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Abstract

:

High revenues from rubber latex exports have led to a rapid expansion of commercial rubber cultivation and, as a consequence, the conversion of different land use types (e.g., natural forests) into rubber plantations, which may lead to a decrease in soil health. In this study in Quang Tri Province, Vietnam, we determined: (1) the variation of soil health parameters along a chronosequence of rubber tree stands and natural forests and (2) the relationships and potential feedback between vegetation types, vegetation structures and soil health. Our results revealed that: (1) soil health was higher in natural forests than in rubber plantations with a higher values in higher biomass forests; (2) soil health was lower in younger rubber plantations; (3) soil health depends on vegetation structure (with significantly positive relationships found between soil health and canopy cover, litter biomass, dry litter cover and ground vegetation cover). This study highlights the need for more rigorous land management practices and land use conversion policies in order to ensure the long-term conservation of soil health in rubber plantations.
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1. Introduction


The rubber tree (Hevea brasiliensis) has been one of the most economically valuable trees among global farming systems for the past three decades [1]. Revenues from rubber latex exports have led to financial improvement for thousands of farmers worldwide [2]. Therefore, many farmers have chosen to convert other land use types (e.g., degraded natural forests or timber plantations) into rubber plantations, which has led to the rapid expansion of rubber plantations worldwide [3,4]. In addition to the economic motivations, the ability of rubber trees to grow in diverse eco-regions with a broad diversity of climate conditions, soil types and fertilities has also driven rapid worldwide expansion [5].



Following the introduction of rubber trees to southern Vietnam in 1897 this economically valuable species has also become a major perennial tree in Central and Northern Vietnam [6]. Because of their high economic value, rubber trees have become the priority among targeted trees for the economic development of Vietnam. In 2009 the Vietnamese Prime Minister approved the strategy to expand the rubber industry, which involved expanding the land area dedicated to rubber plantations to 800,000 ha by the year 2020 in order to produce 1.2 million tons of latex and generate approx. USD two billion in new revenue through the increased export of rubber products [7]. To achieve the goals of the revised rubber industry strategy, the conversion of various land use types (e.g., unproductive agricultural land, degraded natural forests and plantations) into rubber plantations was permitted, beginning in 2009 [8].



In Northern Central Vietnam, following the approval of Decision 750/QD-TTg by the Prime Minister in 2009 [9] which permitted the establishment of new rubber plantations on degraded natural forestlands, the region was targeted for planting new rubber plantations (approx. 20,000 hectares) in order to increase the total area in this region dedicated to rubber plantations up to 80,000 hectares [9]. As a result, rubber plantations have expanded rapidly in Northern Central Vietnam with a large proportion of the new rubber plantations established in the region requiring the conversion of degraded natural forests and forest lands [10]. Therefore, the cultivation of rubber plantations is one of the main causes of the loss of the original land cover (i.e., natural forest) in the region [10].



The intensive agricultural practices of rubber plantations are major drivers of soil degradation [5,11], which can lead to long term loss-loss scenarios for farmers when land capacity is reduced and rubber prices decline at the same time [3]. This land capacity reduction may be due to the cultivation of monoculture crops (e.g., rubber, palm oil, coffee), which leads to substantial changes in soil processes and properties that can result in a complete or partial loss of productive capacity [12,13,14]. Substantial changes in soil processes and properties can also be driven by structural changes to the covering vegetation [15]. While some studies reported the negative impacts of rubber farming on soil properties [12,16,17,18] other studies reported that the soil properties of rubber plantations were similar to those of natural forests in that only minimal nutrient loss was observed as a consequence of rubber plantation processes [4,16,19]. The inconsistency of these previous studies clearly demonstrates the requirement for further research into the impacts of rubber tree cultivation on soil health.



Moreover, there are interactions among soil parameters and vegetation parameters associated with land use changes [20,21]. Chemical, physical and biological (including microbial) components contributing to soil health maintenance are significantly correlated to each other [22,23]. For example, the assessment of soil porosity permits the determination of soil structure complexity, which is related to the retention and movement of water within the soil and directly affects the proportions of water and dissolved nutrients [24], while soil organic matter directly affects the physical, biological and chemical aspects of the soil and, thus, the capability to support plant growth [25]. Soil microbial populations also play important roles in maintaining nutrient and carbon cycling within the soil [26]; which are susceptible to changes in land use practices [27], and positively correlated with crop yield [28]. Vegetation cover with different tree species, structural complexity and root exudates generates a divergence in soil properties and may impact the soil microbial populations [20]. Due to the comprehensive interaction among soil and vegetation parameters, cultivation is known to generally reduce the amount of soil organic matter, nutrient availability [28], and alter soil microbial communities [29]. Therefore, an understanding of these parameters and their interactions among land uses is important for sustaining short- and long-term land capacity [30,31].



In this study, we hypothesized a strong interaction among soil health indicators, vegetation structure and land uses, and that a simple characterization of vegetation types on different land use categories may not be sufficient to characterize potential soil health changes. We hypothesized that soil health would vary among vegetation types and there is a linkage between vegetation and soil parameters that shape these changes. Hence, the objectives of this study were to determine (1) the variation of soil health parameters along a chronosequence of rubber plantations and natural forests, and (2) the relationships and potential feedbacks between vegetation types, vegetation structure and soil health. Insights obtained from this research can support management practices that aim to minimize soil degradation from land conversion as well as assist farmers and other land owners with improving the productive capacity of their land.




2. Methods


2.1. Study Area


The study was conducted in Vinh Linh district, Quang Tri Province of Northern Central Vietnam (17°04’58.80” N, 107°00’0.00” E). The study area (Figure 1) lies within the tropical monsoon zone, which is influenced by the convergent climate of tropical South Vietnam and subtropical North Vietnam. The climate at the study area is relatively harsh with hot dry southwest winds and heavy rainfall. More specifically, the annual average rainfall is approx. 2200–2500 mm, while the annual average temperature is 24–25 °C and average monthly humidity ranges from 85% to 90%. There are two distinct seasons in the study area, a rainy season with heavy rainfall and strong winds, storms and tropical cyclones (October to February), and a dry season with little rain or wind (March to September). The terrain is relatively diverse with four natural geographical regions, including mountainous, midland, plains and coastal. The majority of the local population depends on agriculture for their livelihood; however, annual crop productivity predominantly depends on the climate and, thus, is vulnerable to natural disasters and climate variability. Therefore, there is a high demand among local farmers, with support by local governments to establish farms of climactically robust and economically valuable perennials (e.g., rubber, coffee). The Vinh Linh district, Quang Tri Province is the hotspot area of rubber cultivation with an area of >6775 ha, with this mostly being established by the conversion from degraded natural forests or other agricultural land [32]. Therefore, the Vinh Linh district is a suitable area as a case study to assess the impacts of land use conversion from degraded natural forests to rubber plantations on soil health.




2.2. Field Data Collection and Measurement of Soil Parameters


The study was carried out within rubber plantations of five different ages (five-, ten-, fifteen-, twenty- and twenty-five-years-old) and natural forests of three types (consisting of numerous tropical evergreen broadleaf species that are representative of those permitted by Vietnamese government to be converted into rubber plantations, not the actual forests that were converted into rubber plantations): (1) Moderate volume natural forest (tree volume 101–200 m3/ha); (2) Low volume natural forest (tree volume from 10 to 100 m3/ha); (3) Very low volume natural forest (woody trees’ average diameter at breast height of less than 8 cm and tree volume of less than 10 m3/ha) [33]. Nine plots (30 m × 30 m each) were selected for each rubber plantation age (n = 5) and forest of each type (n = 3), with the total number of samples analyzed being n = 72.



In each plot we measured: (1) canopy cover (%) using spherical densitometers [34]; (2) vegetation ground cover (%) and dried leaf litter cover (%), using the Line Intercept Method [35]; (3) leaf litter dry mass (g) after being oven-dried (12 h at 105 °C).



To assess soil health, three top-soil core samples were also randomly collected within each plot (n = 9) at a depth of 0–10 cm. The soil bulk density was calculated as the dry mass of a soil sample in a given volume of soil (without pore spaces occupying the soil). The bulk density soil samples were taken using a soil core sampler with fixed volume of 100 cm3 [36] and dried (48 h at 105 °C) to determine the dry mass. The soil bulk density (g cm−3) was calculated as the dry mass per a volume unit of the soil (soil solids and pores).



Soil porosity (POR) was calculated from soil bulk density and soil particle density using Equation (1):


  Porosity   ( % )   =   ( 1 −   B u l k   D e n s i t y   P a r t i c l e   D e n s i t y   )   ×   100  



(1)







Soil organic carbon (SOC )was measured using the Walkley–Black method [37]. Following the method, a small amount of soil was mixed with potassium dichromate (K2Cr2O7) solution before adding concentrated sulfuric acid (H2SO4) to the mixture. The reaction induces oxidation by the acidified dichromate. Then, residual dichromate was back-titrated with additional ferrous sulfate (FeSO4). The comparison with a blank titration determined the percentage of organic carbon in soil, as calculated using Formula (2):


  SOC   ( % )   =   M   ×       V 1 − V 2    W  ×   0.3   ×   CF   ×   100  



(2)




where M is the molarity of the FeSO4 solution used for blank titration, V1 is the volume (mL) of FeSO4 required in blank titration, V2 is the volume (mL) of FeSO4 required in actual titration, W is the mass (g) of the soil sample, and CF is the correction factor (CF = 1.32).



Counts of bacteria (BAC), actinomycetes (ACT) and fungi (FUN) were determined using the serial dilution plate count method [38]. Serial dilutions of 10−6 for bacteria, 10−3 for fungi and 10−5 for actinomycetes were used to plate on selective media with different times of incubation. Bacteria, fungi and actinomycetes were grown out on beef extract–peptone agar, rose bengal agar, and starch–casein agar, respectively. All plates were incubated at 28 °C for 2 days (for bacteria), 4 days (for fungi) and 7 days (for actinomycetes) before counting. The quantities of these microorganisms were counted as the number of organisms per a mass unit of soil (millions of organisms/g of soil).



All analyses were performed by the soil laboratory of the Soil and Fertilizers Research Institute, Tu Liem, Ha Noi, Vietnam.




2.3. Statistical Analyses


The nonparametric Kruskal–Wallis H test was employed to assess the significant differences between soil parameters among vegetation types. Considering the unbalanced sample size in the eight categories, we conducted post hoc Dunn’s multiple-comparison tests with adjustments using Bonferroni to compare the significance of variation between the two vegetation types.



Pearson’s correlation coefficients were calculated to assess relationships between the measured vegetation attributes and soil properties. We also conducted a principal component analysis (PCA) to identify the main factors controlling soil health parameters and the relationship between soil and vegetation parameters among vegetation types. Only components with eigenvalues >1 were selected to determine the main components. Variables with absolute eigenvector coefficients ≥0.70 were selected and considered significant in each component [39]. All statistical analyses were conducted using R version 3.6.1 [40].





3. Results


Variations in the soil health parameters in different vegetation type categories are displayed in Table 1 and Figure 2. Overall, the means of soil health parameters were higher in natural forests than rubber plantations. Among natural forests, the higher volume forests have generally higher values of soil health indicators, while among rubber plantations, younger plantations had lower values of soil parameters.



Soil porosity (POR) was higher in natural forests than rubber plantations. The highest mean values of POR belonged to the moderate and low volume natural forests (66.5% and 61.4%, respectively). POR means of the very low natural forest and rubber plantations of all ages were lower, ranging from 56% to 59%. There was no significant difference in POR among rubber plantations and the very low natural forest, and between the very low natural forest and the five-year-old rubber plantation.



Soil organic carbon (SOC) content was also highest in the moderate volume natural forest (5.2%) and this was followed by low volume natural forest (4.2%), 25-year-old rubber plantation (3.6%) and very low natural forest (3.4%). SOC was lowest in the youngest rubber plantations, but increased systematically with plantation age; similarly, SOC content increased with increasing volume of the natural forests (Figure 2).



Bacteria counts (BAC) were highest in the three natural forest types and the 20- and 25-year-old rubber plantations compared to the younger rubber plantations. There was no significant difference in BAC found in the three natural forest types and the old rubber plantations (Figure 2). However, actinomycetes counts (ACT) and fungi counts (FUN) were higher in older rubber plantations (years 15, 20 and 25) than the natural forests and younger plantations (years 5 and 10).



Correlations occurred within and among soil health (POR, SOC, BAC, FUN, ACT) and vegetation structure (canopy cover (CAN), vegetation ground cover (VGC), dried litter cover (DLC) and litter biomass (LB)) parameters (Figure 3). Positive correlations were observed among all soil health parameters (r = 0.35–0.8). POR exhibited a stronger positive correlation with SOC, BAC and CAN (r = 0.64, 0.52, and 0.53, respectively) than other soil and vegetation parameters. SOC exhibited a strong positive correlation with BAC as well as CAN, LB and DLC (r = 0.76, 0.77, 0.81 and 0.85, respectively). Microbial population metrics (BAC, FUN and ACT) exhibited strong positive correlations among one another (r = 0.69–0.8) as well as between each microbial population metric and canopy cover (r = 0.7–0.95). BAC also had strong positive correlations with LB and DLC (r = 0.81 and 0.82).



Among vegetation structure parameters, CAN exhibited strong positive correlations with all soil health parameters except POR (r = 0.70–0.95) as well as with LB and DLC (r = 0.77 and 0.80), but very weak negative correlation with VGC. VGC exhibited a weak positive correlation with SOC (r = 0.21) and weak negative correlations with ACT, FUN and CAN (r = −0.41, −0.43, −0.16, respectively). Litter biomass and dried litter exhibited strong positive correlations with each other and with CAN (r ≥ 0.77), as well as with SOC and BAC (r > 0.8) (Figure 3 and Figure 4).



Two principal components explained 81.2% of the observed variation in the soil and vegetation data (Table 2, Figure 4). The first component had high positive loadings for SOC, BAC, ACT, CAN, LB, DLC (Table 2, and it explained 63.8% of the total variance. The second component was dominated by VGC (Table 2). This component accounted for an additional 17.4% of the total variance. These two components reflect the changes in soil parameters due to the variation of vegetation structure.




4. Discussion


4.1. Variation in Soil Health Parameters by Vegetation Types


Soil health parameters varied among the three types of natural forest and rubber plantations of different ages with overall lower mean values of soil porosity (POR), soil organic carbon (SOC) and bacteria counts (BAC) in rubber plantations. Among the three types of natural forests that are legally allowed to be converted into rubber plantations in Vietnam, the higher volume forests had better soil health indicator values. Similarly, older rubber plantations with bigger trees generally had better soil health. This finding is generally consistent with what has been found in other regions reporting the effects of forest biomass on soil properties [41]. However, our observation that actinomycete counts (ACT) were actually higher in older rubber plantations (15 to 25 years) than any of the natural forest types was entirely unexpected. This could be due to the support of both diversity and the abundance of some microbial populations under intermediate land use intensity conditions that are associated with older rubber plantations [42,43]. This was supported by previous studies indicating that actinomycetes have a preference for physical disturbance [44], and thus higher abundance in agricultural and pasture soils than forested soil [45].



There were significant changes in soil parameters (SOC, BAC, ACT, FUN) between younger and older rubber plantations with an improved trend from younger to older plantations. These observations are consistent with several previous studies that reported improved soil health properties for older rubber plantations due to being less disturbed, given the lack of tillage or plant harvesting [4,46,47,48]. However, several previous studies reported a lack of significant change in soil health parameters during rubber tree cultivation [19,49] or a decline in soil minerals and soil nutrients over time [50,51,52].




4.2. Correlations between Soil Health and Vegetation Structure Parameters


Our findings suggest that canopy cover, litter biomass and dried litter cover strongly correlated with soil health parameters and, thus, appear to impact soil health. The impacts of rubber plantation cultivation on soil health appear to be strongest during the first five years after plantation establishment. This could be explained in that, during this early period, rubber trees are small, and the vegetation structure is still simple. However, after five years of establishment, vegetation structure can improve on rubber plantations, which can improve soil parameters. Moreover, older rubber trees with their expanded root systems can lead to greater fine root turnover and higher soil organic carbon [53]. Such correlations between vegetation structure and soil health have also been reported by previous studies [21,48,54]. For example, an increase in canopy cover, leaf litter cover and leaf litter biomass improves soil health in terms of litter, nutrient availability, soil moisture and structure improvement, which, collectively, support healthy soil biota [54]. This could explain the low values of soil health parameters that we observed for young rubber plantations (five years) that becomes less severe (i.e., non-significant) in older rubber plantations where vegetation structure parameters more closely reflect those of natural forests (e.g., 20 to 25 years). However, at this age (≥20 years), the latex production capacity of rubber trees markedly decreases (i.e., they are no longer economically viable) and, thus, rubber trees tend to be cut down after 28 years [55]. As such, the cultivation of rubber plantations poses serious concerns about soil health and conservation, especially when natural forests are converted into rubber plantations because soil health takes approx. 20 years to recover and then becomes degraded again when rubber trees are cut down and replanted only 8 years later (i.e., after 28 years of production). This indicates that the cultivation of rubber trees with an overall restoration trend of soil health over time, due to the improvement of vegetation structure, appears to be difficult to compensate the negative impacts caused by the conversion forests to rubber plantations, which leads to a decline in soil health.




4.3. Implications of Land Conversion Policy and Land Management Practices


The higher values of soil health parameters in natural forests than those in rubber plantations, regardless of the rubber tree age, would suggest that overall soil health declines after forest conversion. The conversion of natural forests into rubber plantations is associated with soil disturbance and changes in vegetation structure, leading to changes in soil properties. These findings are consistent with previous studies that indicated the negative impact on soil health when natural ecosystems (e.g., Indonesian rainforest) were converted into rubber plantations [5,11]. Moreover, the soil health parameters were lower in younger rubber plantations especially in five-year-old rubber plantations. This suggests that the impacts of rubber plantation cultivation on soil health appears to be strongest during the first five years following land use conversion from natural forests due to the replacement of natural vegetation structure with low canopy cover, less ground cover and less leaf litter biomass. In addition, higher volume forests have better soil health, thus indicating that the conversion of higher volume forests would lead to more significant declines in soil health.



The increasing demand for rubber production worldwide has created economic incentives for rubber plantation expansion in marginal environments. This requires the conversion of other land use types into rubber plantations. The current state of knowledge regarding soil health impacts due to rubber tree cultivation is unclear. This lack of clarity could be due to the impacts of rubber tree cultivation on soil health being dependent on the land use type that was converted into a rubber plantation (e.g., moderate, low or very low forests). To meet the demands of economic development, the Vietnamese government permitted degraded natural forestlands (e.g., moderate, low or very low forests) to be converted into new rubber plantations as of 2009. Given the difference in severity of soil health impacts, depending on what type of natural forest is converted into a rubber plantation, changes could be made in forest conversion policy decisions. For example, the 2009 policy could be amended to exclude moderate volume natural forests from legal conversion to rubber plantations in an effort to avoid a long-term reduction in productive capacity due to degraded soil health.



Furthermore, it is critical to address land management practices for young rubber plantations (5 to 10 years), because the impacts of rubber cultivation on soil health are the most significant during this initial period of establishment. The significant correlation observed in this study between soil health and vegetation structure indicates that land owners can design an agroforestry system that incorporates the necessary level of canopy cover to minimize soil health degradation when rubber trees are small (i.e., during the first 5–10 years of farm establishment). Moreover, the incorporation of woody trees with an understory of smaller trees during the early establishment periods of rubber plantations can create a sustainable agroforestry systems with improved land functionality (i.e., improved soil health conservation; [56]). Agroforestry trees have the potential to promote positive changes in soil nutrients, soil structure and soil organisms [57]. For example, intercropped plants (e.g., leguminous trees) in alley cropping systems can increase soil nitrogen by as much as 358 kg per hectare [58]. However, for rubber plantations, further research is needed to determine how much canopy cover and litter cover is required to conserve soil health during the early stages of rubber plantation establishment without harming development (i.e., conserve soil health without impacting economic viability).





5. Conclusions


This study confirmed that the Northern Central Vietnam natural forests have higher values of soil health than that in rubber plantations. Among the rubber plantations of different ages, soil health was lowest in the youngest (five-years-old) rubber plantation, but it improved as the rubber trees got older due to improved canopy cover, ground cover, and leaf litter biomass. The extent to which rubber tree cultivation impacts soil health also depends on the type of land use that was replaced. The conversion of higher biomass ecosystems (e.g., moderate volume forest (101–200 m3/ha)) to rubber plantations may result in a more severe decline in soil health parameters compared to the conversion of lower biomass ecosystems (e.g., low volume forest (10–100 m3/ha)) and the very low forest. Taken together, our data suggest that moderate natural forests should be considered for exclusion from the land use types that are legally permitted to be converted into rubber plantations in Vietnam. Moreover, the observations presented here and elsewhere suggest that plantation management should use cultivation techniques that minimize soil health degradation. Future studies are encouraged to determine the ideal parameters for this and other agroforestry systems that inherently conserve soil health.
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Figure 1. The location of the study area in the Vinh Linh district, Quang Tri Province, Vietnam. 
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Figure 2. Mean values of key soil health parameters: (a). soil porosity (POR), (b). soil organic carbon (SOC), (c). bacterial counts (BAC), (d). fungi counts (FUN) and (e). actinomycete counts (ACT). Error bars represent the standard error of the mean (n  =  27) for each vegetation type; rubber plantation chronosequence at 5-years-old (RF 5); 10-years-old (RF 10); 15-years-old (RF 15); 20-years-old (RF 20; 25-years-old (RF 25) and natural forests: Moderate volume (MVF); Low volume (LVF); very low forest (NVF)). Differences are significant (p  <  0.05) when there are different letters above the bars. 
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Figure 3. Correlation matrix of the measured soil health parameters (SOC: soil organic carbon (%); POR: soil porosity (%); BAC bacteria counts, ACT: actinomycetes counts, and FUN: fungi counts, in millions organisms/gram soil, respectively) and vegetation parameters (CAN: canopy cover (%); DLC: dried litter cover (%); VGC: vegetation ground cover (%); LB: litter biomass (kg/ha)); r values and * and *** indicate p < 0.05, and p < 0.001, respectively, in cells. 
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Figure 4. Ordination plot for the principal component analysis. Components 1 and 2 represent 63.8% and 17.4% of the total variance, respectively. 
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Table 1. Kruskal–Wallis H test for the variation of soil health parameters among vegetation types.
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	Chi Square
	Significant Level (p Value)





	POR
	68.889
	<3.45 × 10−5



	SOC
	170.5
	<2.2 × 10−16



	BAC
	142.71
	<2.2 × 10−16



	ACT
	137.7
	<2.2 × 10−16



	FUN
	79.621
	1.65 × 10−14
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Table 2. Results of PCA. Variables bolded with absolute eigenvector coefficients ≥ 0.7 are considered significant.
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Rotated Component Matrix




	

	
Component




	

	
1

	
2






	
POR

	
0.647

	
0.223




	
SOC

	
0.881

	
0.237




	
BAC

	
0.959

	
−0.143




	
ACT

	
0.722

	
−0.609




	
FUN

	
0.680

	
−0.557




	
CAN

	
0.940

	
−0.244




	
VGC

	
0.469

	
0.739




	
LB

	
0.866

	
0.261




	
DLC

	
0.888

	
0.291




	
Eigenvalues

	
5.739

	
1.565




	
Variance (%)

	
63.76

	
17.39




	
Cumulative variance (%)

	
63.76

	
81.15
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