soil water content, mainly distributed in areas with high soil water content. Soil C:P and
N:P were highly correlated with elevation, pH, and slope position. In the environment of low elevation
and high soil acidity, soil C:P and N:P were relatively higher.

The results of the environmental factor significance test showed that bulk density was the main
environmental factor affecting the distribution of soil nutrients and stoichiometry along elevation
gradients (Table A3). The ranking of environmental factors from large to small is as follows: Soil bulk
density (BD) > soil temperature (ST) > soil pH (pH) > slope position (SPO) > soil water content (SWC)
> slope (SLOPE) > elevation (ELE).
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Figure 3. RDA analysis of soil carbon, nitrogen, phosphorus and their stoichiometry in Daiyun
Mountain. Note: ELE, elevation; SLOPE, slope; SPO, slope position; pH, soil pH value; SWC, soil water
content; BD, bulk density; ST, soil temperature.

Stepwise regression was applied to analyze the primary impact factors for each response variable.
The environmental factors affecting the spatial distribution of soil carbon and nitrogen on Daiyun
Mountain were the same, which were elevation (ELE), soil bulk density (BD), and soil temperature (ST)
(Table 5). The impact factors for soil C:N were elevation and soil pH. Slope position (SPO) and soil
pH were the main environmental factors affecting soil phosphorus, C:P, and N:P. The impact factors
for soil carbon, nitrogen, and C:N were different from those of phosphorus, C:P, and N:P. Elevation,
soil bulk density, and soil temperature may affect soil carbon and nitrogen content by affecting nutrient
decomposition. Slope position and soil pH may affect stoichiometry related to phosphorus by changing
soil phosphorus content.

Table 5. Stepwise regression of main factors affecting soil stoichiometry in Daiyun Mountain.

AIC BIC Environment Estimate Std.Error  t-Value p
ELE 0.078 0.028 2.790 0.0069
C 614 626 BD -37.601 15.666 —2.400 0.0192
ST 12.319 4.534 2.717 0.0084
ELE 0.006 0.002 3.785 0.0003
N 215 227 BD -2.138 0.906 -2.359 0.0212
ST 0.738 0.262 2.813 0.0065
SPO 0.117 0.057 2.052 0.0441
P 719 809 pH 0.647 0.346 1873 0.0654
} pH —0.006 0.001 —4.432 0.0000
CN 333 342 ELE —5.856 2.213 —2.646 0.0101
SPO —49.95 20.35 —2.455 0.0167
CP 895 904 pH —281.87 123.24 -2.287 0.0254
SPO -3.34 1.608 —2.080 0.0414
N:P 539 548 pH -21.13 9.739 -2.17 0.0336

Note: AIC and BIC are indicators for measuring the degree of fitness of the model. AIC is Akaike information
criterion and BIC is Bayesian information criterion. The smaller the AIC and BIC, the better the model fit. The table
shows the minimum AIC and BIC fitted.
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4. Discussion

4.1. Elevation Heterogeneity of Soil Stoichiometry

Soil C:N is an important indicator to measure soil quality and the balance of carbon and nitrogen,
and ultimately affects carbon and nitrogen cycles [27]. Soil C:N on Daiyun Mountain varied from
11.96 to 17.40, with an average of 13.78. Soil C:N was higher than that of average in China (12.3) [28],
but lower than that of average of global ferralsols (14.3) [29]. According to a previous study, when soil
C:N is less than 25:1, soil nitrogen is sufficient and organic carbon conversion happens more easily [30].
The C:N on Daiyun Mountain lower than 25:1 indicates that the soil carbon and nitrogen content
is sufficient, and microbes utilize organic matter highly effectively, which is beneficial to local plant
growth and nutrient cycling. Soil C:P reflects the effectiveness of phosphorus utilization, and lower C:P
indicates higher soil phosphorus availability [31]. The average C:P of soil in China is 52.70 [28], and the
average C:P of soil on Daiyun Mountain is 149.96, which is much higher. The soil C:P in India and
Ghana was 82 and 116, respectively [32]. This indicates that soil phosphorus availability on Daiyun
Mountain is relatively low, and the decomposition of organic matter by microorganisms is restricted
by soil phosphorus content, which is not conducive to plant growth [33]. Soil N:P is often used for the
diagnosis of nitrogen saturation and nutrient limitation of soil nitrogen and phosphorus. The average
soil N:P on Daiyun Mountain is 15.31, much higher than the average in China (3.9) [29]. This indicates
that the soil nitrogen content on Daiyun Mountain is higher and the phosphorus content is insufficient.
In general, soil carbon and nitrogen on Daiyun Mountain is higher, and the soil is restricted by the
total phosphorus. For the distribution of soil stoichiometry along elevation gradients, the soil C:N was
higher at lower elevation, and C:P and N:P were higher at elevations of 1100 and 1300 m. These results
show that the soil stoichiometry has elevation heterogeneity. Organic carbon at low elevation converts
faster and soil carbon utilization efficiency is higher. At elevations of 1100 and 1300 m, soil is most
severely restricted by phosphorus. In the future, phosphate fertilizer should be properly supplemented
at these elevations.

4.2. Relationship of Soil Nutrients and Stoichiometry on Daiyun Mountain

There was no significant correlation between soil phosphorus and soil carbon or nitrogen on
Daiyun Mountain. However, there was a significant correlation between soil carbon and nitrogen.
The results show that there was a strong correlation between soil Pand C:P, and P and N:P, while soil
C had a strong correlation with N and C:N. Soil carbon and nitrogen have consistent responses
to environmental changes, and the relationship between C and N can remain stable in different
ecosystems [34]. The study in Picea schrenkiana forest of Taishan Mountain [35] and northern grasslands
of China [36] also showed the strong correlation between carbon and nitrogen of soil. The strong
correlation between C and N is mainly due to the simultaneous release of carbon and nitrogen elements
during the process of nutrient decomposition by microorganism [37-39]. Soil carbon and nitrogen are
structural elements, mainly derived from nutrient return from litter decomposition [37]. Because the
source of nitrogen is the organic matter synthesized by litter [38], soil microbes must first destroy the
carbon skeleton, and then they can release nitrogen [39]. Therefore, there is a close relationship between
soil nitrogen and carbon content. The correlation between soil phosphorus and carbon or nitrogen
on Daiyun Mountain was weak, indicating that phosphorus was not synchronized with carbon and
nitrogen with environmental changes. This may be related to the various sources of soil elements.
The sources of carbon and nitrogen are associated with biological factors; both are derived from
litter decomposition and organic matter content, so they are synchronic in response to environmental
changes [34]. Soil phosphorus is a sedimentary element, mainly from rock weathering [40], which leads
to weak correlation between phosphorus and soil carbon and nitrogen. In the future forest management
of Daiyun Mountain, soil carbon, nitrogen, and phosphorus can be managed separately, with particular
attention given to the dynamics of phosphorus.
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4.3. Environmental Factors Affecting Differences in Soil Stoichiometry Along Elevation Gradients

The trend of soil stoichiometry along elevation gradients varies in different regions [16—41].
In Daiyun Mountain, soil C:N showed that a skewed (hump-shaped) pattern with the increase of
elevation, with the peak at 1000 m a.s.l. It is similar to the trend of C:N in Taibai Mountain [16], but soil
C:N in Dinghu Mountain [18] and Tibetan Plateau [41] gradually increased along elevation gradients.
Soil C:P and N:P showed pattern of double peak along elevation gradients in Daiyun Mountain,
which was different from other regions. In these regions, soil C:P and N:P are characterized by a gradual
decline [16], rising [41] or unimodal pattern [18] along elevation gradients. The soil phosphorus is also
different from other regions, and revealed a trend of fluctuations with increased elevation in our study,
while phosphorus in Mauna Loa [42], Peruvian Andes [43], and Tropical montane forest [44] increased
with increasing elevation gradients. There are various factors for the differences in elevational soil
stoichiometric distribution pattern in different regions, such as microhabitat conditions, vegetation
types, elevation ranges, soil parent materials, microorganism activity, and topographic differences.
In this study, we explored the effects of topography and soil properties on soil stoichiometry distribution.
There was 21.80% variability of soil stoichiometry that could be explained by topography and soil
properties in Daiyun Mountain. Environmental factors (i.e., ELE, BD, and ST) were the main factors to
affect the distribution of soil C, N, and C:N, whereas SPO and pH were the main environmental factors
to drive the variability of soil P, C:P, and N:P. Soil carbon and nitrogen are not easily lost, and their
content is affected by elemental sources. Sources of soil carbon and nitrogen include soil formation,
litter return, and microbial decomposition [45]. At high elevation, air and soil temperatures are low,
and the biological and chemical effects in the process of soil formation are weakened. Thus, there is
obvious bioaccumulation on Daiyun Mountain. Meanwhile, soil microbial activity is weakened by low
temperature, and the process of litter mineralization decomposition and transformation accumulation
slows down. Mineralization, fixation, nitrification, and denitrification processes are also reduced,
which influences the accumulation of carbon and nitrogen in the soil. Therefore, higher soil carbon and
nitrogen is found at high elevation rather than at low elevation [46]. Soil bulk density is an important
indicator reflecting soil compaction. Soil with high bulk density has low porosity, high compaction,
and poor ventilation, hinders plant uptake and return of soil nutrients, and finally affects litter
decomposition and inhibits nutrient accumulation [47]. The level of phosphorus in the soil depends on
the source and the relative strength of the loss. Phosphorus is mainly produced from rock weathering,
which is determined by the weathering rate. The loss of phosphorus is affected by factors such as
topography, precipitation, and vegetation closure [16]. Precipitation will accelerate the leaching process
of phosphorus, resulting in decreased soil phosphorus content. Slope position affects surface runoff
intensity. The higher the slope position, the larger the surface runoff, and phosphorus is easily leached
and lost. Soil pH of Daiyun Mountain is 3.71, which is acidic. The activity of iron and aluminum
in acid soil is high, forming insoluble iron phosphorus and aluminum phosphorus. This leads to
a lack of soil phosphorus and lower availability of nutrients, which makes it difficult for plants to
absorb nutrients [46]. Different types of vegetation are also a possible reason for the variation of soil
stoichiometry at different elevations [47]. Studies on P. sylvestris var. mongolica belt-mixed forests
have shown that phosphorus content in the soil of pure forest was lower than in mixed forests [48,49].
At an elevation of 1100 m, C. lanceolata dominated. The forest was scattered with a small number of
broad-leaved tree species such as Castanopsis. eyrei and Schima superba. The single type of vegetation
may have resulted in a lower soil phosphorus content at 1100 m than at other elevations. In addition,
the slope at 1100 m was the largest, which aggravates the leaching loss of phosphorus, resulting in
higher soil C:P and N:P. Studies have shown that the soil carbon and nitrogen content of mixed forests
is significantly higher than that of pure forests [40]. At an elevation of 1300 m, there is coniferous
and broad-leaved mixed forest with high species richness and flat terrain, which is conducive to the
retention of nutrients. As a result, soil carbon (63.57 g-kg~!) and nitrogen (4.39 g-kg™!) are higher at this
elevation, phosphorus content is relatively lower, and soil C:P and N:P are higher. In the future, forest
management of Daiyun Mountain can improve soil conditions by appropriately closing mountains for
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afforestation and increasing vegetation coverage. Soil physicochemical properties and topography
have a low total value of soil stoichiometric altitude distribution, only 21.80% (Table 4), indicating that
in addition to physical and chemical properties and topography, soil stoichiometry is also affected by
other factors. Community structure, litter composition, and microbial composition may explain the
changes in soil stoichiometry. These could be researched in the future.

5. Conclusions

Soil carbon and nitrogen contents on Daiyun Mountain are rich, but phosphorus is lacking.
Environmental factors in topography and soil account for 21.80% of the distribution of soil stoichiometry
along elevation gradients on Daiyun Mountain. Soil C, N, and C:N can be considered as one category;
their distribution is affected by elevation, bulk density, and soil temperature. Soil P, C:P, and N:P
are classified as another category; their distribution is influenced by soil pH and slope position.
Soil conditions can be improved by supplementing with phosphate fertilizer, increasing species
richness, and closing hillsides for afforestation, especially at elevations of 1100 and 1300 m, where the
limited phosphorus is most serious.
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Table Al. « diversity along the elevation gradients in Daiyun Mountain.

Elevation Margalef Simpson Shannon-Wiener Pielou
900 4.904 0.838 2.525 0.722
1000 5.739 0.849 2.665 0.738
1100 4.449 0.831 2.390 0.717
1200 6.094 0.921 2.973 0.830
1300 4.779 0.915 2.856 0.817
1400 4.483 0.874 2.643 0.763
1500 3.549 0.861 2.558 0.795
1600 2.792 0.845 2.345 0.770
Table A2. The statistic parameters of linear regression.
R? F-Value p-Value Slope Intercept
C:N-elevation  0.215 18.615 0 -0.006 21.069
C:P-elevation 0.003 0.235 0.629
N:P-elevation ~ 0.032 2.228 0.14
Table A3. Significance test for environmental factors.
RDA1 RDA2 R? p
SPO —-0.6974 0.7167 0.0541 0.152
pH —-0.9035 0.4287 0.0585 0.145
ST 0.1124 0.9937 0.0587 0.147
SLOPE —0.9895 0.1446 0.0338 0.328
ELE 0.4424 —-0.8968 0.0289 0.398
SWC 0.9609 0.2769 0.0482 0.186
BD —-0.6941 -0.7199 0.0877 0.047 *
* Significance at the 0.05 level.
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Figure A2. Regression relationship between soil stoichiometry.
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