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A B S T R A C T   

Conversion of forest to rubber plantation is one of the most common land-use change in the humid tropical 
region. It is one of the fastest expanding farms that lead to various socioenvironmental issues. We investigated 
the effect of this land-use change on soil physico-chemical properties by surveying different succession stage 
rubber plantations, including monoculture and a mixture derived by mixing jungle rubber and a reference 
tropical rainforest. We also assessed the impact on stoichiometric ratios and allocation relationships of soil 
carbon (C), nitrogen (N), and phosphorus (P). Our results demonstrated that conversion of tropical rainforest to 
rubber monoculture resulted in serious soil degradation, with a lower level of water content, water holding 
capacities, total porosity, pH, and soil nutrients, and a higher level of soil bulk density. However, after trans-
forming a rubber monoculture into a jungle rubber, the concentrations of soil total C, N, P, Ca, and Mg signif-
icantly increased, by 28%, 24%, 23%, 17%, and 39%, respectively. Meanwhile, soil salinity declined by 15%. 
Jungle rubber also exerted some desirable effects on soil physical properties, such as decreased soil bulk density, 
increased field capacity and non-porosity by 6%, 2%, and 33%, respectively. Like other tropical regions, soils in 
the present study areas are mainly under P limitation, but jungle rubber increased soil P turnover and thereby 
increases P availability. In conclusion, jungle rubber correcting the soil degradation resulted from rubber 
plantation on tropical forest soil. Given the improvements in soil quality, constructing multiple-strata and multi- 
species rubber agroforestry (e.g., jungle rubber) can be a promising approach to facilitate the restoration of the 
existing monoculture rubber plantations.   

1. Introduction 

Land-use change and associated anthropogenic management directly 
affect ecosystem services, biological diversity, nutrient cycles, and 
biomass production (Vitousek et al., 1997b; Lu et al., 2019). In the past 
century, natural forest cover has decreased dramatically in southwestern 
China. Simultaneously, a large part of natural forest was transformed 
into agricultural cropland (e.g., plantations of pitaya, banana, pine-
apple, rubber) (Cao et al., 2017). In particular, the cultivation areas of 
rubber monoculture increased by nearly sixfold from 1987 to 2018 (Fox 
et al., 2014; Xiao et al., 2019). These large-scale land-use 

transformations have caused many eco-environmental problems, such as 
biodiversity and biomass loss (Yi et al., 2014), excessive soil erosion and 
acidification (Liu et al., 2015; Zhu et al., 2018), and decline in soil 
fertility and carbon sequestration (Liu et al., 2019), which have attrac-
ted lots of attention from all over the world. 

As an important component of the terrestrial ecosystem, the soil is 
the primary determinant of functional recovery and ecosystem mainte-
nance which closely associated with sustainable develop of regional eco- 
environment (Bronick and Lal, 2005). Plants take up water and nutrients 
from soil via roots and return carbon and various nutrients to the soil 
through their residues, such as deciduous leaf, shoot, root, and root 
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exudates (Marschner, 2011). The quality of soil was determined by both 
their physical and chemical properties. Among soil chemical properties, 
soil nutrients are the main factors affect biomass allocation for both 
aboveground and belowground (John et al., 2007). The concentration of 
essential nutrient elements in the soil is a useful tool to predict the status 
of agroforestry production efficiency (Li et al., 2019; Schilling et al., 
2009). For example, nitrogen (N) and phosphorus (P) are the building 
block of the primary productivity of an ecosystem (Elser et al., 2007), 
potassium (K) regulate osmosis in plant cells, calcium (Ca) is the primary 
structural material of cell walls, and magnesium (Mg) participates in the 
binding of the chlorophyll molecule (Marschner, 2011). Besides, soil 
physical properties regulate air content, the movement of water and 
dissolved chemicals within the soil. Healthy soil is characterized by 
lower bulk density and high soil pore spaces or porosity. The soil pore 
size and abundance determine the soil’s ability to store root zone water 
and air necessary for plant growth; the higher the soil porosity, the 
better air and water transfer in soil (Katsvairo et al., 2007). The soil 
water is an important factor in plant growth; the higher the 
water-related parameters, the less water limitation for plant growth 
(Chen, 2005; Melesse et al., 2019). The degradation of soil quality in 
Xishuangbanna could restrict vegetation growth and threaten the se-
curity of natural ecosystem and environment. Thereby, soil quality 
assessment has been a hot topic of research in the last few decades. For 
instance, Chen et al. (2019) demonstrated that the conversion of natural 
forest to rubber monoculture resulted in decline in soil physical prop-
erties (e.g., soil structure, bulk density, porosity, and water holding 
capacity), and soil chemical properties (e.g., soil acidity, nutrients, and 
salt content). 

It’s worth to mention that most rubber plantations in southwest 
China were established in 1990s, they could not produce natural latex 
with high quantity and quality in recent years as a predictable conse-
quence after 30 years tapping (Priyadarshan, 2011). However, little 
work has so far focused on the existing aged rubber trees management, 
although aged rubber trees also exhibited benefits to environment, such 
as increasing soil microbial and macrofaunal biomass (Peerawat et al., 
2018), providing shelter and understory plants for animals, and 
improving the production of rubber seeds for oil industry (Zhu et al., 
2014). Moreover, with the price drop of natural latex in the global 
market, current rubber plantation has been replaced partly by the other 
cash crops (e.g., pineapple, banana, grapefruit) (Langenberger et al., 
2017; Zhang et al., 2019). Planting these crops generally involves cut-
ting down the existing rubber trees and applying a large amount of 
fertilizer, resulting in even more severe eco-environmental damages 
(Langenberger et al., 2017). In this scenario, protecting these aged 
rubber trees and mixing other perennial plants (i.e., agroforestry sys-
tems) could be a potential way to meet environmental and economic 
demands. Regarding this, jungle rubber could be a wise option owing to 
their proposed compatibility with the commercial rubber trees (War-
ren-Thomas et al., 2020). However, only few studies concerning jungle 
rubber are available, especially regarding its long-term ecological 
benefits. 

To explore the influence of jungle rubber on existing soils of rubber 
plantation, we conducted a soil survey in a rubber monoculture (RM) 
and a jungle rubber (JR). We were also included a tropical rainforest 
(TRF) site in the survey considering as a primary reference site. To assess 
the impact on soil physico-chemical properties, we measured soil 
physical properties (e.g., water content, bulk density, water holding 
capacities, three phase ratio and soil porosity) and nutrient concentra-
tions (including total C, N, P, K, Ca, and Mg), pH, and electrical con-
ductivity of soil samples collected from different depths (0–5, 5–15, 
15–30, 30–50, 50–75, 75–105 cm) from these sites. To further under-
stand the relationships between the soil nutrients and related nutrient 
limitation (mainly for C, N and P), the stoichiometric ratios (e.g., C/N, 
N/P, and C/P) were calculated in this study (Cleveland and Liptzin, 
2007). And allometric scaling of soil C, N and P were examined using 
standardized major axis (SMA) regression, it’s widely applied for 

predicting one variable from the other and fits a slope and an intercept 
for the model (Warton and Weber, 2002). 

We hypothesize that the conversion of tropical rainforest to rubber 
plantation would alter soil physico-chemical properties in a way that 
leads to soil degradation, and mixing of jungle rubber with existing 
rubber would improve soil physico-chemical properties. Therefore, our 
objective is to assess the impact of rubber monoculture, rubber mixture 
(jungle rubber), and tropical rainforest effect on (1) soil physical prop-
erties, (2) soil chemical properties, and (3) stoichiometric ratios and 
allometric relationships of soil C, N, P. We hope this information would 
provide applied suggestions to establish sustainable managements of 
rubber plantation in Xishuangbanna. 

2. Materials and methods 

2.1. Study sites 

Xishuangbanna prefecture is one of the largest rubber plantation 
area in China. Our study was carried out in the Xishuangbanna Tropical 
Botanical Garden (XTBG, 21◦55′39′′N, 101◦15′55′′E) in the southwest of 
Yunnan Province, China (Fig. 1). The present region is located in East 
Asian monsoon region, which receives tropical southern monsoons from 
the Indian Ocean (May to October) and continental dry air masses of 
subtropical origin for the remaining period (November to April). Hence, 
this area experiences a hot and humid rainy season from May to October 
and a cool and foggy dry season from November to April (Zhang, 1988). 
Climate data recorded by Xishuangbanna Station for Tropical Rainforest 
Ecosystem Studies showed that the average annual air temperature was 
21.6 ◦C, the mean relative humidity was 85% and the mean annual 
precipitation was 1487 mm from 1978 to 2018. Approximately 80–90% 
of the precipitation befallen in the rainy season, and only 10–20% of the 
precipitation befallen during the dry season. During the sampling period 
(2017–2018), the monthly mean air temperature was 22.6 ◦C, the 
relative humidity was 86%, and the total precipitation was 1626 mm. 
The monthly maximum and minimum air temperature mean values 
were 33.6 ◦C (May 2017) and 11.2 ◦C (February 2018), respectively. The 
study area is located at the junction of the Indian and Burmese plates of 
Gondwana and the Eurasian plate of Laurasia and experienced the ris-
ing/descending of the Himalayas, with the topography of the area 
comprising hills, slopes, and valleys (Zhu et al., 2008). The soil is 
developed from alluvial deposits derived from sandstone and features an 
ochric A horizon and a cambic B horizon with ferralic properties (Vogel 
et al., 1995; Liu et al., 2015). 

These experimental sites belong to a long-term observation station 
established for ecological research by Xishuangbanna Station for Trop-
ical Rainforest Ecosystem Studies. The study sites map and their com-
munity illustration is given in Fig. 1. The topographical characteristics, 
such as elevation and slope of these sites, are comparable. Rubber trees 
(clone PB86) at RM site were planted in 1990. Farmers feed N–P–K 
synthetic fertilizers in middle October at a rate of ~200 kg ha− 1 per 
year. Rubber tapping activities are carried out at one-day intervals, from 
the last week of April to mid-November. The JR community was 
established in an aged rubber plantation (planted in 1962) and experi-
enced natural vegetation succession for ten years. TRF is natural vege-
tation in Xishuangbanna commonly occurs in the humid valleys, low- 
altitude lands and low hills. The community structure of TRF is more 
complex compared to RM and JR. The information about plant species 
composition of all study sites is shown in Supplementary Table A1 and 
A2. There was no fertilizers application in JR and TRF. We conducted 
soil sampling for nutrient measurements in November 2017 (early dry 
season, fruit ripening of rubber trees), January (middle of the dry sea-
son, dormant stage of rubber trees), February (middle of the dry season, 
rubber trees with no leaves), and March 2018 (late dry season, leaf 
expansion of rubber trees) from three study sites. 
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2.2. Soil physico-chemical properties measurement 

We carried out the measurement of soil physical properties for one 
single time because they would generally remain stable for a short 
period (Rezaei and Gilkes, 2005). The bulk soil was collected via 
pre-weighed (Wecc) metal cutting cylinders (volume: 200 cm3) from 
each study site. Soil sampling was carried out during a non-rainy period 
for at least one week. The soil was sampled at six unequal soil profiles (i. 
e., 0–5, 5–15, 15–30, 30–50, 50–75, 75–105 cm) in four randomly 
chosen plots. In the laboratory, the cutting cylinders containing bulk soil 
were weighed Wwscc (g). The samples were then placed in a flat bowl 
filled with water to the top border of the cutting cylinders. After im-
mersion for 24 h, the cutting cylinders were removed from the water for 
immediate weighed (Wswc, g). Then, the cutting cylinders containing 
saturated soil were put on a dry sand layer, and the cutting cylinders 
were weighed after 2 h and 5 d, respectively (W2hcc, W5dcc, g). Finally, 

the cutting cylinders were weighed after drying in an oven for at least for 
48 h at 105 ◦C to a constant weight (Wdscc, g). The soil water content (%), 
bulk density (g cm− 3), three-phase ratio, soil water holding capacities 
(%) (e.g., saturated water capacity, capillary water capacity, and field 
capacity), and soil porosity (%) (e.g., non-capillary porosity, capillary 
capacity and total porosity) were determined by the following formulas 
(Chen, 2005): 

Soil  Water  Content(%)=
Wwscc(g) − Wdscc(g)
Wdscc(g) − Wecc(g)

× 100% (1)  

Bulk  Density  (g  cm− 3)=
Wwscc(g) − Wdscc(g)

200(cm3)
(2)  

Saturated  water  capacity(%)=
Wswc(g) − Wdscc(g)
Wdscc(g) − Wecc(g)

× 100% (3)  

Capillary  water  capacity(%)=
W2hcc(g) − Wdscc(g)
Wdscc(g) − Wecc(g)

× 100% (4)  

Field  Capacity(%)=
W5dcc(g) − Wdscc(g)
Wdscc(g) − Wecc(g)

× 100% (5)  

Capillary  Porosity(%)=Capillary  Water  Capasity(%)

× Bulk  Density(g  cm− 3) × 100% (6)     

Total  Porosity(%)=Capillary  Porosity(%) + Non

− Capillary  Porosity(%) (8)  

Solid  Phase(%)= 1 − Total  Porosity(%) (9)  

Gas  Phase(%)=Total  Porosity(%) − Soil  Water  Content(%) (10)  

Fig. 1. Location, land uses and land cover map of different study sites. Study sites are RM: rubber monoculture, JR: jungle rubber, TRF: tropical rainforest.  

Non − capillary  Porosity(%)=
Saturated  Water  Capacity(%) − Capillary  Water  Capacity(%)

Bulk  Density(g  cm− 3)
× 100% (7)   
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Three − Phase  Ratio= Solid  Phase : Soil  Water  Content : Gas  Phase
(11) 

For the soil chemical properties measurement, we collected soil 
profile samples from four random plots via a manual soil auger (inner 
diameter: 4 cm). Further, we homogenize each soil sample by manually 
removing roots, earthworms, detritus, and large plant residues. Soil 
samples were air dried, grind to pass through a 0.6 mm mesh sieve, and 
stored in air-tight zip-loc bags for further analysis. Soil pH was deter-
mined from a 1:5 mixture of soil and deionized water using a digital pH 
meter (FE28, Mettler Toledo; Switzerland). A part of the 1:5 soil-water 
mixture was filtered to determine the soil EC (μs cm− 1) from a clear 
solution using a conductivity meter (DDS–307 A, INESA; China). For soil 
nutrients measurement, soil samples were oven-dried at 65 ◦C until 
constant weight, pass through a 0.15 mm mesh sieve, and stored sepa-
rately in zip-lock bags for further measurement. 

Soil total C and N (g kg− 1) were measured using an elemental 
analyzer (vario MAX CN; Elementar Analysen systeme GmbH; Hanau, 
Germany). Soil total P, K, Ca, and Mg concentrations (g kg− 1) were 
measured by inductively coupled plasma-atomic emission spectrometry 
(iCAP6300, Thermo Fisher Scientific; Waltham, MA, USA) after the 
samples were pre-digested with HNO3–HF–HClO4 in the graphite 
furnace (DEENA II, Thomas Cain; USA). The digested solution was 
transferred into a 50 ml volumetric flask, brought to volume by ultra-
pure water, and stored in a 4 ◦C refrigerator for at least 12 h. All 
elemental analyses were conducted in the central laboratory, XTBG. 

2.3. Statistical analyses 

All the data are expressed with mean value ± standard deviation. The 
data were tested for normal distribution before analysis. Where needed, 
the data were log-transformation to meet normal distribution. One-way 
analysis of variance (ANOVA, p < 0.05) coupled with the least signifi-
cant difference (LSD) test was carried out to identify the significant 
differences in the soil physico-chemical properties among study sites at 
each sampling depth. The effects of time, depth, and site on soil physico- 
chemical properties at each study site were analyzed using general 
linear models (GLMs), and significant effects were tested at p < 0.05, p 
< 0.01, and p < 0.001, respectively. All the above analyses were per-
formed in SPSS 25 (IBM Inc. Chicago, USA). 

The stoichiometric ratios of chemical elements (mainly for C, N and 
P) were calculated to further understand the relationships between the 
soil nutrients and related nutrient limitation. In addition, the stan-
dardized major axis regression (SMA) was used for fitting bivariate lines 
to examine the covariation in soil C, N and P. For allometric relation-
ships, the observed variables (y, x) are assumed related to the equation: 
Y = αXb. This equation becomes linear after log-transformation: 

log Y = log α+ b log X (12)  

where coefficient log α is the intercept and exponent b is the regression 
slope of the line, the X and Y are the different soil nutrients (e.g., soil 
total C and N). When the slope b did not significantly differ from 1, the 
relationship of X to Y was described as isometric; otherwise, regarded as 
allometric. When b > 1, it is assumed that the linear variation in Y is 
faster than X. Whereas b < 1 indicates the linear variation in X is faster 
than Y. Allometric relationships among soil total C, N, and P concen-
trations were calculated using the package ‘smatr’ in R 4.0 (Warton and 
Weber, 2002). 

3. Results 

3.1. Changes of soil physical properties 

Soil physical properties varied significantly among different study 
site in all soil layers (p < 0.05; Table A1, Table 1). The mean soil water 

content was the highest in TRF, followed by RM and JR. This difference 
was most obvious for 0–5 cm soil layer, which increased by 60% and 
30% for TRF and JR, respectively (Fig. 2a). In the 0–5 cm soil layer, the 
decreasing order of soil BD was JR > RM > TRF; while for the deeper soil 
layers, the decreasing order was RM > TRF > JR. The mean soil bulk 
density was lowest in the JR, followed by TRF, and highest in the RM (p 
< 0.05; Table A1, Fig. 2b). In the case of soil porosity, JR increased soil 
non-capillary porosity compared to RM by 33%, and TRF has trebled soil 
non-capillary porosity compared to RM (p < 0.05). The minimum total 
soil porosity was observed in JR, followed by RM and TRF (p < 0.05). 
For profile variations, we found soil total porosity for the 0–30 cm was 
lower in JR, but higher for the deeper soil layers, compared to those 
observed in RM (Fig. 2d–f). JR also improved the soil water capacities (e. 
g., saturated water capacity, field capacity) compared to RM (p < 0.05; 
Table A1), especially for soil layers deeper than 5 cm. However, the 
highest values of soil water capacities, especially for top soil layer (0–5 
cm), were found in TRF compared to RM and JR (p < 0.05; Table A1). 

3.2. Soil pH and EC 

Soil pH showed significant differences with land-use change, and 
increased in the order of JR < RM < TRF (p < 0.05; Table 2, Fig. 3a). Soil 
pH was also influenced by soil depth (p < 0.05; Table 2), and it pre-
cipitously decreased with increasing the soil depth. The soil EC also 
decreased with increasing soil depth like pH, irrespective of treatments 
(Table A3). However, the EC values among the treatments were highest 
in RM followed by JR and TRF. The EC values did not differ between JR 
and TRF (p > 0.05; Fig. 3b). Both the soil pH and EC decreased with 
increasing soil depth. The pH and EC values remained stable with the 
sampling time, except in RM where EC values differ with sampling time. 

3.3. Variations in soil nutrient concentrations 

The concentration of soil nutrients varied significantly with land-use 
change (p < 0.05; Table 2, Fig. 4). The concentrations of soil total C in JR 
and TRF significantly higher by 39% and 38%, respectively, relative to 
those in RM (p < 0.05; Fig. 4a and b). The JR and TRF also exhibited 
higher total N values by 32% and 38%, respectively, compared to RM (p 
< 0.05). The soil total C and N had the same variation trend with 
sampling time. Both the parameters did not differ with sampling time for 
any treatments except JR where soil total C and N values were higher in 
February than the other three months (Fig. 4 a). The order of variation of 
soil total C and N with sampling time was the same for JR and RM; 

Table 1 
Results of a general linear model testing the effects of study sites (d.f. = 2) and 
soil depths (d.f. = 5) on soil physical properties.  

Tested effects Sites Depth Sites * Depth 

F 
values 

p 
values 

F 
values 

p 
values 

F 
values 

p 
values 

Soil water 
content (%) 

11.32 <0.001 5.42 <0.001 2.51 0.01 

Three-phase 
ratio 

8.89 <0.001 11.16 <0.001 3.88 <0.001 

Bulk density (g 
cm− 1) 

12.09 <0.001 30.47 <0.001 7.20 <0.001 

Saturated water 
capacity (%) 

0.43 0.65 36.81 <0.001 9.63 <0.001 

Capillary water 
capacity (%) 

2.07 0.14 18.69 <0.001 7.76 <0.001 

Field capacity 
(%) 

46.12 <0.001 0.64 0.67 4.50 <0.001 

Non-capillary 
porosity (%) 

7.82 <0.001 19.94 <0.001 4.90 <0.001 

Capillary 
porosity (%) 

26.08 <0.001 30.03 <0.001 4.13 <0.001 

Total porosity 
(%) 

16.42 <0.001 20.92 <0.001 1.71 0.10  
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February > January > November > March. However, TRF had a 
different decreasing trend than rubber treatments (JR and RM), with the 
lowest values appeared in February (Fig. 4 a, b). The highest total P 
concentrations appeared in February for JR and TRF, while the highest 
value in RM was in March. Except for these peak months, the remaining 
months of sampling showed no differences for P in all treatments. The 
soil total Ca showed the same temporal high peaks among the treatments 
observed for total P (February for JR and TRF, and March for RM), with a 
more evident variation among other sampling months (p < 0.05; Fig. 4c, 
e). 

The soil total Mg concentration varied with the land-use change, 
with the highest values observed in TRF, followed by JR and RM (p <
0.001; Fig. 4f). The soil total Mg concentration was highest in November 
between sampling months in all land uses, and the lowest was during 

February in JR and TRF and during March in RM. The rest of the period 
of sampling was mainly showing similar Mg values in all land uses. The 
soil total K concentration also varied with land-use change, with the 
higher values were found in RM followed by TRF and JR (p < 0.001; 
Fig. 4d). Among the sampling months, the total K values were highest 
during November in RM and TRF, and during February in JR. However, 
the lowest total K was found during February in RM and TRF, and during 
January in JR. The rest of the periods of sampling were showing mainly 
a similar range in all land uses. 

The soil nutrient concentrations were also significantly affected by 
soil depth, except for total Ca concentration (p < 0.05; Table 2). The 
total C, N, and P concentration decreased with increasing soil depth (p <
0.05; Table A4). The greatest extent of variation appeared in 0–5 and 
5–15 cm soil layers, with the total C, N, P, concentrations decreased by 

Fig. 2. Profile variations in soil physical properties of different study sites. (a) Soil water content; (b) soil bulk density, (c) three phase ratio, (d) capillary porosity, (e) 
non-capillary porosity, (f) total porosity; (g) saturated water capacity, (h) capillary water capacity, (i) field capacity. Data are expressed as the mean ± SD (n = 4). 
Study sites are RM: rubber monoculture, JR: jungle rubber, TRF: tropical rainforest. 
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31–57%, 23–47%, and 17–47%, respectively. On the other hand, the 
values of total K and Mg increased with increasing soil depth (Table A4). 

3.4. Relationships among soil C–N–P in different land uses 

Land-use change also greatly influenced soil C–N–P stoichiometric 
ratios, on average, C/N and C/P were highest in JR, and N/P were 
highest in TRF. Soil N/P and C/P ratios in RM were always significantly 
lower than those in JR and TRF, and the soil C/N ratio decreased in the 
order of JR > RM > TRF (p < 0.05; Fig. 5). The decreasing order of soil 
N/P and C/P ratios among the sampling months in RM was February >
November > January > March, and in JR and TRF was March > January 
> November > February (Fig. 5b and c). The C/N ratio in TRF showed an 
increasing trend over sampling time, while there was no significant 
difference in RM and JR among different sampling times (p > 0.05; 
Table 2). The C/N ratio in TRF significantly varied with sampling time, 
with a decreasing order was March ≥ February > January > November. 
The C/N ratio did not differ between sampling time in the case of RM 
and JR (p > 0.05; Fig. 5a). The soil C–N–P stoichiometric ratios also 
varied with soil depth in all land uses. The soil C/N, N/P and C/P ratios 
gradually decreased from the surface to the deeper soil layer in all land 
uses (p < 0.05; Table A3, Table 2). 

In all land uses, the slopes of SMA regression for soil total C versus N 
were significantly lower than 1 (p < 0.001; Table 3), while for soil total 
N versus P, the slopes were larger than 1. For soil total C versus P, the 
slopes were lower than 1 in both RM and TRF, but higher than 1 in JR. 
All slopes of SMA regression for JR was higher compared to RM and TRF 
(p < 0.05; Table 3). 

4. Discussion 

4.1. Changes in soil physical properties 

Land-use change affects soil physical properties by directly or indi-
rectly changing the biological factors (e.g., species abundance, forest 
management practices, litterfall inputs) (Jiang et al., 2019; Li et al., 
2019). For example, an increase in species abundance would improve 
litterfall inputs and root distributions, and ultimately contribute to soil 
structure (Drewry, 2006; Zhu et al., 2019). Our results suggested that 
after ten years of natural succession, soil physical properties of JR 
improved. For example, compared to RM, soil bulk density was signifi-
cantly decreased, and soil non-capillary porosity was significantly 
increased in JR. These results probably appeared due to the presence of 
understory plants (i.e., tree saplings and shrubs) that improved plant 

Table 2 
Results of a general linear model testing the effects of soil depth and sampling time on soil chemical properties and its stoichiometric ratios (C/N, N/P, C/P) of each 
study site.  

Tested 
effects 

d. 
f. 

pH EC (μS 
cm− 1) 

Total C (g 
kg− 1) 

Total N (g 
kg− 1) 

Total P (g 
kg− 1) 

Total K (g 
kg− 1) 

Total Ca (g 
kg− 1) 

Total Mg (g 
kg− 1) 

C/N N/P C/P 

RM             
Depth 5 28.06*** 2.19 161.05*** 109.17*** 32.70*** 23.11*** 2.34 5.34*** 76.44*** 2.88* 36.62*** 
Time 3 19.19*** 47.98*** 5.57** 4.67** 66.54*** 222.93*** 23.82*** 516.14*** 2.04 114.92*** 116.65*** 
Depth * 

Time 
15 0.67 0.80 2.32** 1.56 2.41** 2.08* 0.96 3.71*** 1.54 2.54** 3.42*** 

JR             
Depth 5 4.48** 39.40*** 119.99*** 98.59*** 19.41*** 10.75*** 0.27 2.30 23.74*** 63.86*** 106.65*** 
Time 3 482.81*** 5.16* 34.03*** 35.02*** 135.16*** 257.01*** 126.10** 440.13*** 2.81 168.45*** 156.47*** 
Depth * 

Time 
15 3.69*** 5.20*** 21.41*** 13.40*** 16.71*** 1.19 0.97 4.94*** 2.26* 7.43*** 6.99*** 

TRF             
Depth 5 18.42*** 79.37*** 196.50*** 168.15*** 2.19 12.07*** 22.27*** 2.26 22.00*** 64.21*** 93.39*** 
Time 3 217.76*** 2.49 9.68*** 11.51*** 3.29* 404.05*** 58.71** 41.43*** 4.36** 47.95*** 33.61*** 
Depth * 

Time 
15 3.35*** 4.79*** 8.55*** 6.51*** 2.72** 0.99 5.14*** 0.56 1.32 7.01*** 5.98*** 

Study sites are RM: rubber monoculture, JR: jungle rubber, TRF: tropical rainforest. EC: electrical conductivity. 
*, **, and *** represent significant difference among the tested effects at p < 0.05, 0.01 and 0.001 level, respectively. 

Fig. 3. Seasonal variations in soil pH 
and electrical conductivity of different 
study sites. Data are expressed as the 
mean ± SD (n = 4). Bars with different 
lowercase letters indicate significant 
differences among sampling time (p <
0.05); if there were significant differ-
ences among study sites, the asterisk are 
marked in the bars (*, p < 0.05; **, p <
0.01; ***, p < 0.001), the tested method 
was one-way analysis of variance 
(ANOVA) followed by the least signifi-
cant difference (LSD) test. Study sites 
are RM: rubber monoculture, JR: jungle 
rubber, TRF: tropical rainforest.   
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litterfall inputs and root distribution in JR. Moreover, higher bulk 
density or soil compaction in RM, particularly in the surface soil layer 
(0–5 cm), likely resulted from the high-frequency tread by local farmers’ 
tapping and field management activities. (Fig. 2b; Rezaei and Gilkes, 
2005; Zaher et al., 2020). Non-capillary porosity is positively related to 
soil aeration (Gupta and Gupta, 1979), suggesting there are fewer spaces 
between soil particles in RM that do not favor root development, water 
retention, and nutrient stability. Compared to RM, the lower bulk den-
sity and higher non-capillary porosity in TRF are likely due to similar 
reasons associated with higher plant density and negligible anthropo-
genic disturbances. In agreement with these results, Chen et al. (2019) 
also found that the forest or agroforestry’s complex vegetation structure 
decreases soil bulk density and improves soil porosity and other physical 
properties. 

Soil is an integrated multiphase system that mainly consists of a 
solid, liquid, and gaseous phases that control the internal movements 

and storage of heat and flows, which affect plant roots development, 
edaphic environment and water infiltration (Horn et al., 1994; Wang 
et al., 2015a, 2015b). The soil three-phase ratio generally varied with 
the land-use change, with a higher value indicates a better soil structure 
(Wang et al., 2015a, 2015b). In our study, the transformation of RM to 
JR improved soil three-phase ratio, indicating soil in JR has a better 
structure (Fig. 1; Table A1). Land-use change also influence soil hy-
drological processes (Jiang et al., 2019). In this case, we found JR 
increased soil water holding capacities (e.g., saturated water capacity, 
field capacity) compared to RM, meaning that JR improves soil water 
availability. Besides, rubber trees develop a robust root system in which 
most feeder roots and taproot occur in the top 30 cm soil layer and grow 
horizontally. Thereby, rubber trees mainly depend on surface soil water 
(Priyadarshan, 2011) and preferably use it as found in a stable isotope 
study (Wu et al., 2017). Latex production by rubber trees leads to a large 
amount of soil water loss (Priyadarshan, 2011; Tan et al., 2011), 

Fig. 4. Seasonal variations in soil 
nutrient concentrations of different 
study sites. Data are expressed as the 
mean ± SD (n = 4). Bars with different 
lowercase letters indicate significant 
difference among sampling time (p <
0.05); if there were significant differ-
ences among study sites, the asterisks 
are marked in the bars (*, p < 0.05; **, 
p < 0.01; ***, p < 0.001), the tested 
method was one-way analysis of vari-
ance (ANOVA, p < 0.05) followed by 
the least significant difference (LSD) 
test. Study sites are RM: rubber mono-
culture, JR: jungle rubber, TRF: tropical 
rainforest.   
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possibly a reason for the result of lower soil water capacities (e.g., 
saturated water capacity, capillary water capacity, and field capacity) in 
JR and RM compared to TRF. 

4.2. Soil chemical properties 

Soil chemical properties as indicators of soil quality are sensitive to 
numerous environmental factors, including plant diversity and agricul-
ture management (Larreguy et al., 2017; Singh et al., 2020). In the 
present study, rubber cultivation influenced both soil acidity and 
salinity (Table 2). Soil pH is applied extensively as an index of soil 
acidification or alkalization (Slessarev et al., 2016). The alkaline soil is a 
characteristic feature of the arid climate and acidic ones of the humid 
region (Yang et al., 2015). In humid tropical areas, high mean air tem-
perature and abundant rainfall result in the accumulation of 
iron-aluminum oxides; additionally, soil weathering and leaching ac-
tivities are intense, and the biological materials cycling is fast. Thus, the 
soil is base unsaturated, and the pH value is generally in the acidic range 
4.5–6 (Slessarev et al., 2016). Our study sites are located in the south-
west tropical region of China, resulted in the pH values across the land 
use treatments were lower than 6. Moreover, the deposition of nitrogen 
and sulfur oxides also contribute to soil acidification (Alves et al., 2019). 
And to increase the productivity and resist powdery mildew of rubber 
trees, a large amount of compound fertilizer and the sulfur powder was 
applied in the rubber field (Liu et al., 2019; Zakari et al., 2020). These 
land management practices, together with the precipitation of nitrogen 
and sulfur oxides, contribute to soil acidification. (Alves et al., 2019). 
Therefore, the soil pH values were lower in JR and RM compared to TRF 
(Fig. 3). These results are consistent with those found by Liu et al. (2019) 
that the conversion of natural forest to rubber plantation accelerates soil 
acidification (Liu et al., 2019). In the case of soil salinity, EC is applied 
extensively as a relatively reliable indicator due to the strong positive 
correlation between soil EC and total soluble salt concentrations 
(Rhoades et al., 1989). According to previous researches, the EC of soil 
saturated paste extract >4000 μS cm− 1 can be defined as saline-alkali 
soil (Chhabra, 2004). In our study, there was no need for irrigation ac-
tivities due to the abundant rainfall. Thus, the soil in all study sites was 
not threatened by high salinity. 

We found significant differences in soil nutrients among three land 
uses, suggesting the present land-use change significantly influences soil 
nutrients (Table 2, Fig. 3). The previous researches demonstrated that a 
mixed agriculture ecosystem would increase concentrations and stocks 
of soil organic matter, C, and N compared to monoculture (Zhang et al., 
2013; Tesfaye et al., 2016), and hence these ecosystems has a positive 
impact on soil quality compared to monoculture ones. These results are 
attributed to the increases in plant species abundance, understory 
vegetation, litter input, root growth, and biomass production in the 
mixed agriculture system (Xiong et al., 2008). These interpretations are 
an explanation for our results of improvement in soil total C, and N 
concentrations following RM converted to JR (a mixture of jungle rub-
ber and commercial rubber) (Fig. 4a and b). However, RM exhibited the 
lowest soil total C and N concentration across the soil profile among the 
treatments, indicating RM cropping attributed to C and N loss due to 
decomposition and leaching. These results also proved that a mixed 
agriculture ecosystem could improve the soil nutrient supply (Blanco--
Moure et al., 2016). 

We found JR significantly improved concentration of other nutrients 
including soil total P, Ca, and Mg compared to those found in RM (Fig. 4 
c, e, f). The lower values of these nutrients in RM were likely due to 
lower plant density, uniform structure (a typical feature of mono-
culture), and lack of understory vegetation cover (Table A1, Table 2). 
Other researchers also demonstrated similar results. For instance, Liu 
et al. (2015) found lower plant density in RM increased rainfall drop 
kinetic energy and elevated soil erosion, which resulted in nutrient loss 
and worsened soil properties. Zhu et al. (2018) reported that RM 
exhibited adverse soil physical properties and accelerates surface runoff 
and sediment yield resulted in lower soil nutrients. 

Although previous studies indicated that soil nutrients concentration 
can be affected by land-use change, lots of studies mainly concerned the 
surface soil (Yu et al., 2018), while less attention has focused on the 

Fig. 5. Seasonal variations in soil C, N, P stoichiometric ratios of different study 
sites. Data are expressed as the mean ± SD (n = 4). Bars with different 
lowercase letters indicate significant difference among sampling time (p <
0.05); if there were significant differences among study sites, the asterisk are 
marked in the bars (*, p < 0.05; **, p < 0.01; ***, p < 0.001), the tested method 
was one-way analysis of variance (ANOVA, p < 0.05) followed by the least 
significant difference (LSD) test. Study sites are RM: rubber monoculture, JR: 
jungle rubber, TRF: tropical rainforest. 
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variations within soil profiles. Our results showed the concentrations of 
soil total C, N, and P decreased as soil depth increased (Table A.4). Since 
surface soil directly receives nutrients from the decomposition of plant 
and animal residue as well as fertilizer application, the higher propor-
tion of nutrients in topsoil layers compared to the deeper layers is 
possible. We found the soil total P values were relatively stable across 
the profile than those found for C and N. This could be either due to 
higher P leaching through the soil profile or due to its translocation from 
the P-rich soil to P-poor one by microorganisms (Zhang et al., 2005). The 
total K and Mg concentrations increased as soil sampling depth 
increased in all study sites, which may be the consequence of leaching 
activities due to high temperatures and precipitation in the study area 
(Laird et al., 2010). 

The temporal variation in soil nutrients appeared due to plant 
phenology, which influences the nutrient cycle by mediating plant 
nutrient uptake, litterfall, and biodiversity (Nord and Lynch, 2009). 
Moreover, the seasonal distribution of agronomic activities (e.g., rubber 
tapping and fertilizer application) also affect soil nutrients’ spatiotem-
poral variability (Dea et al., 2001). We can find such kind of temporal 
variation in our results, with the soil nutrients (total C, N, P, K, and Ca) 
in February (rubber trees with no leaf) were higher than other sampling 
time in JR. However, due to the frequent fertilizer application, there was 
less difference in soil nutrients between sampling times in RM. 

4.3. The relationships among soil C–N–P 

Soil C, N, and P are the hot topics for learning about global changes, 
the relationships and balance among soil C, N, and P were coupling in 
the ecosystem elemental cycles, so the variations in these soil nutrients 
relationship would influence the ecosystem cycles strongly (Ågren, 
2004; Cleveland and Liptzin, 2007). For instance, soil nutrients stoi-
chiometric ratios can be used to explore both the relative availability of 
soil nutrients for plants and the nutrient balance in ecological processes 
(Wang et al., 2020). It is also preferentially used as an indicator for 
assessing the response of soil nutrients to different land uses (Hobbie, 
2015). Land-use change affects soil C, N, and P stoichiometric ratios, and 
shape the cycling and availability of soil nutrients (Bouwman et al., 
2009; Vitousek et al., 1997a). We found RM has lower soil N/P and C/P 
ratios compared to JR and TRF, indicating N and P limitation in soils of 
RM (Fig. 5 b, c; Zhang et al., 2013). These results were due to the 
significantly lower soil total C and N concentrations in RM compared to 
JR and TRF, while the concentrations of soil total P did not significantly 
differ among RM, JR, and TRF (Fig. 5). This result also suggesting soils in 
RM are under organic matter deficit owing to lack of plant density, di-
versity, and litter availability, because plant diversity regulate nutrient 

use efficiency and availability (Liu et al., 2017). Moreover, plant di-
versity and density can also modify nutrient use efficiency and nutrients 
availability (Wang et al., 2015a, 2015b). However, higher plant density 
and species richness (including tree, shrub, and herb layers) lead to 
greater nutrients availability and nutrient balance in JR and TRF 
compared to RM (Table A1). Also, the insufficient supply of P can affect 
the N fixation process and lead to higher soil N/P ratios (Elser et al., 
2007; Peñuelas et al., 2012). However, during the dry season, a low P 
loss through leaching results in a higher soil P concentration (Zhang 
et al., 2005), attributed to the lower soil C/P and N/P ratios in February 
(Fig. 5). The similar soil C/N ratio between RM and TRF indicating that 
the accumulation rates of soil C and N were synchronous in RM and TRF. 
The comparable level of a higher positive correlation between the total C 
and N in these land use treatments are also corroborating this view. 
These findings also suggest that P is the primary limiting nutrients in our 
study sites. Therefore, it is essential to improve the P availability for 
sustainable functioning and productivity of rubber agroforestry eco-
systems (Brady and Weil, 2008; Yang et al., 2012). 

The allometric relationship of soil nutrients among different land 
uses can also reveal the relationships among soil nutrients (Legendre and 
Legendre, 2012). The results of SMA showed there are close relation-
ships among soil C, N, and P concentrations (p < 0.05 for all models; 
Table 3). The relationships between soil total C and N are allometric in 
all study sites that resulted in the significantly different slope of the 
models from 1 (Table 3). In RM and TRF treatments, soil total C varied 
fastest, followed by soil total P and N, while in JR, soil total P varied 
fastest, followed by soil total C and N. It indicates soil total N is the most 
stable nutrients in these study sites, and soil total P is the most volatile 
one. These results also indicate that soil in JR adjusted the P cycling 
process to acquire the P for plant growth and development, and it re-
flects a higher turnover efficiency of P in JR (Johnson et al., 2003). 

5. Conclusion 

This study found that soil physical properties, nutrient concentra-
tions and nutrients relationships could be influenced significantly by 
land-use change. The conversion of TRF to RM resulted in severe soil 
degradation, with decreased soil water capacities and soil porosities, 
and increases in soil bulk density, and soil acidification. The soil nutri-
ents, including total C, N, P, Ca, and Mg concentrations, were also 
reduced in RM compared to TRF across the vertical soil profile. On the 
other hand, the conversion of RM to JR resulted in the improvement of 
soil properties. The concentration of total C, N, P, Ca, and Mg concen-
trations were significantly improved with JR. Moreover, JR also 
improved soil P turnover efficiency and hence improved soil nutrient 

Table 3 
Summary of standardized major axis (SMA) regression analysis of log10-transformed soil total C, N and P concentrations.  

Study site Variable  n Intercept (95% CI) Slope (95% CI) R2 p values  

x y  

RM T.C T.N 96 − 0.63 (− 0.65, − 0.61) 0.69 (0.66, 0.71) 0.97 <0.001 *** 
JR T.C T.N 96 − 0.73 (− 0.77, − 0.70) 0.80 (0.77, 0.84) 0.95 <0.001 *** 
TRF T.C T.N 96 − 0.69 (− 0.74, − 0.65) 0.78 (0.75, 0.83) 0.94 <0.001 ***  

RM T.C T.P 96 − 1.14 (− 1.27, − 1.01) 0.83 (0.70, 0.98) 0.32 <0.001 * 
JR T.C T.P 96 − 1.48 (− 1.68, − 1.28) 1.11 (0.93, 1.31) 0.28 <0.001 NS 
TRF T.C T.P 96 − 1.20 (− 1.37, − 1.02) 0.84 (0.69, 1.01) 0.09 0.003 NS  

RM T.N T.P 96 − 0.37 (− 0.41, − 0.34) 1.21 (1.02, 1.43) 0.30 <0.001 * 
JR T.N T.P 96 − 0.46 (− 0.41, − 0.34) 1.38 (1.17, 1.62) 0.35 <0.001 *** 
TRF T.N T.P 96 − 0.46 (− 0.51, − 0.41) 1.07 (0.88, 1.29) 0.12 0.001 NS 

Study sites are RM: rubber monoculture, JR: jungle rubber, TRF: tropical rainforest. N: number of soil samples in each study site; R2: coefficient of determination; p: 
significance level. 
For all the nutrient relationships, the bivariate relationship was significant (p < 0.05). *, **, and *** represent significant difference between the slope and 1 at p <
0.05, 0.01 and 0.001 level, respectively. NS represent no significant difference between the slope and 1. All soil nutrients concentration data were transformed into a 
log-log scale. 
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cycle. These land-use change also altered the C–N–P stoichiometric 
ratio, with P was the primary limiting nutrient. It suggests that more 
attention should be paid to improve P availability in the present region. 

Thereby, constructing JR would be a practical way to restore soil 
degradation caused by monoculture rubber plantations effectively. This 
approach will also prove useful in expanding our understanding of the 
sustainable management of existing aged monoculture rubber planta-
tions economically. 
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