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Abstract: Understanding the vertical distribution and driving mechanisms behind soil carbon (C),
nitrogen (N), and phosphorus (P) contents and enzyme activities along elevation gradients is of great
significance for the healthy and sustainable management of forest ecosystems. For this study, the
0-20 cm soil-layer samples of different natural Quercus spp. secondary forests from eight altitude
gradients (ranging from 250 to 950 m) were investigated to quantify their physicochemical properties,
ecological stoichiometry characteristics, and enzyme activities. The results indicated that the soil
nutrient content of natural secondary Quercus spp. forests in the Dabie Mountains was low, with
average soil organic carbon (SOC) and total phosphorus (TP) contents of 19.86 4 3.56 g-kg~! and
0.68 + 0.10 g-kg ™!, respectively, which were 19.14% and 12.82% lower, respectively, than the Chinese
average. In terms of vertical spatial distribution, the SOC, total nitrogen (TN), and TP contents of the
soil at high altitudes (>750 m) were greater than those at middle- and low-altitude areas and reached
the maximum value at or near the top of the mountain (850-950 m). The stoichiometric attributes
of the soil ecosystem fluctuated with the higher altitudes in vertical space; however, the fluctuation
range was not significant. The C:N, N:P, and C:P ratios reached their maximum values at altitudes of
250, 750, and 850 m, respectively. However, the overall average value remained generally lower than
the national average; thus, in forest management, attention should be paid to the supplementation
of the soil with C and P. The activities of soil sucrase, urease, acid phosphatase, and catalase were
interconnected across the overall space, and increased with altitude. The SOC, TP, and pH were the
main factors that influenced the changes in soil enzyme activities.

Keywords: altitude; soil nutrient; ecological stoichiometry; soil enzyme

1. Introduction

Soil comprises the primary carrier and nutrient reservoir of terrestrial ecosystems;
thus, its ecological stoichiometry can reveal the availability and cycling characteristics of
soil nutrients and explain the variability in ecosystem functions [1]. As the most important
elements that affect plant growth, the stoichiometric ratios of soil carbon (C), nitrogen
(N), and phosphorus (P) have been extensively studied worldwide, since being officially
proposed in 2002 [2—4]. As essential catalysts employed by microorganisms to decompose
complex organic matter in soil, enzymes are the key driving forces behind nutrient cycling;
thus, the C, N, and P contents of soil are intimately related to soil enzyme activities [5]. As
they are affected by climate, topography, vegetation type, and anthropogenic disturbances,
the soil C, N, and P contents and enzyme activities often exhibit spatial heterogeneity [6,7].

The soil N content and carbon-nitrogen ratio (C:N) reflect the rate of soil organic
matter (SOM) mineralization, while the nitrogen-phosphorus ratio (N:P) affects the level of
nitrogen fixation in organisms, which indicates biological productivity and species diversity.
Further, the carbon-phosphorus ratio (C:P) reflects the potential of soil microorganisms to
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release P [7]. As a major topographic factor, altitude reflects the vertical spatial variations
in soil ecological stoichiometry on small scales [8]. Altitude induces changes in the soil
nutrient content and enzyme activities in forests by directly or indirectly impacting the soil
temperature, light, vegetation distribution, litter thickness, and nutrient migration rate [9].
Recently, the study of soil nutrients along altitude gradients has attracted attention. It is
generally believed that at higher altitudes, N gradually becomes the main limiting nutrient
for plant growth [3], which is associated with temperature changes. The low temperature
environments of high-altitude mountainous areas reduce the activities of soil microbes; the
decomposition rates of litter, animal, and plant residues are decreased; the mineralization,
nitrification, and denitrification processes in the soil are diminished; and the accumulation
of carbon and nitrogen in the soil is promoted [10,11].

Previous studies found that the stoichiometric ratios of C, N, and P in forest soils
varied between the elevation gradients of different regions [8]. In tropical forests, the soil
C:N, C:P, and N:P ratios increased with altitude. Another study revealed and confirmed
that the activities of soil N-acquiring enzymes, and thus the demand for N by plants, were
also enhanced at higher altitudes in tropical forests [12]. On the Qinghai-Tibet Plateau, the
soil C:N ratio steadily decreased at higher altitudes, and soil enzyme activities decreased
with higher altitude gradients [13,14]. In the subtropical forests of China, the soil C, N, and
C:N ratio increased linearly with altitude, although there was no linear relationship with
the soil P content. However, the soil N:P and C:P ratios of the Dongting Lake area exhibited
a steady increase with altitude [15,16]. Differences in latitude, climatic characteristics,
and community structures were the primary drivers behind the spatial differences in
soil ecological stoichiometry and enzyme activities at different altitudes [8]. It is of great
significance to examine the elevation characteristics of soil nutrients and enzyme activities
in different types of forest stands to reveal the regulation and feedback effects of different
environmental conditions on the composition of soil elements.

The Anhui Tianma National Nature Reserve is situated in the hinterland of the Dabie
Mountains, which is an important ecological barrier in Central China and the Yangtze
River Delta. Recently, researchers conducted relevant studies on the forest soils of the
Dabie Mountains; however, these investigations focused primarily on elevation-induced
changes in the soil physicochemical properties of fir plantations [17]. Quercus spp. is widely
distributed across China, with 51 species. Quercus spp. is one of the main stand types in
the reserve, which is an ideal area to observe the interactions between vegetation and the
soil of forests at different altitude gradients in the northern subtropics. An elucidation
of the changes in soil nutrients and enzyme activities in natural secondary Quercus spp.
forests at different altitudes in the Tianma Nature Reserve can assist with explaining the
intrinsic driving forces of soil stoichiometry changes in northern subtropical forests, while
providing guidance for forest ecological restoration.

It has been assumed that in natural secondary Quercus spp. forests, the soil C, N, and
P content and enzyme activities increased with the altitude gradient; the consumption of
soil nutrients by plants gradually decreased at higher altitudes; and the decomposition of
organic matter and reduction in mineralization at higher altitudes may lead to nutrient
enrichment. Therefore, the objectives of this study were as follows: (1) To investigate the pri-
mary soil enzyme activities, nutrient contents, and stoichiometric characteristics of natural
secondary oak forest soils, and identify any variations between them at different altitudes.
(2) To determine the main driving factors behind change in coastal soil enzyme activities.

2. Materials and Methods
2.1. Study Area

The study site is situated in the Tianma National Nature Reserve (N31°10'~31°20,
E115°20'~115°50’) in Jinzhai County, Anhui Province, China. It belongs to the northern
subtropical to warm temperate transition climate zone, with a humid climate. The average
annual temperature over the last five years was 13.8 °C. In 2020, the average temperature
of the coldest month (January) was 2.1 °C, whereas the average temperature of the hottest
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month (July) was 26.4 °C. The frost-free period was from 179 to 190 d, and the average
annual precipitation is 1420.9 mm. The soil of the study area exhibited an obviously
demarcated vertical distribution, where the soil type above 800 m ASL was mountain
brown loam, while the soil below 800 m was mountain yellow brown soil, which was
weakly acidic [17]. The forest coverage rate in this area is as high as 95.9%, and the trees
are mainly Cyclobalanopsis glauca, Quercus glandulifera, Quercus variabilis, Quercus acutissima,
Cyclobalanopsis gracilis, Castanea mollissima, and Liquidambar formosana. The main plants in
the shrub layer include Lindera praecox, Serissa japonica, Smilax china, and Akebia trifoliata.
The main plants in the herbaceous layer are Elatostema stewardii, Duchesnea indica, and
Oplismenus undulatifolius.

2.2. Sampling Design

In October 2020, a sample plot of natural secondary Quercus spp. forests was es-
tablished on the northern slope of a mountain in the Tianma National Nature Reserve,
from the foot of the mountain to the its peak (elevation ranges from 250 to 950 m). We
divided the altitude range into eight gradients at 100 m apart, all of which included the tree
species under study (Quercus spp.), which were free from human disturbance. Four plots
(20 x 20 m) were established at the vertical altitude of each plot for soil sample collection,
and the distance between each plot was >50 m (Figure 1).

115°40'0"F 115°450°E

—
\
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Figure 1. Location of the study area and experimental design.

Soil samples were collected from the test site in August 2021. Following the removal of
plants and litter from the ground surface of the plot, soil samples were extracted according
to the “S” sampling technique using a 100 cm? ring knife. Five portions of the 0-20 cm soil
layer were collected in each sample, mixed evenly, and stored in a sealed bag, for a total
of 32 mixed samples collected. The samples were sealed and transferred to the laboratory
at low temperature to test the soil enzyme activities, as well as physical and chemical
properties. All samples were stored at 4 °C in a freezer prior to testing the soil enzyme
activities and chemical properties.

2.3. Laboratory Analysis

Fresh soil samples were dried at 105 °C in an oven to a constant weight to determine
the soil moisture content (MC). Prior to testing the pH, soil organic carbon content (SOC),
total nitrogen (TN), and total phosphorus (TP), the dried soil samples were sifted through
a 100-mesh sieve to remove large particles, stones, and fine roots, referring to our previous
experimental method [18]. The pH of the soil was determined using a pH meter (Mettler
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Toledo, FE28-Standard, Greifensee, Switzerland) in a 1:2.5 (w/v) soil solution. Once the
soil sample was boiled with concentrated sulfuric acid, the filtrate was extracted and
the TP and TN content were determined using a fully automated intermittent chemical
analyzer (Clever Chem Anna, Dortmund, German), while the SOC was determined by
potassium permanganate titration. The acid phosphatase (Acp) activity was quantified by
the p-nitrophenyl phosphonate disodium method, whereas the catalase (Cat) activity was
determined via potassium permanganate titration. The urease (Ure) activity was measured
using the sodium phenol-sodium hypochlorite colorimetric technique. Finally, the sucrase
activity (Suc) was calorimetrically determined using 3,5 dinitro salicylic acid [19,20].

2.4. Data Analysis

All data analyses were performed using R 4.1.3 and Canoco 5 software. One-way
analysis of variance (ANOVA) was performed with R 4.1.3 to compare the differences
between the nutrient content and enzyme activities of soil form different altitudes. The
correlations between soil nutrients and enzyme activities were quantified by Pearson’s
correlation coefficient. Canoco 5 was employed to perform redundancy analysis (RDA), and
the Monte Carlo test was used to interpret the activities of soil enzymes, the stoichiometric
distributions of C, N, and P, and to identify important environmental factors that affected
soil stoichiometry.

3. Results and Discussion
3.1. Impacts of Altitude on Soil Physicochemical Properties

The physicochemical soil properties revealed certain attributes with changing altitude
gradients (Figure 2). The soil pH of the study area was weakly acidic (4.7-5.3) and fluctuated
with the altitude gradient. The five soil physicochemical indices did not change drastically
between the altitude gradients, with the coefficient of variation ranging from 2.90% to
22.83%. The average SOC, TN, and TP of soil in the study area were 19.86 & 3.56 g~kg’1,
1.95 £ 0.45 g-kg~!, and 0.68 & 0.10 g-kg !, respectively, (Figure 2). Only the TN attained
the level of average forest soil in China (1.88 g-kg~!), while the SOC and TP were lower at
24.56 and 0.78 g-kg !, respectively [21]. The overall change trend was that they increased
at higher altitudes, reached a maximum at from 750 to 850 m ASL, and then decreased.
High vegetation coverage and adequate soil moisture at higher altitudes improved the
capacity to retain soil nutrients, and litter decomposition slowed down, which in turn led
to a significant increase in the soil C and N content with altitude [8]. At the mountain
peak, the vegetation cover was low, and reduced litter inputs translated to decreased SOC
and TN contents [11]. Higher temperatures at low altitudes may induce soil organisms to
consume large quantities of organic matter, which in turn impacts the accumulation of soil
Cand N [22].

The reserves of P in the soil are contingent on the source and the relative intensity of
consumption [8]. In the absence of human interference, soil P is primarily derived from
rock weathering, and its consumption is mainly through absorption via plant growth and
leaching due to precipitation [7,10,23]. The TP in our study area initially increased and then
decreased with altitude; it increased significantly at the summit (950 m), where it reached a
maximum. We speculated that the increased TP on the mountain was primarily affected by
the low vegetation coverage and decreased demand for P due to fewer trees, in addition to
the relatively flat terrain and less P loss due to lower soil erosion and surface runoff.

3.2. Elevation Characteristics of Soil C, N, and P Ecological Stoichiometry

Changes in the soil stoichiometry in the natural secondary Quercus spp. forest on
Dabie Mountain reflected the limitation of soil nutrients to a certain extent [21]. In our
study, we found that the soil C, N, and P stoichiometry ratio fluctuated along the alti-
tude gradient, which implied that the soil stoichiometry had spatial heterogeneity [8].
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Figure 2. Soil physicochemical properties at different altitudes.

The soil stoichiometry fluctuated along the increased altitude gradient (Figure 3),
where the C:N ratio ranged from 7.47 to 15.13 with an average value of 10.42, and the
coefficient of variation was 16.51%. The C:N ratio is a marker of the soil nitrogen mineral-
ization capacity, which is inversely proportional to the rate of SOC decomposition. It was
previously reported that when the soil C:N ratio is greater than 25, the supply of soil N is
insufficient, and there may be N restrictions on plant growth [24]. The average soil C:N in
the study area was only 10.42 &= 1.72, which was less than 15.28% lower than the average in
China (12.3) [21]. The results revealed that the utilization efficiency of organic matter by
microorganisms was high, which was conducive to localized plant growth and nutrient
cycling [8]. In the natural Quercus spp. forest of the Dabie Mountains, the peak C:N ratio
was found at an altitude of 250 m (Figure 3); however, across the entire study area, the
content of SOC and TN at this altitude were lowest. This might have been because this area
was at the base of the mountain with a higher soil moisture content, temperature, and a
deep soil layer. This was suitable for additional plant growth; thus, the high growth rate of
plants consumed more N [25]. Consequently, although the total TN and SOC contents of
this region were low, the C:N ratio was high.
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Figure 3. Soil ecological stoichiometric characteristics along the altitudinal gradient.

The trends of the soil C:P and N:P ratios were similar, reaching maximum values
at altitudes of 850 and 750 m, respectively. The average soil C:P ratio value in the study
area was 29.15 &+ 3.62, which was 44.69% lower than that of typical forest soil in China
(52.70) [21]. Further, since both the SOC and TP were lower than the regional average
in China, we considered that the SOC and TP in the study area were simultaneously in
short supply, but remained relatively stable in terms of their relative content. The average
N:P ratio in the study area was 2.86 &+ 0.56, which was 26.67% lower than the average soil
N:P ratio (3.9) in China [26].

3.3. Impacts of Elevation on Soil Enzyme Activities

With changing altitude gradients, the change trends of Suc, Acp, Ure, and Cat ac-
tivities were similar (Figure 4). The overall changes were that the soil enzyme activi-
ties steadily increased with higher demarcated altitudes, from 26.48-53.26 mg-g~1-d !,
10.26-14.23 mg-g~!-d~!, 1.20-3.20 mg-g~!-d !, and 5.49-9.12 mg-g~!-d !, respectively.
The variation in Ure between different altitude gradients was significant, with a coefficient
of variation reaching 31.82%, while the other three enzymes had small fluctuations over
the various altitude gradients. The minimum values of the four soil enzyme activities were
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almost all at the foot of the mountain (250 m), while the sucrase, soil urease, and catalase
activities reached their maximum at the summit position (950 m), and the maximum activity
of acid phosphatase was at 850 m, also near the peak.
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Figure 4. Soil enzyme activities at different altitudes.

The correlation analysis results revealed that the soil physicochemical factors were
significantly correlated with soil enzyme activities (Figure 5). Among them, MC was
positively correlated with the enzymatic activities of the four soil enzymes (p < 0.01).
The soil pH was significantly negatively correlated with the MC (p < 0.05). TN was
significantly positively correlated with the TP, SOC, Suc, Acp, and Ure (p < 0.001). The
SOC, TP, and the activities of four soil enzymes were positively correlated (p < 0.001).
Organic matter is an important source of soil nutrients, which reflects their intrinsic
balance and coupling mechanisms [27]. Several studies have proposed that granular
soil organic carbon has a certain sequestration effect on N and P, where areas with a
high SOC content can more efficiently reduce the loss of soil N and P [28,29]. In this
study, we found that SOC, TN, and TP had a significantly positive correlation (Figure 5),
where their concentrations revealed synergistic changes along the altitude gradient,
which also supported this theory. Finally, Suc, Acp, Ure, and Cat were significantly
positively intercorrelated (p < 0.001), as soil is a complex multi-enzyme system, where
various enzymatic reactions are independent and influence each other [30].
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Figure 5. Correlation between soil nutrients and soil enzyme activities, * Significance of p < 0.05.
** Significance of p < 0.01.*** Significance of p < 0.001.

3.4. Redundancy Analysis of Soil Enzyme Activities and Environmental Factors

Eight factors, including the SOC, TN, TP, and their stoichiometric ratios were selected
as environmental variables, while the activities of the four enzymes were used as response
variables for redundancy analysis (Table 1). The characteristic values of the soil enzyme
activities in the first and second axes were 0.850 and 0.006, respectively, while the correla-
tions between the soil enzyme activities and environmental factors were 0.932 and 0.637,
respectively. The cumulative interpretation of soil enzyme activities through environmental
factors in the first two axes reached 85.65%, whereas the cumulative interpretation of soil
enzyme activities and environmental factors reached 99.75%. The first two axes were well
reflected in the relationship between the soil enzyme activities and environmental factors,
where among them Axis 1 had the greatest impact.

Table 1. Eigenvalues and cumulative interpretation of RDA sequence of soil enzyme activities.

Cumulative Cumulative Explained
Statistic  Eigenvalues Explained Pseudo-Canonical Correlation Fitted Variation
Variation (%) (%)
Axis 1 0.850 85.00 0.932 99.00
Axis 2 0.006 85.65 0.637 99.75
Axis 3 0.002 85.82 0.623 99.94
Axis 4 0.001 85.87 0.561 100.00
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The two-dimensional ranking of soil enzyme activities and environmental factors
revealed that the first axis was primarily related to the SOC, TP, TN, and N:P ratio, while
the second axis was mainly associated with the C:N ratio, pH, and C:P ratio (Figure 6).
The acute angle between the two soil enzymes (Acp and Cat) and MC and SOC was the
smallest, which implied that the activities of these two enzymes were mostly affected by
the MC and SOC contents. The other two enzymes (Ure and Suc) had the smallest acute
angle with the SOC and TP, and the obtuse angle with pH was the largest, which indicated
that the SOC, TP, and pH were the main factors that impacted the enzyme activities of
Ure and Suc. The importance of the influences of environmental factors on soil enzyme
activities was further examined, and each environmental factor was ranked by the Monte
Carlo test (SOC > TP > pH > N:P > C:N > MC > C:P > TN) (Table 2). The effects of the SOC
and TP on the soil enzyme activities reached a significant level (p < 0.01), which suggested
that they were the two most important soil nutrient factors that affected the soil enzyme
activities in the natural Quercus spp. forest in the Dabie Mountains.

<

po ® 250m

o

350m

450m

550m

650m

750m

Axis-2 (0.65%)
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(@)
® O ©¢ @ o0 o

950m
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| . . . +
-1.0 Axis-1 (85.00%) 1.0

Figure 6. Two-dimensional sequence diagram of RDA analysis of soil enzyme activities and environ-
mental factors.

Table 2. Importance ranking in the interpretation of soil environmental factor variables and signifi-
cance test.

Name In?;g::azfce EXI()(;:;HS Cont:(l)/:))u tion pseudo-F p-Value

SOC 1 74.5 86.7 87.5 0.002
TP 2 5.9 6.9 8.8 0.002
pH 3 2.0 2.4 34 0.066
N:P 4 1.2 14 1.8 0.208
C:N 5 0.8 0.9 1.3 0.284
MC 6 0.6 0.7 1.0 0.316
C:P 7 0.6 0.7 1.0 0.308
TN 8 0.3 0.3 0.5 0.558
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The SOC explained 86.7% of the variation in the soil enzyme activities, which was
consistent with earlier studies of other regions [31,32]. Cao et al. [33] reported that the
type and content of organic matter (as the main substrate of enzymatic reactions in the soil
environment) have key impacts on soil enzyme activities. It was observed that although
the spatial variations in the soil pH of the study area were negligible (CV = 2.90%), the
RDA analysis results revealed that its impacts on soil enzyme activities could not be
ignored. As gleaned from earlier research, the soil pH can directly affect the activation and
reaction times of enzymes, where most enzymes respond sensitively to changes in pH. Most
enzyme activities show a certain degree of inhibition in weakly acidic environments [34].
In addition to soil nutrient resources, hydrothermal conditions can influence soil enzyme
activities. It was proposed that greater soil moisture can enhance enzyme activities, and
in this study MC was positively correlated with four enzymes and significantly positively
correlated with Ure and Cat, which aligned with earlier results [35]. A study of an alpine
canyon area revealed that the soil moisture content increased the secretion of extracellular
enzymes through the stimulated proliferation of microbes, which ultimately increased the
soil enzyme content and the efficacy of enzymatic reactions [36]. Zuccarini [37] suggested
that the effects of water on enzyme activities operate in conjunction with a certain level of
warming. Further, soil moisture and temperature are typically not synchronized along the
altitude gradient but are more reversed. Interestingly, in this study, the enzyme activities
continually increased with higher altitudes (Figure 4). We speculated that the since the
highest altitude of the study area was only 950 m, the effects of temperature on soil enzyme
activities could be neglected. Thus, the soil water content was one of the main factors that
affected soil enzyme activities.

4. Conclusions

This study investigated the distribution of soil nutrients and enzyme activities in a
natural Quercus spp. forest in the Dabie Mountains at different altitudes. It was observed
that: (1) There were distinctions between the main soil nutrient contents and soil enzyme
activities in the natural Quercus spp. forest at different altitudes. The soil nutrients and
their stoichiometric ratios fluctuated at higher altitudes, while the activities of soil enzymes
increased. (2) The SOC, TP, and pH were the main drivers of soil enzyme activities along
the elevation gradient. Through this study we aimed to clarify the changes in soil nutrients
and enzyme activities in natural secondary Quercus spp. forests at different altitudes in
the Tianma Nature Reserve. This was undertaken to explain the intrinsic driving forces of
soil stoichiometry changes in northern subtropical forests, while providing guidance for
ecological forest restoration in the reserve. In future research, we aim to continue to study
the changes in soil microbial community structures along the altitudinal gradient, and its
impacts on soil nutrients and enzyme activities.
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