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Abstract: Understanding ecological stoichiometric characteristics of soil nutrient elements is crucial to
guide ecological restoration and agricultural cultivation in karst rocky desertification region, but the
information about the effect of the geological background on ecological stoichiometric ratios remains
unknown. Soils from different landforms, including a basin, slope, and plateau, were sampled to
investigate the spatial variance of the ecological stoichiometric characteristics of soil carbon (C),
nitrogen (N), and phosphorus (P) under different rocky desertification grades (LRD: light rocky
desertification; MRD: moderate rocky desertification; and SRD: severe rocky desertification) in a
karst graben basin of Southwest China. Soil C:N ratio was not significantly influenced by rocky
desertification grade, which was at a relatively stable level in the same landform, but soil C:P and
N:P ratios increased with increasing rocky desertification grade. This change was consistent with
increased soil organic carbon (SOC) and total nitrogen (TN) concentrations in the same geomorphic
location along with the intensification of rocky desertification, but soil P concentration remained at a
relatively stable level, indicating that P may be the limiting macronutrient for plant growth during
vegetation restoration in a karst graben area. The soil C:N ratio of slope land was larger than that of
the basin and plateau, while the soil C:P ratio and N:P ratio of the slope and plateau were significantly
larger than that of the basin. The correlations between pH and C, N, and P stoichiometry decreased
significantly when Ca was used as a control variable. In sharp contrast, the correlations between Ca
and C, N, and P stoichiometry were highly significant no matter whether pH was used as a control
variable, suggesting the important role of Ca in soil C, N, and P stoichiometry in karst graben basins.

Keywords: stoichiometric ratios; landform; rocky desertification; karst graben basin

1. Introduction

Karst, which accounts for 12% of the world’s total land area, is a calcium (Ca)-rich environment
and a unique ecological system [1]. China has approximately 3.44 million km? of karst areas, including
buried, covered, and exposed carbonate rock areas, accounting for 15.6% of all karst areas in the
world [2]. The karst ecosystem is extremely fragile, and it is ranked as the four fragile eco-environmental
zones in China along with loess, desert, and cold desert [3]. Due to the fragile ecological environment,
complex human-land system, and unreasonable social and economic activities, the rocky desertification
widely occurs in the southwest karst region of China (Figure S1) [4]. Noticeably, the karst graben
basin is a unique geomorphological form, more fragile than other karst regions in the Southwest
China, due to the obvious differences in the topography and climate between basins and mountainous
areas in graben basins. Furthermore, geographical environment factors (e.g., hydrology, climate,
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and soil) are complex and vegetation site conditions are poor, all of which induce serious rocky
desertification [5,6]. Thus, rocky desertification control has become an important part of China’s social
and economic construction. In addition, vegetation after rocky desertification control is characterized
by simple structure, poor stability, and weak resistance. However, the theoretical research of karst rocky
desertification restoration lags far behind the practice of rocky desertification control, which seriously
limits the restoration and reconstruction of rocky desertification.

It has been widely accepted that the eco-stoichiometry in terrestrial ecosystems plays an important
role in biogeochemical cycle research, because it can be used to evaluate the equilibrium and coupling
relationships of the main components of an ecosystem [7,8]. Among various elements, soil carbon
(C), nitrogen (N), and phosphorus (P) are considered to be the most important components, because
the soil C:N:P stoichiometric ratio can reflect soil fertility, plant nutritional status, and the coupling
changes between these elements can also affect the growth and distribution of vegetation [9]. In the
past several decades, the ratios and relationships among soil C, N, and P have been extensively studied
to indicate whether plant growth is limited by these nutrients [10]. The stoichiometric ratio of soil C,
N, and P is strongly influenced by soil type, vegetation community characteristics, climatic condition,
and vegetation development stage [11,12]. Noticeably, soil is highly heterogeneous in time and space,
especially for karst landform. With the development of rock desertification grades, except for plant loss
(i.e., the reverse succession of plant communities), the changes in soil quality (e.g., physical, chemical,
and biological properties) and quantity have also been significantly taken place [13,14]. In general,
the positive succession of plant communities facilitates soil nutrient accumulation, while the reverse
succession of plant communities exacerbates soil degradation [15], which can be further enhanced
with an increasing rocky desertification grade [16-18]. However, the response of soil physical and
chemical properties during the evolution of rocky desertification can show the different patterns as
follows: With the increasing rocky desertification grade, the aggregation effect of bare rocks becomes
more and more obvious, and the input of soil total N (TN) and soil organic carbon (SOC) is increased
through atmospheric sedimentation nutrients and the karst process, while soil erosion becomes weak
due to the less soil that can be lost, and subsequently soil nutrient loss is weak, which may improve
soil nutrients and physical properties in a rocky desertification environment [16]. Thus, it is possible
that soil quality varies with the grade of rocky desertification. Noticeably, soils that widely exist in
different landforms in the karst graben basin also have different physical and chemical properties.
Therefore, soil stoichiometry may be simultaneously affected by rocky desertification and topography.
However, the existing reports mainly focus on the spatial distribution characteristics of soil nutrients
and changing patterns during rocky desertification evolution [19]. There is no systematic study on
the relationships, ratios between soil C, N, and P elements, and the affecting factors under different
rocky desertification in different landforms in the karst graben basin. In addition, calcareous soil
developed on carbonate rock is characterized by high pH, magnesium (Mg), and Ca materials in a karst
region [2,20], which may lead to the obvious differences in the eco-stoichiometry of soil C, N, and P
compared to other soil types. We hypothesized that the karst geological background, especially soil pH,
Mg, and Ca concentrations, may play an important role in controlling soil C, N, and P stoichiometry.

In this study, soils from different landforms, including a basin, slope, and plateau, were sampled
to investigate the spatial variance of the ecological stoichiometric characteristics of soil C, N, and P
under different rocky desertification grades in the karst graben basin. In addition, other soil properties,
especially pH, Mg, and Ca concentrations, were also determined to reveal the influencing geochemical
factors for soil C, N, and P stoichiometric ratios.

2. Material and Methods

2.1. Study Area

The study site was located in Mengzi county, Hani-Yi Autonomous Prefecture of Honghe, Yunnan
Province, China (Figure 1). It is characterized by a typical karst landscape and the topography is
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dominated by mountains and basins. Rocky desertification is usually distributed in mountainous
areas with a large elevation difference and steep slopes, which results in gradient effects of water,
energy, and other factors, and then forms the vertical changes in climate, biology, soil, and so
on [21]. The development degree of rocky desertification in the graben basin area is restricted by
geological-climatic conditions, resulting in the formation of the eco-environmental characteristics of
the basin with thicker soil cover, shallow hills in the basin, slopes around the basin, and plateau areas
where rocks are exposed and rocky desertification is serious [5]. According to the characteristics of the
Mengzi karst graben basin, soil samples were collected along the basin, slope, and plateau (Figure 1).
The annual average temperature of the basin, slope, and plateau is 19.0, 15.6, and 13.7 °C, respectively,
and the annual rainfall of the basin, slope, and plateau is 663, 575, and 1027 mm, respectively [22].

Yunnan Province

Mengzi County

Figure 1. The location of the study area.
2.2. Soil Sampling

The classification of the severity of rocky desertification referred to the method of Jiang et
al. (2014) [2], which has been classified into four categories according to the rock exposure rate
in China: (1) No rocky desertification with a rock exposure rate <30% of the land; (2) LRD (light
rocky desertification with a rock exposure rate ranging from 30% to 50%); (3) MRD (moderate rocky
desertification with a rock exposure rate ranging from 50% to 70%); and (4) SRD (severe rocky
desertification with a rock exposure rate >70%).

Soil samples were collected from different geomorphic sites, including the basin, slope, and plateau.
Different rocky desertification grades, including LRD, MRD, and SRD, were selected in the same
landform. The details of the sampling sites, including the vegetation and rocky desertification,
are shown in Table 1 and Figure S2.
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Table 1. Basic information of the study area and sampling sites.

Location Latltm.ie and Altitude (m) Rocky Desertification and Vegetation
Longitude

LRD: Eucalyptus forest with short planting years and single
community structure. The rock bareness rate was ~35%.
103°23’47" E, 1363 MRD: Herbs, dominated by Miscanthus. The rock bareness
23°28/22” N rate was ~55%.
SRD: Herbs, herb of Spanishneedles (Bidens bipinnata Linn.)
and Canadian fleabane (Conyza canadensis (Linn.) Crong.)
was dominant specie. The rock bareness rate was >70%.

Basin

LRD: Artificially planted cypress forests, with high canopy
density. The rock bareness rate was ~30%.
103°26’13" E, 1846 MRD: Shrub, domained by Purpus Priver (Ligustrum quihoui
23°27/43"”” N Carr.) and Euphorbiae Pekinensis Radix (Euphorbia
pekinensis Rupr). The rock bareness rate was ~50%
SRD: Ferns are the main species. The rock bareness rate
was >70%.

Slope

LRD: Forest, the main vegetation types are Ligustrum quihoui

Carr. and Chinese mugwort (Artemisia argyi H. Lév.) and

Vaniot. The rock bareness rate was ~30%.
2086 MRD: the main vegetation types are Miscanthus. The rock
bareness rate was ~50%.

SRD: Herbs, domained by Miscanthus with a small amount

of Conyza canadensis (Linn.) Cronq. The rock bareness rate

was >70%.

103°2709” E,

Plateau 23°97708” N

LRD represents light rocky desertification; MRD represents moderate rocky desertification and SRD represents
severe rocky desertification.

At least three representative plots were sampled from the LRD, MRD, and SRD area under the
same landform position, resulting in 51 soil samples. The distance between sites was beyond 100 m
under the same rocky desertification grade. At each site, 5 plots (1 m X 1 m) were randomly chosen
at 20 m intervals. Soils were obtained from the 0 to 15 cm layer after litter removal in each plot and
all subsamples were mixed into one composite sample for each site. Fresh soil was passed through a
2 mm sieve, and stones and roots were removed to improve soil homogeneity and were air-dried for
measurement of the soil’s basic properties and nutrient element concentrations.

2.3. Methods

Soil pH was determined at a 1:2.5 (w:v) soil:water ratio by a DMP-2 mV/pH detector (Quark
Ltd., Nanjing, China). SOC was measured using the K,Cr,Oy-H;SO, oxidation method; total N
concentration was measured with the Semi-Micro Kjeldahl method; total P (TP) was determined
using HC10,4-H,50;, digestion followed by a Mo—Sb colorimetric assay; and total potassium (TK)
concentration was measured with the HF-HCIO4 flame photometric method [23,24]. Available P
(AvP) was determined by the NaHCOs3-extraction method [25]. Soil Ca, Mg, copper (Cu), iron (Fe),
manganese (Mn), and zinc (Zn) were extracted by HNO3-HF-HClO4 and analyzed by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). Three replicates were performed for each
soil sample.

2.4. Data Analysis

Soil nutrient stoichiometry was reported as a molar ratio because it could accurately reflect
the amount of elements in the soil [19,26]. The SOC, TN, TP, and AvP concentrations (g/kg) were
transformed to mol/kg. The C:N, C:P, C:AvP, N:P, and N:AvP ratios of each soil sample were then
calculated as molar ratios (atomic ratios) using SOC:TN, SOC:TP, SOC:AvP, TN:TP, and TN:AvP
data, respectively.
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Multiple comparisons were conducted by the Duncan method when the variance was
homogeneous or the T2 Tamhane test when the variance was not homogeneous. The correlations
between the stoichiometric characteristics and the environmental factors studied were analyzed by the
Pearson correlation test.

3. Results

3.1. General Patterns of Soil C, N, and P in the Karst Graben Basin

In total, the average values of the C:N, C:P, and N:P ratios in the studied region were lower than
those in China. However, both C:AvP and N:AvP were far higher than those in China (Table 2).

Table 2. Soil C, N, and P molar ratios in the karst graben basin.

Landform C:N C:P N:P C:AvP N:AvP

Basin 134+35a 65.8 +186a 50+13a 42,429 + 28,020 a 3292 + 2181 a
Slope 154 +£32b 116.0£262b 78+2.6Db 81,067 + 36,628 b 5600 + 3079 b
Plateau 13.2+1.7a 96.3+399b 72+25b 46,285 + 37,982 a 3399 + 2589 a
Average 13.6 +2.6 92.6 + 37.3 6.8+25 51,516 + 37,650 3762 + 2682
China [27] 144+ 04 136 + 11 93+0.7 15,810 + 1832 1114 + 115

SOC represents soil organic carbon; TN represents total nitrogen; TP represents total phosphorus; AvP represents
available phosphorus; C:N represents the molar ratio of SOC:TN; C:P represents the molar ratio of SOC:TP; N:P
represents the molar ratio of TN:TP. C:AvP represents the molar ratio of SOC:AvP; N:AvP represents the molar ratio
of TN:AVP. Identical letters indicate no significant differences in the average values among soils under different
landforms at the 0.05 level.

Both SOC and TN concentrations in the basin were significantly lower than those in the slope and
plateau, but no significant differences were found between the slope and plateau (p < 0.05, Figure 2).
Soil TP concentration in the plateau was significantly higher than that in the slope, but the differences
in soil TP concentration between the basin and slope and between the slope and plateau was not
significant (p > 0.05).

The soil C:N ratio in the basin was significantly lower than that in the slope, while there was no
significant difference between the basin and plateau (p < 0.05). Both the soil C:P and N:P ratios in the
basin were much lower than those in the slope and plateau (p < 0.05), while no significant differences
were found in the slope and plateau (p > 0.05, Figure 2).
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Figure 2. Soil nutrient concentrations and their stoichiometry. The red short line indicates the average
value of different rocky desertification degrees in the same geomorphological location. SOC represents
soil organic carbon; TN represents total nitrogen; TP represents total phosphorus; C:N represents the
molar ratio of SOC:TN; C:P represents the molar ratio of SOC:TP; N:P represents the molar ratio of
TN:TP. LRD represents light rocky desertification; MRD represents moderate rocky desertification and
SRD represents severe rocky desertification. Identical letters indicate no significant differences in the
average values among soils under different rocky desertification in the same landform at the 0.05 level.

3.2. Soil Nutrient Concentrations and their Stoichiometry under Different Rocky Desertification

Both SOC and TN concentrations increased with the aggravation of rocky desertification among the
three landforms, while the TP concentration decreased with the aggravation of rocky desertification in
the slope and plateau and there was no obvious regularity with the aggravation of rocky desertification
in the basin (Figure 2).

The C:N ratios had no consistent regularity with the aggravation of rocky desertification among
the three landforms, and there were no significant differences among rocky desertification in the same
landform. The C:P and N:P ratios increased with the aggravation of rocky desertification among the
three landforms.

3.3. Correlations among Geochemical Variables and C, N, and P Stoichiometry

The correlation between both of SOC and TN and Ca was significant under the condition of
zero-order or with the pH value as the controlling factor. There was a simple negative correlation
between the Ca and AvP concentration (zero-order in Figure 3). However, the Pearson correlation
coefficient between the Ca and AvP concentration decreased significantly when pH was the controlling
factor. Soil pH was positively correlated with SOC and TN (zero-order), but under the condition
that Ca was the controlling factor, the partial correlation between both of SOC and TN and pH was
significantly negative. Hence, Ca was the core element affecting SOC and TN concentrations. Although
there was a negative partial correlation between Mg and SOC and TN when Ca was the controlling
factor, the correlation between Mg and the stoichiometry of C, N, and P was not significant.
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Figure 3. Partial correlation between C, N, and P and geochemical variables. Ca, Mg, Cu, Fe, Mn and
Zn represents calcium, magnesium, copper, iron, manganese, and zinc respectively; TK represents total

potassium; The color and numbers shown indicate the strength and sign of the correlation. No change

in color between controlled and zero-order = no dependency; increase/decrease of color intensity =

gain of /loss of correlation. Significance levels are denoted as follows: *, p < 0.05; **, p < 0.01.

Undoubtedly, both Ca and pH directly influenced the C, N, and P stoichiometry (Figure 4
and zero-order correlations in Figure 5). Both Ca and pH were positively correlated with C:N
and C:P (p < 0.01). However, the relationship between Ca and N:P was extremely significant and
positive (p < 0.01), while the correlation between pH and N:P was not significant (p > 0.05). Similarly,
the correlations between Ca and C:AvP, Ca and N:AvP, and pH and C:AvP were very significant
(p < 0.01). A significant positive correlation was found between pH and N:AvP (p < 0.05).
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Figure 4. The relationship between Ca, pH, and C, N, and P stoichiometry. (a): The relationship
between Ca, pH, and C:N, C:P and N:P; (b): The relationship between Ca, pH, and C:AvP, N:AvP.
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Figure 5. Partial correlation between C, N, and P stoichiometry and geochemical variables. Significance
levels are denoted as follows: *, p < 0.05; **, p < 0.01.

4. Discussion

4.1. Spatial Pattern of Eco-Stoichiometric Characteristics of C, N, and P and Analysis of Influencing Factors

It has been widely accepted that SOC in calcareous soils in the karst region of Southwest China
is significantly higher than that in other zonal soils in the same latitude [28,29], which is mainly
attributed to the shallow soil layer, high bareness rate, and low soil quantity in the karst area [16].
Most researchers also found that an increased SOC concentration is closely related to the geological
background of Ca-rich and pH-alkaline soils in the karst area [30-33]. Calcium in different forms
plays an important role in SOC protection through a chemical bonding mechanism and chemical
structure stability [34-38]. In this study, Ca was positively correlated with SOC concentration (Figure 3),
indicating the important role of Ca in maintaining the SOC pool. Furthermore, SOC and TN had a
significant positive correlation, suggesting the co-evolution process of the C and N cycle in calcareous
soil. However, the P pool was not basically affected by the changes in the C and N pools, which
resulted in the weak correlation between soil TP and SOC and TN. This indicates that P is mainly
derived from the weathering release of soil minerals, rather than from the short-term biological cycle
in this study [39]. Soil C:N, C:P, and N:P in the studied region were all lower than the average value of
China, but the values of C:AvP and N:AvP were much higher than the average value of China (Table 1),
which may be attributed to a high total P concentration but low AvP concentration in the karst soil [40].

The spatial distribution of C:N in the studied area is relatively stable, and no significant difference
was found among the three rocky desertification lands in different geomorphological locations,
suggesting that the vegetation type and rocky desertification degree have little significant effect on the
C:N ratio. This was in agreement with a previous result that the C:N ratio was relatively stable and was
insignificantly affected by climate, although C and N concentrations had great spatial variability [38,39].
Previous studies found that soil C:P and N:P ratios decreased with increasing disturbance, because
the loss of soil C and N pools was faster than the P pool. However, in this study, N:P and C:P
ratios increased with the aggravation of rocky desertification, more noticeably in the severe rocky
desertification rock region with strong disturbance. Possibly, this could be attributed to increased SOC
and TN concentrations with the aggravation of rocky desertification but the soil P concentration at a
relatively stable level (Figure 2). Some studies found that soil physical and chemical properties do
not always deteriorate with an increasing rocky desertification grade, but the degradation process
initially decreases and improves after a certain stage [16,40,41]. This may be related to the “aggregation
effect” of bare rocks in a rocky desertification environment [16], which refers to bare rock aggregated
nutrients and the karst process from atmospheric subsidence into the surrounding soil. With the
grade of rocky desertification, the aggregation effect of bare rock increases gradually. In the intensive
rocky desertification environment, this aggregation effect becomes more obvious, coupled with the
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weakening of soil erosion, and subsequently results in the improvement of soil nutrients and physical
properties, such as SOC, TN, and Ca.

4.2. Soil Ca and pH Controls on Soil C, N, and P Stoichiometry

Due to high Ca concentrations, calcareous soils developed by carbonate bedrock are characterized
by high pH [42]. Soil pH can affect the forms and transformation of C, N, and P elements in the
soil by changing the geochemical environment and microbial abundance, community, and activity.
In addition, soil with a high Ca concentration in rock desertification areas has become the most important
environmental factor affecting the local plant physiological characteristics and distribution [1]. In this
study, although the correlations between pH and C, N, and P stoichiometry were highly significant
(zero-order correlations in Figure 5), the Pearson correlation coefficients between pH and C:P, N:P,
C:AvP, and N:AvP decreased significantly when Ca was used as a control variable (Figure 5). In sharp
contrast, both zero-order correlations and the Pearson correlations between Ca and C, N, and P
stoichiometry were highly significant, when pH was used as a control variable (Figure 5).

Calcium greatly impacted soil C, N, and P stoichiometry in this study. The dominant role of
Ca in so0il C, N, and P stoichiometry is intriguing, and Ca can supply several possible alternative
explanations. Firstly, Ca is the necessary metabolic component of microbial growth, and fungal and
bacterial heterotrophs may access and accumulate root Ca to form oxalates, which can be used to
maintain microbial metabolism under unfavorable soil conditions [43]. Similar results were reported
that Ca-rich species exhibited more rapid decomposition [44]. Secondly, Ca can combine with humus
to form Ca humate, which is difficult to mineralize and decompose [28], and thereby lowers the active
organic matter.

5. Conclusions

In this work, we analyzed the C, N, and P stoichiometry under different rocky desertification
grades from a basin, slope, and plateau in the karst graben basin. Our results showed that the influence
of the rocky desertification degree on soil C:N was not significant in the same landform, but soil
C:P and N:P increased with the increase of rocky desertification, which was attributed to increased
SOC and TN concentrations in the same geomorphic location along with the intensification of rocky
desertification, while the difference of P concentration in the same geomorphic location was not
significant. This indicates that the soil quality is not deteriorating with the aggravation of rocky
desertification, but has a trend of improvement. In addition, we also found that the correlations
between pH and C, N, and P stoichiometry decreased significantly when Ca was used as a control
variable. In sharp contrast, the correlations between Ca and C, N, and P stoichiometry were highly
significant no matter whether pH was used as a control variable, indicating the important role of Ca
in s0il C, N, and P stoichiometry in karst graben basins. This result provides expanded guidance on
the practice of ecological restoration and agricultural cultivation in karst rocky desertification regi ns.
Forexample, when conducting ecological restoration of rocky desertification in karst graben basins,
we should consider not only the impacts of altitude and vertical climate, but also the tolerance of
species to Ca. Selecting suitable species according to local conditions are of great significance for the
promotion of ecological restoration in rocky desertification areas.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/601/s1,
Figure S1: Agricultural planting patterns in rocky desertification areas, Figure S2: Vegetation and rocky
desertification in three sampling sites.
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