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Abstract

:

The composition of forest soil organic matter is an important part of the global carbon cycle, which is effective by temperature and moisture. As we all know, the temperature and moisture in the low-latitude plateau regions are very sensitive to changes in latitude and altitude. However, the composition of soil organic matter response to changes in latitude and altitude in the low-latitude plateau regions is unknown. In this study, the effects of latitude (21–29° N) and altitude (500–4000 m) on soil organic carbon (SOC) and humic acid carbon (HAC), fulvic acid carbon (FAC), and humin carbon (HMC) in forest surface soil (0–10 cm) were investigated. The results showed that the contents of soil organic carbon and humus increased with the increase in altitude and latitude. The effect of altitude on the composition of organic matter was significant only at 23° N to 25° N. The composition of organic matter is not only regulated by mean annual temperature (MAT) and soil moisture content (SMC) but also affected by soil pH, carbon to nitrogen ratio (C/N), and powder. The soil surface layer (0–10 cm) carbon sequestration capacity in high-latitude and high-altitude areas is stronger than that in low-latitude and low-altitude areas. As a consequence, in today’s response to global climate change, the high carbon sequestration capacity of high latitude and high altitude areas should be given attention and protection.
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1. Introduction


Global warming is seriously threatening global ecological security and human sustainable development [1,2]. Forest soil carbon pool is the main carbon sink of terrestrial ecosystems [3,4]. How to maximize the carbon sequestration effect of the forest ecosystem is very important. The composition of soil organic matter plays an irreplaceable role in carbon sequestration in forest ecosystems [5]. Most importantly, humus is an organic polymer with complex biochemical characteristics, which can effectively resist microbial decomposition, and the content of its carbon component is a true reflection of the ability of soil to sequester carbon [6,7]. Changes in its carbon stocks and composition may alter the concentration of CO2 in the atmosphere, thereby affecting global climate change [8,9]. Therefore, in the context of global warming, studying the storage and distribution of the humus carbon component of forest soils can provide a scientific basis for addressing global warming [10,11].



The input of forest soil organic carbon primarily originates from dead plant leaves and roots [12]. In addition, a growing body of literature shows that root exudates, as well as mucilage, sloughed cells, and other forms of rhizodeposition, are also a substantial source of SOM [13,14]. Importantly, exudates show up rapidly in microbes, which then convert that OM into SOM [15,16]. Therefore, the factors that affect the accumulation and decomposition of forest soil organic matter can affect the content of organic carbon. As the main component of organic carbon, the mechanism of soil humus formation is a highly complex process that is affected by many factors, including the content of the humus matrix and the transformation time of plant active residues [17,18]. Other environmental factors, such as climate, topography, altitude, soil type, and land use pattern also affect the humification process by affecting the input and decomposition of humification substrates [19,20,21]. Thus, these factors affect carbon sequestration by soil humus.



Altitude and latitude have long been powerful tools for studying how temperature and related climatic factors affect the characteristics and processes of forest ecosystems. Cardelli et al. (2019) [22] explored changes in topsoil under Fagus sylvatica by substituting latitude and altitude for temperature differences. The results showed that temperature increases caused by latitude had an impact on the plant–soil system, animals, microbial communities, and enzyme activities. At the elevation scale, a difference of 1 °C affected the chemical and biological properties of the soil, mainly in the surface layer. In addition, increasing temperature can increase the sensitivity of microbial communities and enzyme activities to the temperature at high latitudes, and therefore, more intense organic detrital degradation may occur [23]. Zhou et al. (2021) [24] found that increasing air temperature affected soil temperature, which improved soil biological activity and accelerated soil carbon release through enhanced soil respiration.



Humus is the most stable carbon pool of soil organic carbon, and its response to different latitudes and altitudes is also worth paying attention to. Latitude affects the accumulation of organic carbon, and the content of SOC and humus components increases in parallel with latitude from tropical to temperate forest regions. Climate factors play a leading role in the latitude pattern distribution of HAC and FAC as determined by the plant species and the process of decomposition of litter compared with other influencing factors [25,26]. The altitude plays an important role in soil humification because it can affect the soil humification process by changing environmental factors, such as temperature and moisture content, and then affect the characteristics of the distribution of carbon storage of soil components [27]. Labaz and others (2014) [17] found that the carbon content of soil humus in mountainous areas in temperate climates increases with the increase in altitude, and the form of soil humus changes simultaneously, primarily owing to the combined effect of the increase in soil acidity and the decrease in temperature with the increase in altitude [28,29,30]. However, Bojko et al. (2017) [31] concluded that the soil humus components responded differently at different altitudes, and the FAC content increased significantly in areas above 1000 m a.s.l., while the content of stable component HMC decreased significantly. In areas below 1000 m a.s.l., the most stable humus may be reduced. In summary, there is no clear understanding of the composition and changes of soil humus under the influence of different latitudes and altitudes.



The low-latitude plateau area is primarily located at the southeast edge of the Qinghai Tibet Plateau in China. The terrain in this area is complex, high in the north and low in the south, and with an altitude difference of 6664 m a.s.l. The unique geographical location of the low-latitude plateau makes it a typical area with complex terrain and comprehensive climate diversity [32], and it is considered to be one of the areas with the highest soil organic carbon reserves in China [33,34]. However, in recent years, mountain soils have become a potentially vulnerable part of the global carbon cycle. In addition to human activities, the effects of temperature and hydrological changes caused by the complex and unique geographical differences in soil organic carbon and humus should not be ignored under the background of global warming. At present, owing to the lack of research in this area, the carbon pool changes caused by temperature and humidity changes due to geographical environment differences are ignored in most regions. Therefore, it is necessary to clarify the distribution characteristics and influencing factors of soil humus under the influence of latitude and altitude to provide an important theoretical basis for soil carbon storage assessment and related emission reduction and sink increase schemes in typical regions with complex terrain and comprehensive climate diversity. The main purpose of this study was to (1) investigate the spatial distribution of the composition of soil organic matter in forest soils affected by different latitudes and investigate the subsurface soil in low-latitude and high-altitude areas, and (2) explore the influencing factors of the composition of soil organic matter in this area. The main question of this study was to identify how latitude, altitude, and related environmental factors affect variation in the SOC and its humus components.




2. Materials and Methods


2.1. Study Sites


The low-latitude plateau is primarily located in Yunnan Province, southwest China, at 97°31′39″–106°11′47″ E, 21°8′32″–29°15′8″ N (Figure 1). It covers an area of 38.32 × 104 km2 (the Mountain plateau area is 94%). The climate of the whole region is diverse and primarily part of a subtropical plateau monsoon climate. Clear dry and wet seasons, abundant rainfall, but unevenly distributed, the elevations are between 600 and 3000 m above sea level, and the average annual temperature is 14.5 °C; the average annual rainfall in this area is about 1100 mm. According to the genetic soil classification of China (GSCC), there are many types of soils in this region, including alpine meadow soil, dark brown soil, brown soil, yellow-brown soil, red soil, lateritic soil, and lateritic soil. The forest vegetation in this region forms complex and diverse natural characteristics under the joint action of complex climatic conditions and topography. It is also the region with the richest forest vegetation types in China, including practically all forest vegetation types, from cold temperate coniferous forests to tropical rainforests. The main vegetation types include thermal broadleaf forest (Yunnan Dipterocarpus intricatus Dye forests, Shorea chinensis, Shorea assamica Dyer, etc.), warm thermal broadleaf forest (Castanopsis hystrix, Castanopsis mekongensis A. Camus, etc.), warm temperate broadleaf forest (Yuanjiang Castanopsis fargesii, Cyclobalanopsis glaucoides Schotky, etc.), warm cool broadleaf forest (Acer sacchar), warm cool coniferous forest (alpine pine forest, Pinus armandii Franch, etc.), cold warm broadleaf forest (Quercus aquifolioides Rehd. Et Wils, BetulaplatyphyllaSuk, etc.), Cold temperate coniferous forest (Abies delavayi Franch, Picea likiangensis, etc.). At the same time, the area is also one of the four major forested areas in China. The existing forest area is 187, 173 km2, with forest coverage of 59.3%. The total forest biomass in this region is up to 1226.22 million Mg and the total forest productivity is 4196.29 Mg/a.




2.2. Sampling


The forest soil type survey was conducted in Yunnan Province first, and then soil samples were collected from different latitudes and altitudes. The study sampling points are shown in Figure 1. Three replicate standard plots of 20 × 20 m were set for each sample site, and surface litter and defoliation were removed. Three soil samples were randomly collected in the 0–10 cm soil layer of each sample site, and the three soil samples were fully mixed into one sample. The longitude and latitude, altitude, slope, slope orientation, and other information of the sample plots were recorded simultaneously. The sample site information is shown in Supplementary material (Table S1). Divided by forest type, we collected 50 soil samples of broadleaf forest, 22 samples of coniferous forest, and 8 samples of bamboo forest. A total of 240 soil samples were collected and then transported to our laboratory in Kunming, China. Plant and animal residues and stones were removed after the soil had been dried naturally in the air. Partial soil samples were removed by quartering and screened for use.




2.3. Physical and Chemical Analyses


The soil organic carbon (SOC) was determined using the potassium dichromate oxidation method [35]. The total soil nitrogen was determined by the Kjeldahl method [36], and the soil C/N was calculated by the ratio of organic carbon to total nitrogen. The soil pH was determined with a pH meter (Ultrameter II; Myron L. Company, Carlsbad, CA, USA) from a slurry of soil mixed with distilled water (1:2.5, v/v). Soil moisture content was determined by the gravimetric method. Soil moisture content (SMC) was measured after drying the soil samples in an oven at 105 °C for 24 h. The international soil texture classification standard was used to divide the soil into clay (<2 μm), powder (2–20 μm), and sand (20–2000 μm) [37]. The data on mean annual temperature (MAT) were obtained from the China Meteorological Data Service.




2.4. The Composition of Soil Organic Matter Analysis


The modified humus composition method was used to separate and extract the soil humus components (FA, HM). Soil humus extraction methods are as follows: 5.00 g of air-dried soil sample after 60 mesh sieve was weighed in 100 mL plastic centrifuge tube, 30 mL of a mixed solution of 0.1 mol/L NaOH and 0.1 mol/LNa4P2O7 (pH = 13) was added, and the mixture was capped and extracted at (70 ± 2) °C for 1 h in a constant temperature shock water bath. After removal, it was centrifuged at 3500 r/min for 15 min. The liquid supernatant was filtered into a 50 mL volumetric flask with a medium-speed quantitative filter paper, and the residue was washed twice with a 20 mL mixture (10 mL each time). The two centrifugations were combined and filtered into a 50 mL volumetric flask. Extractable humus (HE) can be extracted from this solution, and the residue in the centrifuge tube is washed with distilled water and dried at 55 °C, then passed through a 60-mesh screen, which is HM. A total of 30 mL of the above extractable humus (HE) was absorbed, and 0.5 mol/L H2SO4 was added to adjust the pH to 1.0–1.5. The solution was kept at 60–70 °C for 1.5 h and left overnight. The next day, the solution was filtered into a 50 mL volumetric flask, which was FA. The precipitation on the filter paper was washed three times with 0.025 mol/L H2SO4, and the washing liquid was discarded. Then, the precipitation was dissolved in a 50 mL volume flask with warm (60 °C) 0.05 mol/L NaOH, and the volume was fixed with distilled water, which was HA.




2.5. Data Analysis


In order to better analyze the influence of different altitudes and latitudes on soil humus carbon stock, the altitude in this study was divided into seven gradients (500–1000 m, 1000–1500 m, 1500–2000 m, 2000–2500 m, 2500–3000 m, 3000–3500 m, and 3500–4000 m), and the latitude was divided into four gradients (21–23° N, 23–25° N, 25–27° N, and 27–29° N).



Variance analysis was used to analyze the relationship between total organic carbon and altitude and latitude, and a cluster analysis was conducted on the soil humus components at different latitudes and altitudes. To investigate the influencing factors of SOC and humus carbon under the distribution patterns of latitude and altitude, the environmental factors were divided into a climatic factor (MAT), soil characteristics (pH, SMC, C/N, and powder), and presented in the form of a redundancy analysis (RDA) graph. All analyses and plotting utilized SPSS 26.0 (IBM, Inc., Armonk, NY, USA), Origin 2019b (OriginLab, Northampton, MA, USA), and other software, and the statistical significance was p < 0.05.





3. Results


3.1. Effects of Latitude and Altitude on the Composition of Organic Matter of Forest Soil


The content of SOC increased with elevation (p < 0.01). As shown in Figure 2, the relationship between the organic carbon content of forest soil and altitude changed in a roughly step-like manner. The gradient of changes could be divided into three ranges: 500–2000 m, 2000–3500 m, and 3500–4000 m, and the organic carbon content primarily ranged from 0–40 g·kg−1, 40–80 g·kg−1, and 80–120 g·kg−1, respectively.



In this study, the latitude was divided into four gradient ranges (Figure 2). The content of SOC increased with the increase in latitude (p < 0.01). The trend of organic carbon content in the range of 21° N to 27° N changed relatively gradually, and the range of organic carbon content was roughly between 28 and 38 g·kg−1. The organic carbon content varied substantially in the range of 25° N to 29° N, and the organic carbon content was as high as 85 g·kg−1 in the range of 27° N to 29° N. In conclusion, the ability of soil to sequester carbon in the high-latitude and high-altitude areas was stronger than that of the low-latitude and low-altitude areas.



As shown in Figure 3, the influence of altitude on soil humus carbon varied in different latitudes, and the influence of altitude (500–1000 m,1000–1500 m, and 1500–2000 m) on the SOC in the range of 23–25° N was extremely significant (p < 0.01). The contents of humus carbon (HAC, FAC, and HMC) were 4.83 g·kg−1, 10.79 g·kg−1, and 11.20 g·kg−1; 3.40 g·kg−1, 6.02 g·kg−1, and 10.14 g·kg−1, respectively; and 9.81 g·kg−1, 15.14 g·kg−1, and 26.5 g·kg−1, respectively. The results in other latitudes were not significant. In conclusion, altitude has a substantial influence on the sequestration of soil humus carbon in the latitude range of 23° N to 25° N. In addition, the carbon content of different humus components showed the order of HMC > FAC > HAC, and humin carbon was the highest among the three components of humus.




3.2. Clustering of the Composition of Soil Organic Matter and Environmental Factors


As shown in Figure 4, 21–23° N, 23–25° N, and 25–27° N can be classified into one category, and 27–29° N can be separated into one category, indicating that the soil humus composition within 21–27° N is somewhat similar. From the perspective of elevation as a classification variable, 500–1000 m, 1000–1500 m, 1500–2000 m, 2000–2500 m, 2500–3000 m, and 3000–3500 m were classified into one category, indicating that the soil humus composition within the altitude range of 500–3500 m is somewhat similar.




3.3. Effect of Environmental Variables on the Composition of Soil Organic Matter


To better reveal the influence of environmental factors on the composition of soil organic matter, the redundancy (RDA) method was utilized in this study. Five environmental factors (pH, C/N, SMC, MAT, and powder) were utilized as environmental variables. The compositions of soil organic matter were used as soil properties, and an RDA analysis was performed on the two variable groups. As shown in Figure 5, the explanatory information content of the first sorting axis was 34.29%, and that of the second sorting axis was 35.56%, with a cumulative explanatory information content of 69.85%. The cumulative explanation rate of soil organic matter composition by various environmental factors was 31.3%, and the single explanation rate of C/N was the highest (p < 0.01), up to 22.3%, followed by MAT, SMC, pH, and powder (p < 0.05). It is apparent that C/N, as an indicator of humus properties, can reflect the characteristics by which humus carbon changes to some extent in low-latitude plateau regions. At low-latitude regions (21° N to 23° N and 23° N to 25° N), HAC and FAC positively correlated with MAT, POWDER, and pH, and the correlation was as follows: 21° N to 23° N > 23° N to 25° N. At high latitudes (27–29° N), the SOC and HMC positively correlated with SMC and C/N. These results indicate that the formation of soil humus carbon (HAC and FAC) is closely related to MAT, powder, and pH in low-latitude areas, and the SMC and C/N have more obvious effects on the formation of SOC and HMC in high-latitude areas. At low altitudes (500–1000 m and 1000–1500 m), the HAC and FAC positively correlated with MAT, powder, and pH, and the correlation was as follows: 500–1000 m > 1000–1500 m. At high altitudes (3000–4000 m), the SOC and HMC positively correlated with SMC and C/N, which indicated that low and high altitudes more significantly influenced the SOC and formation of humus carbon. However, this was not true at middle altitudes. In summary, the accumulation of HAC and FAC in low-latitude and low-altitude areas is primarily regulated by MAT, powder, and pH, while the formation of SOC and HMC in high-latitude and high-altitude areas is primarily affected by SMC and C/N.





4. Discussion


4.1. Effects of Altitude and Latitude on Forest Soil Organic Carbon


Altitude affects the decomposition of soil organic matter by changing temperature and rainfall, and thus, affects the content of organic carbon. In this study, the organic carbon in forest soils increased with elevation (500–4000 m) (Figure 6, p < 0.01). This is consistent with the conclusions of Badía-Villas and Girona-García (2018) [30]. This is primarily because the high-altitude area is more effective at accumulating organic carbon owing to its lower temperatures, increased soil moisture, decreased soil microbial activity, and lower decomposition rate of SOM [38]. An additional analysis showed that the change in SOC in different altitudes is stepped. What is noteworthy is that inflection points occur in the range of 1000–1500 m and 2500–3000 m, indicating that organic carbon in the range of 1000–1500 m and 2500–3000 m has a more pronounced response to altitude.



Latitude is one of the important indices that affects biological stock evaluations. In particular, high-latitude ecosystems are important accumulators of carbon owing to the low decomposition rate of surface litter and organic matter [39]. This study showed that the content of SOC increased with latitude (21–29° N) (Figure 7, p < 0.01), primarily owing to the change in temperature that occurs in concert with the change in latitude. Alternatively, temperature affects the biomass of plant litter by affecting photosynthesis and respiration [40]. In addition, there were significant differences in the composition of vegetation between high-latitude and low-latitude areas. The high-latitude coniferous forest contained more phenolic resin components, lignin, and tannic acid, and the high concentration of phenolics inhibited microbial activity and reduced the rate of decomposition of SOM [39]. As shown in Figure 2, the content of SOC increased slowly with the increase in latitude at the beginning but increased sharply at high latitudes (25–29° N). It could be that hydrothermal conditions in the range of 25–29° N can reduce microbial activity and the deposition of organic carbon; except for elevation, slope is also an important factor affecting soil humus composition [41]. Previous studies have found that the higher the slope, the worse the anti-erosion ability of soil, the stronger the gravity and leaching effect, the easier the loss of organic matter and the decrease in soil humus content, that is, the soil humus content decreases with the increase in the slope [42,43]. In this study, the relationship between slope and the composition of organic matter is not obvious (Table 1). As we all know, the composition of soil organic matter is regulated by various influence factors (climate, biology, soil, terrain, etc.) [44]. The low latitude plateau is a specific area with complex terrain and comprehensive climate diversity worldwide. Therefore, the composition of soil organic matter content may be more susceptible to factors except for slope exposure (latitude, altitude, MAT, SMC, etc.) and more affected in the low-latitude plateau. The unique and complex bioclimatic conditions in this region diminish the effect of the slope on the composition of soil organic matter content. This study focuses on the influence of latitude and altitude on the composition of soil organic matter content. As a result, the number of samples varies considerably across the different slope grades, and the large variability between the data will reduce the reliability of the mean value of the composition of soil organic matter content [45]. Therefore, more sample plots should be used to reduce the variability range when further investigating the relationship between the composition of soil organic matter content and slope.




4.2. Analysis of Comprehensive Influencing Factors of Soil Organic Matter Composition under Different Altitudes and Latitudes


Humus is a conglomeration of different types of organic matter that form a mineral layer on the soil surface that is rich in organic compounds. Humus has an obvious potential to indicate the state of organic carbon. The composition of humus is the result of topography, climate, vegetation, and soil microbial community [46,47,48]. This study showed that the humus content of forest soil increased with the increase in latitude and altitude under the combined effect of latitude and altitude, and the contents of each component were as follows: HMC > FAC > HAC. Humin, the most stable component of humus, significantly contributes to the surface organic carbon pool [49]. The composition of humic acid in the soil of south China is generally dominated by fulvic acid, i.e., HAC < FAC. Soil microorganisms easily volatilize components as carbon sinks and sources of nutrients and, thus, rapidly increase the degree of soil humification [50]. Alternatively, low-altitude plateau forests are prone to a lower degree of surface soil humification because of the high vegetation coverage, temperature and humidity, and fresh organic residue on the surface soil that is frequently added [51]. In this study, except for the latitude range of 23–25° N, the elevation gradient had a significant influence on the content and composition of soil organic matter (p < 0.01), but the other latitude range was not significant. This indicates that altitude (500–2000 m) has a more substantial influence on soil organic matter composition at 23–25° N. This may be because the area is located near the Tropic of Capricorn (23.5° N), which is the boundary between the tropics and the north temperate zone. The existence of the Tropic of Cancer changes the climate type, resulting in drastic changes in local temperature and hydrological conditions. In addition to climate types, vegetation types also gradually change near the Tropic of Cancer, and vegetation coverage and types are also important factors that cannot be ignored. In this paper, the content of organic matter in broadleaf forests was higher than that in coniferous forests and bamboo forests (Table 2). The vegetation structure of the bamboo forest is different from that of coniferous forests and broadleaf forests [52,53], and the change in vegetation structure leads to the difference in understory microclimate (illumination, temperature, and moisture) [54]. On the other hand, the physical processes of the soil and the quantity and quality of imported roots and litter may also change, which will significantly affect the decomposition process of organic carbon [55,56]. Although the underground carbon allocation of bamboo forests is much higher than that of coniferous forests and broadleaf forests [57], the influence of surface litter on the composition of soil organic matter may be more significant than that of underground roots in 0–10 cm soil depth. This is because Wang et al. (2020) [58] found that transforming the broadleaf forest into a bamboo forest will reduce the composition of soil organic matter content. Firstly, bamboo aging leads to an increase in litter, and the increase in bamboo forests slows down the average decomposition rate of the entire litter layer. Secondly, the weight of bamboo leaf litter is lower than that of most tree species, and its decomposition rate is prolonged, resulting in a vast and light homogeneous litter layer. This homogeneous litter layer offers less potential microenvironments and habitat diversity for soil biota [59,60]. Finally, bamboo is a low-quality litter, and it is more difficult to effectively form soil organic matter from bamboo litter than from coniferous broadleaf forests. Compared with other forest types, the bamboo forest has fewer sample plots, so the reliability of the average organic carbon value is reduced by the small sample numbers.



As shown in Figure 4, the range of 21–27° N can be classified into one category, indicating that the composition of soil organic matter is similar in the latitude range of 21–27° N. In addition, the composition of soil organic matter from 500 m to 3500 m at different altitudes can be classified into one category, indicating that the composition of soil organic matter from 500 m to 3500 m a.s.l. is similar. In general, this is consistent with the geographical conditions of the combination of low latitude and low altitude and high latitude and high altitude in the study area. Previous studies have shown that climatic factors (temperature and precipitation) and biological factors (plants and microorganisms) are important factors that affect the accumulation of humus [61,62,63,64]. Based on the linear model (RDA) ranking method, this study revealed the relationship between the composition of soil organic matter and influencing factors at different altitudes and latitudes. HAC and FAC are primarily affected by MAT, powder, and pH (Figure 5). Temperature will affect the soil’s biological characteristics and humus morphology. High temperature is conducive to the formation of humic acid carbon, but not conducive to the formation of fulvic acid carbon [65,66]. In addition, the granular composition of soils is also closely related to the composition of organic matter, and any difference in soil texture will change the pattern of decomposition and SOM formation of the same litter. Compared with pH and MAT, powder content has less influence on the composition of organic matter [67], however, soil texture has an effect on the retention of carbon in soil. The high content of silt and clay mineral particles in soil may lead to the combination of aggregates and organic mineral complexes with humus colloid, thus having a stronger retention capacity. On the other hand, it may also lead to more microbial residues being retained in the soil [68,69].



The formation of SOC and HMC in high-latitude and high-altitude areas is primarily affected by the SMC and C/N. Humin carbon, as the most stable component of soil humus, is strongly resistant to microbial decomposition, but microbial activity is also affected by temperature, moisture, carbon source, and other factors. Therefore, the distribution of SOC and HMC in high-latitude and high-altitude areas is primarily affected by the SMC and C/N. The soil microbial community structure and enzyme activity were primarily affected by pH, C/N, and SMC, and the microbial activity gradually decreased with the elevation [70]. Tree species affect the soil’s chemical properties, such as pH and C/N, to affect the composition of soil humus [71]. For example, the soil under coniferous forests in high-altitude areas is primarily acidic owing to the presence of litter, which does not provide favorable conditions for the reactions of condensation that create soil humus. These results indicate that the accumulation of humus carbon at high latitudes and elevations is the result of the combined effects of changes in the composition of vegetation and the increase in litter input and improvement in soil fertility and microclimate brought about by canopy closure [72]. It is worth noting that when the latitude is higher than 27° N, and the altitude is greater than 3500 m, the SOC and content of humus carbon increase sharply (Figure 2). This is because when latitude > 27° N and altitude > 3500 m, on the one hand, soil parent material changes, which determines the physical and chemical properties of soil substrates and the quality of biomass inflow [26], and ultimately affects the composition of soil organic matter. On the other hand, the temperature gradually decreases, and the humidity increases; soil weathering becomes weaker; vegetation cover gradually becomes higher, resulting in less anthropogenic activity and the destruction of vegetation. The accumulation of soil organic matter composition increased. Therefore, when the size of organic carbon pools in low-latitude highland areas is assessed, the focus should be on organic carbon sequestration in high-latitude (>27° N) and high-altitude (>3500 m) areas.





5. Conclusions


This research studied the response of soil organic matter composition to different latitudes and altitudes and the main regulatory factors. The composition of soil organic matter increased with the increase in altitude and latitude. The composition of soil organic matter was ordered HAC < FAC < HUC. In the whole latitude range (21–29° N), the effect of altitude on soil humus carbon was significant only from 23° N to 25° N; this may be mainly caused by the Tropic of Cancer. The latitudinal and altitudinal patterns of soil organic matter composition in forests are regulated by MAT and SMC, and the soil chemical properties (pH, C/N, and powder) also have a certain influence on the accumulation of organic carbon and humus carbon. In the low-latitude area (21–25° N), HAC and FAC are mainly regulated by MAT and powder. The formation and transformation of SOC and HMC in high-latitude and high-altitude areas are primarily affected by the SMC and C/N. In general, the environment of high latitude and altitude is favorable for soil humus carbon storage in the surface layer (0–10 cm). As a consequence, in today’s response to global climate change, the high carbon sequestration capacity of high-latitude and high-altitude areas should be given attention and protection.
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Figure 1. Distribution map of soil sampling sites in Yunnan Province, China. 
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Figure 2. Variation of forest soil organic carbon with altitude (a) and latitude (b) ** p < 0.01. 
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Figure 3. Characteristics of the composition of soil organic matter at different latitudes and elevations. FAC, fulvic acid carbon; HAC, humic acid carbon; HMC, humin carbon. ** p < 0.01. 
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Figure 4. Cluster map of the composition of soil organic matter with latitude (a) and altitude (b). 
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Figure 5. RDA ordination of soil organic matter composition and environmental factors. Figure (a) represents RDA ordination at different latitudes; Figure (b) represents RDA ordination at different altitudes. FAC, fulvic acid carbon; HAC, humus acid carbon; HMC, humin carbon; MAT, mean annual temperature; RDA, redundancy analysis; SMC, soil moisture content; SOC, soil organic carbon. 
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Figure 6. Relationship between altitude and the composition of soil organic matter (figure (a): SOC; figure (b): HAC; figure (c): FAC; figure (d): HMC; figure (e): HAC/FAC). FAC, fulvic acid carbon; HAC/FAC, humic acid carbon/fulvic acid carbon; HAC, humic acid carbon; HMC, humin carbon; SOC, soil organic carbon. 
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Figure 7. Relationship between latitude and the composition of soil organic matter (figure (a): SOC; figure (b): HAC; figure (c): FAC; figure (d): HMC; figure (e): HAC/FAC). FAC, fulvic acid carbon; HA/FA, humic acid/fulvic acid; HAC, humic acid carbon; HMC, humin carbon; SOC, soil organic carbon. 






Figure 7. Relationship between latitude and the composition of soil organic matter (figure (a): SOC; figure (b): HAC; figure (c): FAC; figure (d): HMC; figure (e): HAC/FAC). FAC, fulvic acid carbon; HA/FA, humic acid/fulvic acid; HAC, humic acid carbon; HMC, humin carbon; SOC, soil organic carbon.
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Table 1. Characteristics of soil organic matter composition in different slope forest soils.
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	Slope Type
	Sample Numbers
	SOC/g·kg −1
	HAC/g·kg−1
	FAC/g·kg −1
	HMC/g·kg−1





	Gentle slope
	25
	47.84
	7.89
	13.26
	26.29



	Abrupt slope
	25
	59.21
	10.40
	15.35
	33.46



	Steep slope
	20
	45.93
	9.05
	16.87
	20.01



	Acute slope
	10
	52.38
	11.13
	15.87
	22.97







Note: Gentle slope: 5–15°; Abrupt slope:15–25°; Steep slope: 25–35°; Acute slope: 35–45°.
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Table 2. Characteristics of soil organic matter composition in different forest types.
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	Forest Types
	Sample

Numbers
	SOC/g·kg −1
	HAC/g·kg−1
	FAC/g·kg −1
	HMC/g·kg−1





	Coniferous forest
	50
	53.05
	9.28
	15.54
	28.23



	Broadleaf forest
	22
	55.72
	11.13
	15.82
	28.77



	Bamboo forest
	8
	30.01
	6.78
	8.35
	14.88
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