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• Mean plant species richness of rubber
plantations across countries is ~25 to
~42.

• New rubber plantation mainly come from
cropland, old rubber plantation, and forest.

• Plant species halved from forest to rubber
but doubled when converted from crop-
land.

• Most rubber plantations can maintain
plant diversity in a 30-year rotation.

• Rubber expansion leads to 7.29 % species
loss considering diverse land conversions.
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Understanding the status and changes of plant diversity in rubber (Hevea brasiliensis) plantations is essential for sustain-
able plantation management in the context of rapid rubber expansion in the tropics, but remains very limited at the
continental scale. In this study, we investigated plant diversity from 10-meter quadrats in 240 different rubber planta-
tions in the six countries of the Great Mekong Subregion (GMS)—where nearly half of the world's rubber plantations
are located—and analyzed the influence of original land cover types and stand age on plant diversity using Landsat and
Sentinel-2 satellite imagery since the late 1980s. The results indicate that the average plant species richness of rubber
plantations is 28.69±7.35 (1061 species in total, of which 11.22% are invasive), approximating half the species rich-
ness of tropical forests but roughly double that of the intensively managed croplands. Time-series satellite imagery
analysis revealed that rubber plantations were primarily established in place of cropland (RPC, 37.72 %), old rubber
plantations (RPORP, 27.63 %), and tropical forests (RPTF, 24.12 %). Plant species richness in RPTF (34.02 ± 7.62)
was significantly (p < 0.001) higher than that in RPORP (26.41 ± 7.02) and RPC (26.34 ± 5.37). More importantly,
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species richness can bemaintained for the duration of the 30-year economic cycle, and the number of invasive species
decreases as the stand ages. Given diverse land conversions and changes in stand age, the total loss of species richness
due to rapid rubber expansion in the GMS was 7.29 %, which is far below the traditional estimates that only consider
tropical forest conversion. In general, maintaining higher species richness at the earliest stages of cultivation has sig-
nificant implications for biodiversity conservation in rubber plantations.
1. Introduction

Natural rubber, obtained mainly from the rubber tree (Hevea brasiliensis
Muell. Arg) native to the Amazon basin and having an economic cycle of
about 30 years, is a valuable commodity worldwide. Rapidly growing de-
mand for natural rubber has led to a dramatic expansion of rubber planta-
tions in the tropics in recent decades, particularly in biodiversity hotspots
such as the GreatMekong Subregion (GMS), where about half of theworld's
rubber acreage is located (ANRPC, 2021). The Food and Agriculture Orga-
nization of the United Nations (FAO) reported that the area of rubber plan-
tations in the GMS countries increased from 2.1 million hectares in 1990 to
2.5 million hectares in 2000, 3.7 million hectares in 2010, and 6.17 mil-
lion hectares in 2019 (Fig. S1). It has been reported that rubber plantations
in the GMS have expanded primarily in potentially suboptimal environ-
ments in nontraditional growing regions (Li and Fox, 2012; Chen et al.,
2016).

Rubber plantations are often established in place of tropical forests and
are therefore considered a major cause of deforestation and biodiversity
loss in the tropics (Sodhi et al., 2010; Warren-Thomas et al., 2015;
Hughes, 2017; Warren-Thomas et al., 2018; Grogan et al., 2019; Grass
et al., 2020; Wang et al., 2020; Feng et al., 2021). Approximately 30 % of
rubber plantations in Sumatra, Indonesia's largest natural rubber producer
and one of the most deforested tropical hotspots, were established through
tropical forest destruction between 1990 and 2013 (Grass et al., 2020). Be-
tween 2001 and 2015, 23.2% of Cambodia's cleared forests were converted
to rubber plantations (Grogan et al., 2019). Due to their high ecological and
economic value, tropical forests, particularly tropical rainforests, are fre-
quently used as comparators in studies of biodiversity loss caused by the ex-
pansion of rubber plantations. As a key component of biodiversity, plant
diversity serves important ecological functions (Blicharska et al., 2019;
Schaub et al., 2020; Wan et al., 2020; Chen et al., 2021; Furey and
Tilman, 2021), and numerous studies have been conducted on rubber plan-
tations (Lawrence, 1996; Beukema and van Noordwijk, 2004; Beukema
et al., 2007; Katja et al., 2017; Lan et al., 2017). In China, a field survey
of 120 plots at 10 × 10 m quadrats in rubber plantations revealed 916
plant species belonging to 539 genera and 144 families (Chen et al.,
2019). However, the distribution ratio of common plants such as
Gramineae and Rubiaceae is much higher than in tropical forests, and inva-
sive alien plants are relatively severe in hilly rubber plantations (Gong
et al., 2022). In Jambi Province, Indonesia, eight monoculture rubber plan-
tations contained 230 vascular plant species, far fewer than jungle rubber
plantations (652) and tropical rainforests (963) of the same plot size in
(Katja et al., 2017). The majority of studies indicate that plant diversity in
rubber plantations—whether in the form of alpha, beta, or gamma diver-
sity—is significantly lower than in tropical rainforests, and that between
33 % and 76 % of plant species were lost when tropical rainforests were
converted to monoculture rubber plantations (Alkemade et al., 2013;
Katja et al., 2017; Singh et al., 2021). However, the spatial scale of the
aforementioned studies on plant diversity in rubber plantations is quite
small, i.e., less than or at county scale. The studies in China are relatively
complete (Chen et al., 2019), whereas large-scale studies in Southeast
Asia, the primary producing region of global natural rubber, are still very
scarce. In addition, because the sampling methods of existing studies vary
widely, it is difficult to combine them for a comprehensive assessment, so
there is still a lack of knowledge regarding the status of plant diversity in
rubber plantations at the continental scale.

A scientific and objective assessment of the impact of rubber plantation
expansion on plant diversity in recent decades is critical for both rubber
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practitioners and the scientific community (Häuser, 2015; He and Martin,
2015; Singh et al., 2021). This requires a combination of many factors,
such as understanding the effects of land conversion and changes in plant
diversity with the stand age of rubber plantations (Gerstner et al., 2014;
Jung et al., 2019). The status of plant diversity is most likely directly tied
to the diversity of rubber plantations prior to their development, and is
greatly influenced by the original land cover type (Ziegler et al., 2009;
Wang et al., 2022). It is vital to understand the cost of plant diversity loss
following conversion of tropical rainforests to rubber plantations
(Kusuma et al., 2018), but assessment is susceptible to bias if conversion
of other land cover to rubber plantations is overlooked. This bias can easily
make rubber a detrimental crop, even though it provides an indispensable
industrial rawmaterial (Ziegler et al., 2009; Tan et al., 2011). In fact, rubber
plantations have diverse land sources besides tropical forests, such as old
rubber plantations and cropland (Chen et al., 2018; Hurni and Fox, 2018;
Vrignon-Brenas et al., 2019). In regions where rubber has been cultivated
for a long time, rubber plantations often continue even after the old rubber
plantations have been cleared (Grass et al., 2020). According to a compre-
hensive study in Hainan Island, the second largest rubber-producing prov-
ince in China, old rubber plantations were the largest source of new
rubber plantations, followed by croplands and tropical forests (Chen
et al., 2018). After rubber prices increased dramatically tenfold in the
2000s (Grogan et al., 2019), large amounts of cropland such as cassava
and sugarcane plantations were converted to rubber plantations
(Peerawat et al., 2018; Grass et al., 2020). Although rubber plantations
have substantially less plant diversity than tropical forests, a number of
studies indicate that it is significantly higher than intensively managed
croplands and somewhat superior to some perennial plantations, such as
oil palm and eucalyptus (Koh and Wilcove, 2008; Xiang et al., 2012; Xing
et al., 2012; Botha et al., 2015). In addition, whether plant diversity can
be maintained over the economic cycle (approximately 30 years) is a
critical consideration in evaluating the impact of rapid expansion on plant
diversity. In Thailand, for example, aging rubber plantations had a
greater impact on soil biodiversity than land-use conversion, and most
biotic parameters, composition, abundance, and activity levels changed sig-
nificantly seven years after plantations establishment (e.g., old rubber plan-
tations harbored the highest microbial and macrofaunal biomass)
(Peerawat et al., 2018). Unfortunately, in addition to the widespread con-
cern about plant diversity loss following conversion of tropical forests to
rubber plantations, there have been very few studies on the conversion of
other land types to rubber plantations and how plant diversity changes as
rubber stands age, let alone large-scale, comprehensive studies.

In 2018, we conducted extensive field surveys in the GMS and collected
data on plant diversity in 240 rubber plantations with varying stand ages.
Using dense time series of satellite imagery from Landsat and Sentinel-2
since the late 1980s, wewere able to determine the date of rubber plantation
establishment (relative to stand age) and land cover types prior to plantation
establishment (Gorelick et al., 2017; Chen et al., 2018; Tamiminia et al.,
2020), allowing us to more comprehensively assess the impact of rapid ex-
pansion on plant diversity. In this study, we aim to address the following ob-
jectives: 1) what is the current extent and status of plant diversity in rubber
plantations, 2) how do the different original land cover types affect plant di-
versity in rubber plantations and how does it change with stand age, and
3) to what extent has the rapid expansion of rubber plantations affected
plant diversity in the area, given the multiple conversions of land types
and changes in plant diversity with stand age? Understanding the status of
plant diversity and the effects of varied land use histories on plant diversity
in rubber plantations has important implications for management.
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2. Materials and methods

2.1. Study region

The GMS comprises six countries—Cambodia, the People's Republic of
China (particularly, Yunnan Province and the Guangxi Zhuang Autono-
mous Region), Lao People's Democratic Republic (referred to as Laos),
Myanmar, Thailand, and Vietnam—that share Southeast Asia's longest
river, the Mekong (Fig. 1a). From its estuary in southern Vietnam to the
northern boundary of the study region in China, the region features a com-
plicated landform and considerable elevation changes, ranging from 0 to
about 4000 m above sea level. The northwestern part of Thailand, the
central portion of Vietnam, and the eastern parts of Myanmar, Laos, and
Yunnan in China are essentially mountainous, with elevations around
1000 m above sea level. The remaining regions are mostly plains, low-
lying, and relatively flat. Large geographical and topographic variations
within the GMS inevitably result in vast climatic variations. The average an-
nual rainfall ranges from about 500 mm in central Myanmar to about
3500 mm in some coastal regions (Chen et al., 2017). The GMS is a global
biodiversity hotspot and currently hosts nearly half of the world's rubber
plantations (Golbon et al., 2018). According to the Association of Natural
Rubber Producing Countries (ANRPC), the harvest area under rubber cultiva-
tion in Thailand at the end of 2019 was 3.5 million hectares, followed by
China, Vietnam, Myanmar, Cambodia, and Laos, with a gradual decrease
from 1.16 to ~0.28 million hectares (ANRPC, 2021). Due to the rapid in-
crease in the price of natural rubber, rubber plantations have expanded rap-
idly in all countries in this region since the early 2000s, with the total harvest
area increasing from 2.5 million hectares in 2000 to 6.17 million hectares in
2019 (excluding Laos, for which data are unavailable) (Fig. S1).
Fig. 1. Study area: (a) sampled rubber plantations, (b) number of sampled rubber planta
plantations. The RPC, RPTF, RPORP, and RPU in figure (c) are rubber plantations converte
respectively. CDF is cumulative distribution function.
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2.2. Data and processing

2.2.1. Field data
Between April and November 2018, fieldwork was undertaken in

Cambodia, Vietnam, Laos, Thailand, andMyanmar, while sampling in Yun-
nan Province occurred between July and October 2016 (no sampling was
conducted in Guangxi, where there are almost no rubber plantations).
The field survey area and routes were planned in advance under the guid-
ance of staff from these national rubber research institutes who were
knowledgeable with rubber distribution and covered most of the rubber
plantation regions in these countries. In general, the number of samples
in each countrywas determined by the overall area (Fig. S1) and spatial dis-
tribution (e.g., degree of concentration) of rubber plantations. Rubber plan-
tations of varying ages were chosen at random for examination with the aid
of these collaborators and very high resolution (VHR) Google Earth satellite
imagery that was dynamically screened with smartphones. The name and
areal extent (as determined by field estimations) of each species were re-
corded, and photographs of each species were taken in an area of 100 m2

(10-m square) at a minimum distance of 30 mwithin the plantation bound-
ary. Landscape photographs were taken in each plantation using a camera-
CASIO H20G with integrated Global Positioning System (GPS), and possi-
ble original land cover types (tropical forest or cropland; determined by
the plants remaining in the plantation and the different land covers in the
vicinity of the plantation) and stand age (estimated to our knowledge,
from tree size and height of the tapping scars on the trunk) were recorded.
This field data was utilized to validate and correct the stand age and
original land cover types of the rubber plantation, which had been automat-
ically interpreted from dense time-series satellite imagery using a machine
learning algorithm.
tions in different countries, and (c) stand age and original land cover types of rubber
d from cropland, tropical forests, old rubber plantations, and unknown land sources,
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In total, we surveyed 240 rubber plantations, with 73, 49, 47, 32, 24,
and 15 samples in Thailand, China, Myanmar, Vietnam, Cambodia, and
Laos, respectively (Fig. 1b). With the exception of Vietnam, the number
of samples in each country corresponds to the order of the rubber plantation
area. Because rubber plantations in Vietnam are more densely distributed
in the southern region, sampling is less extensive. Plants that were not rec-
ognized in the field were further identified by comparing field photos in the
laboratory with information on the websites of the Global Biodiversity In-
formation Facility (gbif.org) and Plant Plus of China (www.iplant.cn).
After careful laboratory matching with Google Earth VHR imagery, 12 rub-
ber plantations either had GPS coordinates inconsistent with their positions
in the satellite imagery examined, or the area or shape of the plantations
was not suitable for joint analysis with satellite imagery at 30m spatial res-
olution. Therefore, these sampled plantations were excluded from the de-
termination of stand age and original land cover types. However, they
were still useful for species richness and invasive species analysis.

Species richness (S) was recorded as the total number of species within
each plot. Shannon index (H′) and Shannon evenness index (J′) were calcu-
lated using Eqs. (1) and (2) for each plot (Pielou, 1975; Magrurran, 2004).

H′ ¼ � ∑
S

i¼1
pi ln pi (1)

J′ ¼ H′= ln Sð Þ (2)

where pi is the proportion (n/N) of individuals of one particular species
found (n) divided by the total number of individuals found (N), and S is spe-
cies richness.

2.2.2. Satellite imagery
Landsat 5/7/8Collection 1 top-of-atmosphere (TOA) reflectance data—

Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and
Operational Land Imager (OLI)—from the U.S. Geological Survey and
Sentinel-2 Level-1C Multispectral Instrument (MSI) TOA data from the
European Space Agency were used to determine the age and original land
cover type of the surveyed rubber plantations. All Landsat and Sentinel-2
satellite imagery since the late 1980s were used for the analysis, approxi-
mately 1500 tiles for each plantation. These images were available on the
Google Earth Engine (GEE) cloud computing platform and were processed
with high geometric accuracy to reduce radiometric uncertainties between
different acquisition dates and different sensors, such as ETM+ and OLI
(Gorelick et al., 2017).

Clouds and cloud shadows in the Landsat imagery were masked with
bitmasks generated from the associated quality assessment band using
widely used C Function of Mask (CFMask) algorithm (Zhu et al., 2015); in
the Sentinel-2 imagery, they were masked with cloud probability layers
generated by Google. Three vegetation indices commonly used in land-
use change monitoring, including normalized difference vegetation index
(NDVI) (Tucker, 1979), land surface water index (LSWI) (Gao, 1996; Xiao
et al., 2002), and normalized burn index (NBR) (Key and Benson, 1999),
were calculated using Eqs. (2), (3), and (4), respectively.

NDVI ¼ ρNIR � ρred
ρNIR þ ρred

(3)

LSWI ¼ ρNIR � ρSWIR1

ρNIR þ ρSWIR1
(4)

NBR ¼ ρNIR � ρSWIR2

ρNIR þ ρSWIR2
(5)

where ρred, ρNIR, ρSWIR1, and ρSWIR2 are red, near-infrared (NIR), shortwave
infrared band 1 (SWIR), and SWIR band 2 of the Landsat and Sentinel-2
(LS2) images, respectively.
4

2.2.3. Terrain data
The digital surface model (DSM), AW3D30 (v3.2), provided by the

Earth Observation Research Center, Japan Aerospace Exploration
Agency (JAXA), was used to investigate the topographic distribution
characteristics of the samples and explore the relationship between bio-
diversity and topography (Tadono et al., 2014). AW3D30 has a horizon-
tal resolution of approximately 30 m (1 arcsecond mesh size). Elevation
was obtained directly from AW3D30, and the corresponding slope was
calculated in GEE.

2.3. Algorithms and data analysis

2.3.1. Identifying stand age and original land cover types of rubber plantations
Stand age (relative to the year of plantation establishment) was deter-

mined from signatures of exposed topsoil (determined from annual mini-
mum LSWI values in images taken during rubber leaf greening season) at
plantation establishment and linear increase in canopy closure (determined
from annual average LSWI in images taken during rubber leaf greening sea-
son) that occurred during plantation maturation. LSWI time series prior to
plantation establishment were used to examine original land cover types
categorized as cropland (C), tropical forest (TF), old rubber plantation
(ORP), and unknown (U) when historical satellite imagery prior to conver-
sion was insufficient to determine original land cover types (Fig. 1c). A de-
tailed description of the algorithms used to determine stand age and
original land cover types is provided in our previous study (Chen et al.,
2018). To achieve higher accuracy, stand age and original land cover
types automatically determined by the algorithm were double conformed
or corrected for each sampled plantation by visual inspection of the follow-
ing data: 1) annual series of LSWI, NBR, and B5with average andminimum
values from 1987 to 2020 calculated from annual images taken during the
rubber tree greening season (mid-April to late November) (Fig. 2a & b),
2) annual series of LSWI and NBR with minimum values from 1987 to
2020 calculated from annual images obtained during the rubber tree leaf-
off and leaf-on seasons (January to mid-April) (Fig. 2c), 3) screenshots of
cloud-free images and the median composite image created from annual
images taken during rubber greening season (1987–2020) (Fig. 2d & e),
4) historical VHR images from Google Earth (Fig. 2f), and 5) landscape
photos embedded in GPS, stand age, and/or field-estimated original land
cover type (Fig. 2g).

2.3.2. Evaluating total plant diversity loss of rubber expansion
Data regarding the average plant richness of croplands and tropical for-

ests were collected from scholarly literature found on reputable databases
such as ScienceDirect, Web of Science, Google Scholar, and China National
Knowledge Infrastructure (CNKI). The search was conducted using the rel-
evant keywords “plant diversity” and “plant species richness” in the Topic/
Title/Keywords/Abstract sections, and further refined by including the key-
words “tropical/tropics” and “forest” or “cropland/crop/plantation”. It is
worth noting that few studies utilized the same plot size and methodology
as our study, particularly in context of tropical croplands. As a result, we
were limited to using data from studies that adopted the most similar ap-
proaches to ours for comparison purposes. To eliminate differences be-
tween regions, we try to confine the studies used for comparison in the
GMS, or in other regions but with larger area of rubber plantations near
the plots. Finally, seven forest plots from the Smithsonian Center for Trop-
ical Forest Science-Forest Global Earth Observatory (CTFS-ForestGEO)
(LaManna et al., 2017), with latitudes ranging from 2.22°S to 17.04°N
and average plant species richness spanning from 25.3 to 69.7 for each
plot, were used for comparison (Table S1). Plant species richness of CTFS-
ForestGEO was assessed using 20 × 20 m quadrats, but only trees were
considered. Plant species richness of croplands was derived from five typi-
cal croplands (pineapple, cassava, sugarcane, rice, or their rotations) in
Thailand, with plant species richness ranging from 9 to 18 for nested
10 × 10 m quadrats (Shrestha et al., 2010) (Table S2). Plant species rich-
ness in tropical forests and croplands was represented by the average values
of species richness in the abovementioned tropical forests and cropland

http://gbif.org


Fig. 2. Stand age and original land cover type of a rubber plantation near Kon Tum City, Vietnam (107.9150°E, 14.5854°N): a–c) time series of spectral indices, where a) and
b) are annualmean andminimumvalues of LSWI, NBR, and B5 in rubber greening season, and c) is annualminimumLSWI andNBR in rubber defoliation and foliation season,
respectively; d) and e) are annual cloud-free and median value composite imagery of the rubber plantation, respectively; f) Google satellite imagery, and g) a field photo.
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samples, respectively. Plant species richness in rubber plantations was
expressed by the average species richness of all sample plots in the GMS.
The loss of plant diversity due to the rapid expansion of rubber plantations
throughout the region was calculated using Eq. (5).

Sloss %ð Þ ¼
∑
N

i¼1
Si � SRPð Þpi

∑
N

i¼1
Sipi

� 100 (6)

where Sloss is the percent loss of species richness, pi is the percent of the ith

original land cover types converted to rubber plantation, Si is the plant spe-
cies richness of the ith land cover type, such as cropland or tropical forest,
SRP is the plant species richness of the rubber plantation, and N is the num-
ber of original land cover types. Although there is a short-term loss of plant
diversity when a rubber plantation is established (about one year), it re-
covers quickly and remains largely unchanged throughout its economic
cycle (i.e., over a 30-year period) unless severe land clearing for latex tap-
ping occurs. Therefore, we assume that the conversion of old rubber planta-
tions to new rubber plantations did not result in a loss of plant diversity.
Therefore, only the changes in RPTF and RPC were calculated when
assessing the ultimate loss of plant diversity.
5

2.3.3. Statistical analysis
Histograms were used to examine distribution patterns of plant diver-

sity for all sampled plantations, and violin diagrams were used to show dif-
ferences in biodiversity among countries. Descriptive statistics (minimum,
maximum, mean, and standard deviation) of species richness and Shannon
index were calculated with all samples, and their percentiles (e.g., 5th and
95th) were calculated grouped by country. Using agricolae (https://cran.r-
project.org/web/packages/agricolae/index.html)—an R package of statis-
tical procedures for agricultural research—to detect differences in plant
species richness and Shannon index between different countries by least
significant difference (LSD) multiple comparisons (p < 0.05). Before apply-
ing an LSD test, the Shapiro-Wilk test revealed that the plant diversity data
were not normal distributed, so the Kruskal-Wallis test was performed to
determine whether there is a significant difference in species richness be-
tween these countries. The curve of cumulative species richness against
the number of plots was calculated. Similar analyzes were performed for
invasive plants.

The rubber plantations were divided into four groups with 10-year in-
crements in stand age (≤10, 11–20, 21–30, and≥30 years), roughly corre-
sponding to the young, middle-aged, old, and very old stages of rubber
plantations. Differences in plant richness among age groups were explored
by boxplots and examined by LSD multiple comparisons. The sample data
were also grouped by original land cover types, and the differences in

https://cran.r-project.org/web/packages/agricolae/index.html
https://cran.r-project.org/web/packages/agricolae/index.html
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plant species richness in each group were explored by boxplots and exam-
ined by LSD multiple comparisons. Relationships between plant richness
and stand age in each group of original land cover types was explored by
scatterplots with linear regression and correlation analysis. We conducted
a similar analysis for invasive plants, and added a comparative analysis of
the proportion of invasive plants at the plot level.

Geemap (https://geemap.org/), a Pythonpackage for interactivemapping
with GEE, was used to extract different time series of vegetation indices and
download the annual screenshots of satellite images for different sampling
plots (Wu, 2020). Scipy (https://scipy.org) was used for statistical analysis,
Matplotlib (https://matplotlib.org) and Seaborn (https://seaborn.pydata.org)
were used to plot various figures (Hunter, 2007; Waskom, 2021).

3. Results

3.1. The current extent and status of plant diversity in rubber plantations in the
GMS

Species richness of sampled rubber plantations in the GMS ranged from
12 to 53, with amean± standard deviation (SD) of 28.69±7.35 (Fig. 3a).
90 % of the rubber plantations had species richness >20 and 50 % had spe-
cies richness >28. The frequent distribution of species richness was slightly
left-skewed and varied widely among rubber plantations. The Shannon
index was slightly right-skewed, with a mean of 3.06 ± 0.32, and >90 %
of rubber plantations had a Shannon index >2.68 (Fig. S2a). The Shannon
evenness index ranged from 0.75 to 0.99, with a mean value of 0.92 and
about 50 % of them >0.93 (Fig. S3a). Plant diversity also varied greatly
among the six countries (Fig. 3b). The Kruskal-Wallis test showed that the
H statistic is 55.19 (p < 0.001). The average species richness in Laos was
much higher than (p < 0.001) the other countries, with a value of
42.27 ± 6.03. This was followed by Myanmar, China, and Cambodia
with an average species richness of 30.08 ± 4.58, 29.92 ± 8.22, and
28.33 ± 5.38, respectively. Thailand had an average species richness of
25.84 ± 5.47, while Vietnam had the lowest species richness of 25.19 ±
Fig. 3. Plant diversity of rubber plantations in the GMS at plot level: (a) histogram of a
invasive species richness, and (d) species-accumulation curves of all and invasive speci
estimation.
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6.82, with no significant differences in average species richness between
these two countries. Among the countries studied, rubber plantations in
China and Vietnam had the greatest variation in species richness, with a
range between the 5th and 95th percentiles of 25.60 and 23.35, respec-
tively, while the range for the other four countries was 13.00 (Myanmar)
to 17.60 (Laos). The Shannon index for the countries studied showed a sim-
ilar pattern to species richness, but the differences among the different
countries were slightly larger than species richness (Fig. S2b). The greatest
variation in the Shannon index was found in Vietnam, where the range be-
tween the 5th and 95th percentiles was 1.37, much higher (p < 0.001) than
in the other countries, which ranged from 0.61 (Myanmar) to 1.10 (China)
(Fig. S2b). The Shannon evenness index differed slightly among the differ-
ent countries. Myanmar had the highest average value of about 0.94,
followed by China, Laos, Cambodia, Thailand, and Vietnam. The Shannon
evenness indices of rubber plantations in Myanmar and China were signif-
icantly higher than those of Thailand and Vietnam (Fig. S3b).

Field investigations showed that most rubber plantations had varying
degrees of invasive plants. About 20 % of the sampled rubber plantations
had three (about 10 % of the average plot-level plants recorded) or fewer
invasive plants, and 50 % of the plantations had five (19.05 % of the aver-
age plot-level plants recorded, Fig. S4) or fewer species (Fig. 3c). The total
number of species observed initially increased rapidly as the number of
plots increased, exceeding 400 when the number of plots reached 50, and
reaching approximately 700 when the number of plots reached 100
(Fig. 3d). The increase in species number slowed significantly when the
number of plots exceeded 100. The total number of plant species we re-
corded in this region was 1061. A total of 119 invasive species were
found in rubber plantations in the GMS, accounting for 11.22 % of the
total species observed there (Fig. 3d).

3.2. Age structure and original land cover types of rubber plantations

Stand age was determined from all Landsat and Sentinel-2 time-series
satellite imagery since the late 1980s (about 1500 satellite images for
ll species richness, (b) species richness among different countries, (c) histogram of
es with observed data. CDF: Cumulative distribution function, KDE: Kernel density

https://geemap.org/
https://scipy.org
https://matplotlib.org
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each plantation surveyed). It was found that 50% of the rubber plantations
studied were <12 years old and 70 % were <15 years old (Fig. 1c). There
were very few rubber plantations around 20 years old. A total of 86 rubber
plantations were established on croplands (RPC), which accounted for
37.72 % of the total samples, followed by rubber plantations on old rubber
plantations (RPORP; 63 samples, 27.63 %), tropical forests (RPTF; 55
samples, 24.12 %), and unknown land cover types (RPU; 24 samples,
10.53 %), which could not be identified due to lack of historical satellite
imagery (Fig. 1c).

3.3. Variation of plant species richness with stand age

The results of long-term observations on fixed plots were not available,
so the species richness of rubber plantations of different ages was used to
assess this variation. The boxplot in Fig. 4a showed that plant species rich-
ness of rubber plantations was very stable throughout the economic cycle,
with very little decrease in species richness over 30 years. Species richness
of plantations <20 years old showed a relatively wide range of variation,
with interquartile ranges (IQR) much larger than those of rubber planta-
tions older than 20 years. The species richness of RPC and RPTF decreased
slightly with increasing stand age, while the species richness of RPORP re-
mained almost unchanged (Fig. 4b–d). The number of invasive species in
rubber plantations in the GMS decreased with increasing stand age, and
the slope of the linear fit was−0.27 (Fig. 5a). Compared to RPTF, the num-
ber of invasive plants in RPC and RPORP decreased more rapidly with
increasing stand age, and the slope of the linear fit was −0.49 (Fig. S5).

3.4. Evaluating the impacts of original land cover types and overall expansion

Variable plant diversity was observed in rubber plantations converted
from different land cover types (Fig. 6a). RPTF had the highest species rich-
ness with an average value of 34.02±7.62, whichwas significantly higher
(p < 0.001) than RPU (28.33 ± 6.78), RPORP (26.41 ± 7.02), and RPC
(26.34 ± 5.37), respectively. RPTF and RPORP had greater variation in
Fig. 4. Plant species richness of rubber plantations against stand age: a) all samples, b)
species richness of each sample plot, while the hanging bars, upper fence, lower fence
Q3 + 1.5 × IQR, Q1–1.5 × IQR, and the median value, where Q1 and Q3 are the first
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species richness than RPC and RPU, with IRQs of 11 and 9, respectively
(Fig. 6a). RPC had the highest average richness of invasive species
(5.79 ± 2.75), followed by RPORP (5.43 ± 2.49), RPTF (5.16 ± 1.94),
and RPU (4.83 ± 2.62), respectively (Fig. 5b). Although the number of in-
vasive species did not differ significantly, the proportions of total species
richness varied significantly. The average proportion of invasive species
in RPC and RPORP (22.36 ± 9.87 % and 21.38 ± 10.11 %, respectively)
was significantly higher (p < 0.001) than in RPU (16.65 ± 8.87 %) and
RPTF (15.78 ± 6.17 %) (Fig. 5c).

The average plant species richness of tropical forests and croplands
(e.g., cassava and sugarcane) at comparable levels from the literature re-
view was 55.14 ± 17.42 and 15.00 ± 3.41, respectively. The former was
significantly higher (p < 0.001) than the average plant species richness of
the studied rubber plantations in the GMS (28.42 ± 7.26, Fig. 6b), while
the latter was significantly lower (p < 0.001) than the studied rubber plan-
tation. Conversion of tropical forests to rubber plantations resulted in an av-
erage net loss of 26.72 plant species, representing a relative decline of
48.46%. In contrast, conversion of croplands to rubber plantations contrib-
uted to an average net increase in species richness of 13.42, corresponding
to a relative increase of 89.47 %. According to our study, 24.12 % of the
surveyed plantations were RPTF, while 37.72 % were RPC (Fig. 1c).
Disregarding the variation in species richness during the 30-year rotation
cycle (slight decrease, Fig. 4b–d) and the effects of RPU (loss cannot be cal-
culated), the total loss of species richness due to rubber plantation expan-
sion in the GMS, after netting net losses and net gains, was only 7.29 %,
which was 15.05 % of the estimated loss when the original land cover
types of rubber plantations were considered as tropical forests only.

4. Discussion

4.1. Plant diversity of rubber plantations in the GMS

Our quadrat survey, the most comprehensive survey of plant species in
rubber plantations in the GMS to date using a uniform survey method,
samples of RPC, c) samples of RPTF, and d) samples of RPORP. The dots denote the
, and line inside the box chart indicate the range of the data beyond the box, the
and third quartiles, respectively, and IQR is the interquartile range.



Fig. 5. Changes in invasive species against stand age of rubber plantations and comparison of invasive species between different original land cover types: a) invasive species
richness against stand age, b) invasive species richness against original land cover types, c) percentage of invasive plants against original land cover types. Themeaning of the
hanging bars, upper fence, lower fence and line inside the box chat is the same as in Fig. 4a.
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revealed that plant diversity in rubber plantations is at a moderate level
(mean species richness at 10 × 10 m quadrats was 28.42 ± 7.26 and the
total number of plants observed was 1061). It can serve as the first quanti-
tative basis for the current status of plant diversity in rubber plantations in
the GMS, sincemost previous plot-level studieswere unable to quantify and
compare the plant diversity status due to variable samplingmethods or plot
sizes (Katja et al., 2017; Adnan et al., 2020). A high Shannon Evenness
Index (closer to 0.92 on average, Fig. S3a) indicated that many species in
the rubber plantation occur at more-or-less similar frequencies on the
plot, corroborating earlier findings that a drop in management intensity
leads to reduced species evenness (Aavik et al., 2008; Reitalu et al.,
2009). Intensive human disturbance in rubber plantations presumably de-
creases the frequency of competitively dominating plant species, hence in-
creasing species evenness. Regarding plant diversity, numerous studies
have demonstrated, and we must acknowledge, that the plant diversity of
monoculture rubber plantations cannot be compared to that of tropical
rainforests (He and Martin, 2015; Katja et al., 2017; Kusuma et al., 2018).
Even rubber agroforest (or jungle rubber), which once covered >2 mil-
lion hectares in Indonesia but has virtually disappeared in the 21st century
due to low economic returns, can only be compared to tropical secondary
forests (Gouyon et al., 1993; Beukema et al., 2007; Grass et al., 2020).
Nonetheless, it is notable that the plant species richness of rubber planta-
tions in this region is typically double or more than that of croplands such
Fig. 6. Plant species richness of different land use types and effects of land use change
between tropical forests (TF), croplands (C), and rubber plantations (RP), and (c) chang
rubber plantations. Species richness of tropical forests and croplands were derived from
red dot line in (c) shows the estimated loss of plant species richness in the GMS due to
fence, lower fence and line inside the box chat a) is the same as in Fig. 4a, while th
references to color in this figure legend, the reader is referred to the web version of this
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as sugarcane, cassava, and pineapple plantations, and that they have a
much longer rotation period than these annual crops (Shrestha et al.,
2010). With population increase and economic development, cropland
has displaced a substantial amount of tropical forests and expanded to the
highlands (Zeng et al., 2018; Folberth et al., 2020; Yang et al., 2022), in-
creasing intensification (Egli et al., 2018), all of which poses a threat to bio-
diversity (Zabel et al., 2019). From a biodiversity conservation perspective,
converting tropical forests or intensified croplands to rubber plantations
with a 30-year economic life cycle is superior to converting forests to crop-
land or leaving cropland in its existing state (Peerawat et al., 2018).

There were two aspects that merited special consideration. First, rubber
plantations in some regions or countries had very low plant diversity (as
few as 12 plants). In Vietnam, for instance, the average species richness
was 25.19 ± 6.82, and >10 % of rubber plantations had species richness
of<15. At the time of the field visit, the analysis indicated that this was pri-
marily due to intensive agricultural management, such as the excessive use
of herbicides (Lan et al., 2022). Second, the plant invasion in rubber plan-
tations was serious. Even though invasive species comprised only
11.22 % of all species surveyed, the average proportion of invasive species
per plot reached 19.88 % (Fig. 3d). Previous study conducted in China's
Yunnan Province determined that hilly rubber plantations are also highly
invasive. There was a total of 82 invasive species discovered, 50 % of
which were intentionally introduced and classified as malignant or
: (a) rubber plantations converted from different land cover types, (b) comparison
es in plant species richness when tropical forests and croplands were converted to
the literature, and that of rubber plantations from field surveys in the GMS. The

the rapid expansion of rubber plantations. The meaning of the hanging bars, upper
e hanging bars in b) represent the standard deviation. (For interpretation of the
article.)
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extremely invasive (Gong et al., 2022). Similar results were discovered in
Europe, indicating that tree-plantations are hotspots for plant invasions in
landscapeswith heterogeneous land use (Csecserits et al., 2016). In general,
rubber plantations have an urgent need to strengthen plant diversity protec-
tion and invasive plant control.

4.2. The influence of stand age and original land cover type on plant diversity

Similar to a previous study on Hainan Island (Liu et al., 2006), we ob-
served a slight decline in plant species richness with stand age in all samples
examined in the rubber plantations of the GMS (Fig. 4). It was discovered
that the plant species richness of rubber plantations decreased gradually
over a period of 5 to 15 years, increased slowly up to the age of 25 years,
and then decreased slightly again, indicating a slight downward trend in
general. However, another study showed that the plant richness of old rub-
ber plantations (11 plots) was marginally greater than that of young rubber
plantations (10 plots), but the difference was not statistically significant
(Xing et al., 2012). This trend of change observed in the GMS also differs
from a global review of the impacts of tree plantations on the diversity of
flora, fauna and microorganisms from 1980 to 2020, which revealed that
the biodiversity of reforestation increases with the age of reforestation
(Wang et al., 2022). Reforestation includes the conversion of tropical for-
ests to rubber plantations or the continued cultivation of rubber in old rub-
ber plantations. Consequently, when we combine our observations with
those of previous studies such as cited above, we can assert that rubber
plantations can maintain or even increase plant diversity throughout their
30-year economic life cycle. Given the vast areas that rubber plantations
cover, the ability to preserve plant species diversity is very encouraging.
In mature rubber plantations, the high intensity of human interventions,
such as regular latex harvesting, can account for the slight decline in
plant richness with increasing stand age (Lan et al., 2017; Adnan et al.,
2020). Average species richness and IQR were also relatively high in
young plantations <10 years old (Fig. 4a), which can be explained by can-
opy characteristics, original land cover types, and human interventions
(Hougni et al., 2018). The open canopy of young plantations promotes
plant growth, and different land cover types result in different-size seed
banks, but intercropping in some young plantations and production man-
agement (e.g., weeding and fertilizing) would reduce plant species richness
to some extent (Chen et al., 2018; Jung et al., 2019; Lan et al., 2022). More-
over, the species richness of invasive plants decreasedwith increasing stand
age, and the decline rate during the economic cycle was faster than that of
total species richness (Figs. 5a & S5), indicating that the plant community
of rubber plantations is evolving toward a higher quality. In general, the
pursuit of higher species richness in the early cultivation phase has a signif-
icant impact on the maintenance of plant diversity throughout the eco-
nomic cycle in rubber plantations.

It was discovered that the plant diversity of rubber plantations is closely
related to the original land cover types. As anticipated, RPTF had the highest
species richness, as large number of seed banks in tropical forests canmain-
tain a high level of plant diversity (Yang et al., 2021). However, we also dis-
covered that plant species richness was below 30 at some RPTF, resulting in
a higher IQR compared to RPORP andRPC. Analysis revealed that these RPTF
sites were distributed in areas with much lower elevation and slope (about
110m average elevation and 7° average slope) than rubber plantationswith
plant richness exceeding 30 (average elevation of about 360m and slope of
about 13°; Fig. S6). Due to favorable geographic conditions, these RPTF are
more susceptible to human interventions, such as intercropping with cas-
sava at immature stage (Xing et al., 2012; Hougni et al., 2018). Additional
analysis confirmed that 50% of these plantations were<9.5 years old, indi-
cating that human interventions have a significant impact on plant species
richness, even in RPTF with high plant diversity potential (Lan et al., 2022).
RPU had the second highest plant species on average, which can be ex-
plained by the rise in litter and forest gaps, as well as the decline in
human intervention (Lyu et al., 2022). The management intensity of these
RPU (very old rubber plantations) is generally lower because economic ben-
efits decline after 20 years and gaps and litter gradually increase due to
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natural disasters such as hurricanes, drought, and disease (Chen et al.,
2012; Olaniyi and Szulczyk, 2022), which all promote the development
of understory plants. RPC had the lowest average species richness
(26.34 ± 5.37) and the highest proportion of invasive species (22.36 ±
9.87%, Fig. 5c),which could be attribute to the fact that croplands areman-
aged more intensively (e.g., plowing, weeding, and harvesting) and inva-
sive plants are more likely to be introduced during management
(Shrestha et al., 2010; Katja et al., 2017; Hougni et al., 2018).

4.3. Assessing the impact of rubber plantation expansion on plant diversity

Numerous studies have shown that conversion of tropical rainforests to
rubber plantations has led to severe declines in plant diversity (Koh and
Wilcove, 2008; He and Martin, 2015; Panda and Sarkar, 2020; Singh
et al., 2021). However, if other land-use changes are ignored when
assessing the impact of rubber plantation expansion on biodiversity, rubber
will inevitably be viewed as a detrimental crop, even though it provides an
indispensable raw material for various industries. In fact, studies in Hainan
and Sumatra islands, Cambodia, or our sample area in the GMS have consis-
tently shown that RPTF accounted for less than or approximately 30%of the
area of new rubber plantations established during the same period (Chen
et al., 2018; Grogan et al., 2019; Grass et al., 2020). New rubber plantations
were most frequently established on old rubber plantations (Hainan Island
and Sumatra) and croplands (37.72 % of the samples in the GMS, Fig. 1c).
Moreover, the proportion of RPORP is likely to increase in the future asmore
and more land is converted to rubber plantations, while the proportion of
RPTF will change in the opposite direction as forest protection measures
are gradually strengthened. The conversion of intensively managed crop-
lands to perennial rubber plantations has been of great benefit in maintain-
ing plant diversity. As FAO statistics on the composition of major croplands
show (Fig. S7), these croplands would likely continue to be used to grow
short-term crops such as cassava, sugarcane, maize, and soybeans if they
were not converted to rubber plantations. Croplands typically harbors
half or fewer of the plant species found in rubber plantations (Shrestha
et al., 2010; Botha et al., 2015), and intensification of crop management
poses a major threat to biodiversity (Kehoe et al., 2017; Egli et al., 2018).
Even when croplands are converted to perennial oil palm or eucalypt plan-
tations, their plant diversity is often lower than that of rubber plantations
(Fitzherbert et al., 2008; Xiang et al., 2012; Xing et al., 2012). In addition,
previous studies had shown that rubber plantations have a higher beta
plant diversity and fewer alien species than oil palm plantations (Katja
et al., 2017). Considering the diversity and proportion of original land
cover types, we estimated that the total loss of plant richness due to rubber
plantation expansion in the GMS area over the past 30 years was 7.29 %,
which was 15.05 % of the loss caused by considering the original land
cover types of rubber plantations as tropical forests only.

4.4. Uncertainties and limitations

Due to personnel and time constraints, we are unable to conduct very
detailed surveys in the wild, so there will be some plants that have not
been investigated. Secondly, although random samples were taken when-
ever possible, the actual survey tended to select rubber plantations that
were relatively easy to visit. For example, a relatively flat plantation was
chosen over a steeply sloping one, despite the latter having a higher species
diversity (Fig. S6). Consequently, the average plant species richness of rub-
ber plantations in the GMS is likely greater than the results presented here.
Nevertheless, this fieldwork was conducted by the same teams and consis-
tent methods in the GMS, so it can reflect the species richness of rubber
plantations in the different countries at the same level.

Thirdly, when assessing the impact of rapid expansion of rubber planta-
tions on plant diversity, the proportion of different land types that are con-
verted has a substantial impact on the assessment results. Due to the
complex climatic conditions and highly fragmented landforms in the tro-
pics (Brinck et al., 2017; Taubert et al., 2018; Qiu et al., 2019), high-
precision maps of rubber plantations and land conversion in the GMS
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region have not yet been developed using remote sensing (nor are such pub-
lic datasets currently available). Therefore, these percentages can only be
determined statistically using ground survey samples. In the future, it is crit-
ical to use big data from remote sensing to improve the monitoring of rub-
ber plantation dynamics and land conversion in these regions, which can
provide reliable baseline data for ecological impact assessment.

4.5. Policy implication for biodiversity conservation in rubber plantations

To protect and enhance plant diversity in rubber plantations, numerous
conservation measures have been proposed, including semi-natural man-
agement (Lan et al., 2017), agroforestry with clonal varieties (Warren
Thomas et al., 2019), preservation of forest fragments and buffer zones
(Tata et al., 2011), and non-use of herbicides (He and Martin, 2015; Lan
et al., 2022). Our study revealed that plant species richness in rubber plan-
tations can be maintained essentially unchanged throughout the rotation
cycle (Fig. 4), which provides new insights for plant diversity conservation,
i.e., when establishing rubber plantations, maintain plant diversity as much
as possible. Specific advices include avoiding the complete removal of
existing vegetation and root systems of previous land cover while establish-
ing new rubber plantations without significantly affecting rubber cultiva-
tion and management (Vrignon-Brenas et al., 2019). Intercropping is not
recommended for new rubber plantations with poor growing conditions
since it is difficult to achieve higher economic returns, and heavy human
intervention leads to loss of plant species richness and increases the likeli-
hood of plant invasion (Katja et al., 2017; Gong et al., 2022). Furthermore,
in regions suitable for rubber cultivation, croplands with poor geographical
conditions (e.g., mountainous and sloping land) are encouraged to be con-
verted into rubber plantations. On the one hand, rubber plantations have
ecological functions such as a longer rotation cycle, higher plant species
richness, and better soil and water conservation compared to intensively
managed croplands (Xiang et al., 2012); on the other hand, this measure
also significantly reduces the pressure on tropical forests to be converted
into rubber plantations (Grogan et al., 2019; Wang et al., 2020). The estab-
lishment of rubber plantations in the future may refer more to the United
Nations Sustainable Development Goals (SDGs), which aim to manage
landscapes to improve livelihoods while ensuring the conservation and sus-
tainable use of terrestrial ecosystems (United Nations, 2015).

5. Conclusion

The rapid expansion of rubber plantations over the past fewdecades has
contributed to the increased importance of the plantation ecosystem in the
GMS, and its impacts on the ecological environment, such as biodiversity,
have attracted considerable attention. Using data from extensive field sur-
veys and dense time-series satellite imagery, the current status and extent
of plant diversity in rubber plantations in the six GMS countries were exam-
ined, as well as the overall impact on plant diversity in this region. The re-
sults indicate that plant diversity on a 10-m quadrat in rubber plantations is
28.69± 7.35, approximating half and twice the richness of tropical forests
and intensively managed croplands, respectively. The total number of
plants observed in the GMS was 1061, but the proportion of invasive spe-
cies was significant high, at 11.22 %. Analysis of 30 years of satellite imag-
ery reveals that the majority of these plantations were established on
cropland (RPC, 37.72 %), old rubber plantations (RPORP, 27.63 %), and
tropical forests (RPTF, 24.12 %). Thankfully, the plant diversity of rubber
plantations can remain essentially unchanged in a 30-year cycle, and the
number of invasive plants diminishes as the age of the stand increases. Tak-
ing into account diverse land conversions and age-related changes in plant
diversity, the total loss of species richness due to the rapid expansion of rub-
ber plantations was 7.29 %, which is far below the traditional estimates
based solely on tropical forest conversion. In general, maintaining higher
species richness at early stages of cultivation has important implications
for biodiversity conservation in rubber plantations. Feature assessments
of the rapid expansion of rubber plantations on biodiversity in the GMS
will require more detailed land-use data.
10
CRediT authorship contribution statement

Bangqian Chen: Conceptualization, Methodology, Software, Valida-
tion, Investigation, Writing – original draft, Writing – review & editing,
Funding acquisition. Jun Ma: Formal analysis, Visualization, Writing –
review & editing. Chuan Yang: Investigation, Validation, Resources.
XiangmingXiao:Conceptualization, Formal analysis.Weili Kou:Writing –
review & editing. Zhixiang Wu: Investigation, Funding acquisition. Ting
Yun: Writing – review & editing. Zar Ni Zaw: Investigation. Piyada
Nawan: Investigation. Ratchada Sengprakhon: Investigation. Jiannan
Zhou: Investigation. Jikun Wang: Investigation. Rui Sun: Investigation,
Funding acquisition. Xicai Zhang: Investigation.Guishui Xie: Conceptual-
ization. Guoyu Lan: Conceptualization, Methodology, Resources, Visuali-
zation, Supervision, Funding acquisition, Writing – review & editing.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This research was funded in part by the National Natural Science Foun-
dation of China (42071418), and the Natural Science Foundation of Hainan
Province (422CXTD527, 2019RC329), Earmarked Fund for China Agricul-
ture Research System (CARS-33), and Central Public-interest Scientific In-
stitution Basal Research Fund (NO. 1630022022003), and the Lancang–
Mekong international cooperation project of theMinistry of Foreign Affairs
(grant no. 081720203994192003). We thank the U.S Geological Survey
(USGS) EROS Data Center and European Space Agency (ESA) for their data
sources, Google for the GEE platform, andDr.WuQiusheng for his excellent
geospatial package.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162505.

References

Aavik, T., Jõgar, Ü., Liira, J., Tulva, I., Zobel, M., 2008. Plant diversity in a calcareous wooded
meadow–the significance of management continuity. J. Veg. Sci. 19, 475–484.

Adnan, N.S., Abdul Karim, M.F., Mazri, N.H., Fikri, N.A., Saharizan, N., Mohd Ali, N.B.,
Amaludin, N.A., Zakaria, R., 2020. Plants diversity in small rubber plantations at
Segamat, Johor. IOP Conf.Ser.Earth Environ.Sci. 549, 12033.

Alkemade, R., Reid, R.S., van den Berg, M., de Leeuw, J., Jeuken, M., 2013. Assessing the im-
pacts of livestock production on biodiversity in rangeland ecosystems. Proc. Natl. Acad.
Sci. USA 110, 20900–20905.

ANRPC, 2021. Natural Rubber Trends and Statistics. Association of Natural Rubber Producing
Countries (ANRPC), Kuala Lumpur, Malaysia.

Beukema, H., Danielsen, F., Vincent, G., Hardiwinoto, S., van Andel, J., 2007. Plant and bird
diversity in rubber agroforests in the lowlands of Sumatra,Indonesia. Agrofor. Syst. 70,
217–242.

Beukema, H., van Noordwijk, M., 2004. Terrestrial pteridophytes as indicators of a forest-like
environment in rubber production systems in the lowlands of Jambi, Sumatra. Agric.
Ecosyst. Environ. 104, 63–73.

Blicharska, M., Smithers, R.J., Mikusiński, G., Rönnbäck, P., Harrison, P.A., Nilsson, M.,
Sutherland, W.J., 2019. Biodiversity's contributions to sustainable development. Nat. Sus-
tain. 2, 1083–1093.

Botha, M., Siebert, S.J., Van den Berg, J., Maliba, B., 2015. Plant diversity of maize fields and
margins in the grassland and savanna biomes of South Africa. S. Afr. J. Bot. 86, 145.

Brinck, K., Fischer, R., Groeneveld, J., Lehmann, S., Dantas De Paula, M., Pütz, S., Sexton, J.O.,
Song, D., Huth, A., 2017. High resolution analysis of tropical forest fragmentation and its
impact on the global carbon cycle. Nat. Commun. 8.

Chen, B., Cao, J., Wang, J., Wu, Z., Tao, Z., Chen, J., Yang, C., Xie, G., 2012. Estimation of rub-
ber stand age in typhoon and chilling injury afflicted area with Landsat TM data: a case
study in Hainan Island,China. For. Ecol. Manag. 274, 222–230.

https://doi.org/10.1016/j.scitotenv.2023.162505
https://doi.org/10.1016/j.scitotenv.2023.162505
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749433876
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749433876
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260731533358
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260731533358
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732064540
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732064540
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732064540
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732266839
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732266839
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732592493
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732592493
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260732592493
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749458363
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749458363
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749458363
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749548212
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749548212
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260733036667
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260733036667
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749556504
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749556504
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260733364939
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260733364939
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260733364939


B. Chen et al. Science of the Total Environment 874 (2023) 162505
Chen, B., Xiao, X., Wu, Z., Yun, T., Kou, W., Ye, H., Lin, Q., Doughty, R., Dong, J., Ma, J., Luo,
W., Xie, G., Cao, J., 2018. Identifying establishment year and pre-conversion land cover
of rubber plantations on Hainan Island, China using Landsat data during 1987–2015. Re-
mote Sens.-BASEL 10, 1240.

Chen, C., Senarath, S.U.S., Dima-West, I.M., Marcella, M.P., 2017. Evaluation and
restructuring of gridded precipitation data over the Greater Mekong Subregion. Int.
J. Climatol. 37, 180–196.

Chen, H., Yi, Z.F., Schmidt-Vogt, D., Ahrends, A., Beckschafer, P., Kleinn, C., Ranjitkar, S., Xu,
J., 2016. Pushing the limits: the pattern and dynamics of rubber monoculture expansion
in Xishuangbanna,SW China. PLOS ONE 11, e150062.

Chen, J., Engbersen, N., Stefan, L., Schmid, B., Sun, H., Schöb, C., 2021. Diversity increases
yield but reduces harvest index in crop mixtures. Nat. Plants 7, 893–898.

Csecserits, A., Botta-Dukát, Z., Kröel-Dulay, G., Lhotsky, B., Ónodi, G., Rédei, T., Szitár, K.,
Halassy, M., 2016. Tree plantations are hot-spots of plant invasion in a landscape with
heterogeneous land-use. Agric. Ecosyst. Environ. 226, 88–98.

Egli, L., Meyer, C., Scherber, C., Kreft, H., Tscharntke, T., 2018. Winners and losers of national
and global efforts to reconcile agricultural intensification and biodiversity conservation.
Glob. Chang. Biol. 24, 2212–2228.

Feng, Y., Ziegler, A.D., Elsen, P.R., Liu, Y., He, X., Spracklen, D.V., Holden, J., Jiang, X., Zheng,
C., Zeng, Z., 2021. Upward expansion and acceleration of forest clearance in the moun-
tains of Southeast Asia. Nat. Sustain. 4, 892–899.

Fitzherbert, E.B., Struebig, M.J., Morel, A., Danielsen, F., Brühl, C.A., Donald, P.F., Phalan, B.,
2008. How will oil palm expansion affect biodiversity? Trends Ecol. Evol. 23, 538–545.

Folberth, C., Khabarov, N., Balkovič, J., Skalský, R., Visconti, P., Ciais, P., Janssens, I.A.,
Peñuelas, J., Obersteiner, M., 2020. The global cropland-sparing potential of high-yield
farming. Nat. Sustain. 3, 281–289.

Furey, G.N., Tilman, D., 2021. Plant biodiversity and the regeneration of soil fertility. Proc.
Natl. Acad. Sci. USA 118, e2111321118.

Gao, B., 1996. NDWI—a normalized difference water index for remote sensing of vegetation
liquid water from space. Remote Sens. Environ. 58, 257–266.

Gerstner, K., Dormann, C.F., Stein, A., Manceur, A.M., Seppelt, R., 2014. Effects of land use on
plant diversity - a global meta-analysis. J. Appl. Ecol. 51, 1690–1700.

Golbon, R., Cotter, M., Sauerborn, J., 2018. Climate change impact assessment on the poten-
tial rubber cultivating area in the Greater Mekong Subregion. Environ. Res. Lett. 13,
84002.

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017. Google
Earth Engine: planetary-scale geospatial analysis for everyone. Remote Sens. Environ.
202, 18–27.

Gouyon, A., de Foresta, H., Levang, P., 1993. Does 'jungle rubber' deserve its name? An anal-
ysis of rubber agroforestry systems in southeast Sumatra. Agrofor. Syst. 22, 181–206.

Grass, I., Kubitza, C., Krishna, V.V., Corre, M.D., Musshoff, O., Putz, P., Drescher, J., Rembold,
K., Ariyanti, E.S., Barnes, A.D., Brinkmann, N., Brose, U., Brummer, B., Buchori, D.,
Daniel, R., Darras, K., Faust, H., Fehrmann, L., Hein, J., Hennings, N., Hidayat, P.,
Holscher, D., Jochum, M., Knohl, A., Kotowska, M.M., Krashevska, V., Kreft, H.,
Leuschner, C., Lobite, N., Panjaitan, R., Polle, A., Potapov, A.M., Purnama, E., Qaim,
M., Roll, A., Scheu, S., Schneider, D., Tjoa, A., Tscharntke, T., Veldkamp, E., Wollni, M.,
2020. Trade-offs between multifunctionality and profit in tropical smallholder land-
scapes. Nat. Commun. 11, 1186.

Grogan, K., Pflugmacher, D., Hostert, P., Mertz, O., Fensholt, R., 2019. Unravelling the link
between global rubber price and tropical deforestation in Cambodia. Nat. Plants 5,
47–53.

Häuser, I., 2015. Ecosystem services and biodiversity of rubber plantations - a systematic re-
view. CAB Rev. 10.

He, P., Martin, K., 2015. Effects of rubber cultivation on biodiversity in the Mekong Region.
CAB Rev. 10.

Hougni, D.J.M., Chambon, B., Penot, E., Promkhambut, A., 2018. The household economics
of rubber intercropping during the immature period in Northeast Thailand. J. Sustain.
For. 37, 787–803.

Hughes, A.C., 2017. Understanding the drivers of Southeast Asian biodiversity loss. Ecosphere
8, e1624.

Hunter, J.D., 2007. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, 90–95.
Hurni, K., Fox, J., 2018. The expansion of tree-based boom crops in mainland Southeast Asia:

2001 to 2014. J. Land Use Sci. 13, 198–219.
Jung, M., Rowhani, P., Scharlemann, J.P.W., 2019. Impacts of past abrupt land change on

local biodiversity globally. Nat. Commun. 10, 5474.
Katja, R., Mangopo, H., Tjitrosoedirdjo, S.S., Kreft, H., 2017. Plant diversity, forest dependency,

and alien plant invasions in tropical agricultural landscapes. Biol. Conserv. 213, 234–242.
Kehoe, L., Romero-Munoz, A., Polaina, E., Estes, L., Kreft, H., Kuemmerle, T., 2017. Biodiver-

sity at risk under future cropland expansion and intensification. Nat. Ecol. Evol. 1,
1129–1135.

Key, C.H., Benson, N., 1999. Measuring and remote sensing of burn severity: the CBI and NBR.
Proceedings Joint Fire Science Conference and Workshop, Boise, USA.

Koh, L.P., Wilcove, D.S., 2008. Is oil palm agriculture really destroying tropical biodiversity?
Conserv. Lett. 1, 60–64.

Kusuma, Y.W.C., Rembold, K., Tjitrosoedirdjo, S.S., Kreft, H., Li, J.T., Li, J., 2018. Tropical
rainforest conversion and land use intensification reduce understorey plant phylogenetic
diversity. J.Appl.Ecol. 55, 2216–2226.

LaManna, J.A., Mangan, S.A., Alonso, A., Bourg, N.A., Brockelman, W.Y., Bunyavejchewin, S.,
Chang, L., Chiang, J., Chuyong, G.B., Clay, K., Condit, R., Cordell, S., Davies, S.J., Furniss,
T.J., Giardina, C.P., Gunatilleke, I.A.U.N., Gunatilleke, C.V.S., He, F., Howe, R.W.,
Hubbell, S.P., Hsieh, C., Inman-Narahari, F.M., Janík, D., Johnson, D.J., Kenfack, D.,
Korte, L., Král, K., Larson, A.J., Lutz, J.A., McMahon, S.M., McShea, W.J., Memiaghe,
H.R., Nathalang, A., Novotny, V., Ong, P.S., Orwig, D.A., Ostertag, R., Parker, G.G.,
Phillips, R.P., Sack, L., Sun, I., Tello, J.S., Thomas, D.W., Turner, B.L., Díaz, D.M.V.,
Vrška, T., Weiblen, G.D., Wolf, A., Yap, S., Myers, J.A., 2017. Plant diversity increases
with the strength of negative density dependence at the global scale. Science 1389–1392.
11
Lan, G., Chen, B., Yang, C., Sun, R., Wu, Z., Zhang, X., 2022. Main drivers of plant diversity
patterns of rubber plantations in the Greater Mekong sub-region. Biogeosciences 19,
1995–2005.

Lan, G., Wu, Z., Chen, B., Xie, G., 2017. Species diversity in a naturally managed rubber plan-
tation in Hainan Island,South China. Trop. Conserv. Sci. 10, 324043626.

Lawrence, D.C., 1996. Trade-offs between rubber production and maintenance of diversity:
the structure of rubber gardens in West Kalimantan,Indonesia. Agrofor. Syst. 34, 83–100.

Li, Z., Fox, J.M., 2012. Mapping rubber tree growth in mainland Southeast Asia using time-
series MODIS 250 m NDVI and statistical data. Appl. Geogr. 32, 420–432.

Lyu, Q., Luo, Y., Liu, S., Zhang, Y., Li, X., Hou, G., Chen, G., Zhao, K., Fan, C., Li, X., 2022. For-
est gaps alter the soil bacterial community of weeping cypress plantations by modulating
the understory plant diversity. Front. Plant Sci. 13, 920905.

Magrurran, A.E., 2004. Measuring Biological Diversity. Blackwell Publishing, Oxford.
Olaniyi, O.N., Szulczyk, K.R., 2022. Estimating the economic impact of the white root rot dis-

ease on the Malaysian rubber plantations. For.Policy Econ. 138.
Panda, B.K., Sarkar, S., 2020. Environmental impact of rubber plantation: ecological vs. eco-

nomical perspectives. Asian J.Microbiol.Biotechnol.Environ.Sci. 22, 657–661.
Peerawat, M., Blaud, A., Trap, J., Chevallier, T., Alonso, P., Gay, F., Thaler, P., Spor, A., Sebag,

D., Choosai, C., Suvannang, N., Sajjaphan, K., Brauman, A., 2018. Rubber plantation age-
ing controls soil biodiversity after land conversion from cassava. Agric. Ecosyst. Environ.
257, 92–102.

Pielou, E.C., 1975. Ecological Diversity. Wiley, New York.
Qiu, S., Zhu, Z., He, B., 2019. Fmask 4.0: improved cloud and cloud shadow detection in

Landsats 4–8 and Sentinel-2 imagery. Remote Sens. Environ. 231, 111205.
Reitalu, T., Sykes, M.T., Johansson, L.J., Lönn, M., Hall, K., Vandewalle, M., Prentice, H.C.,

2009. Small-scale plant species richness and evenness in semi-natural grasslands respond
differently to habitat fragmentation. Biol. Conserv. 142, 899–908.

Schaub, S., Finger, R., Leiber, F., Probst, S., Kreuzer, M., Weigelt, A., Buchmann, N., Scherer-
Lorenzen, M., 2020. Plant diversity effects on forage quality, yield and revenues of semi-
natural grasslands. Nat. Commun. 11, 768.

Shrestha, R.P., Schmidt-Vogt, D., Gnanavelrajah, N., 2010. Relating plant diversity to biomass
and soil erosion in a cultivated landscape of the eastern seaboard region of Thailand.
Appl.Geogr. 30, 606–617.

Singh, A.K., Liu, W., Zakari, S., Wu, J., Yang, B., Jiang, X.J., Zhu, X., Zou, X., Zhang, W., Chen,
C., Singh, R., Nath, A.J., 2021. A global review of rubber plantations: impacts on ecosys-
tem functions, mitigations, future directions, and policies for sustainable cultivation. Sci.
Total Environ. 796, 148948.

Sodhi, N.S., Posa, M.R.C., Lee, T.M., Bickford, D., Koh, L.P., Brook, B.W., 2010. The state and
conservation of Southeast Asian biodiversity. Biodivers. Conserv. 19, 317–328.

Tadono, T., Ishida, H., Oda, F., Naito, S., Minakawa, K., Iwamoto, H., 2014. Precise global
DEM generation by ALOS PRISM. ISPRS Annals of the Photogrammetry, Remote Sensing
and Spatial Information Sciences. II-4, pp. 71–76.

Tamiminia, H., Salehi, B., Mahdianpari, M., Quackenbush, L., Adeli, S., Brisco, B., 2020. Goo-
gle Earth Engine for geo-big data applications: a meta-analysis and systematic review.
ISPRS J. Photogramm. 164, 152–170.

Tan, Z., Zhang, Y., Song, Q., Liu, W., Deng, X., Tang, J., Deng, Y., Zhou, W., Yang, L., Yu, G.,
Sun, X., Liang, N., 2011. Rubber plantations act as water pumps in tropical China.
Geophys. Res. Lett. 38 n/a-n/a.

Tata, H.L., Mulyoutami, E., Janudianto, Said, Z., Ekadinata, A., Widayati, A., Ningsih, H.,
Rahayu, S., Tata, H.L., Ayat, A., Nugroho, P., Nerfahmy, S., Taufik, I., 2011. Recognising
biodiversity in rubber plantations. World Agroforestry Centre (ICRAF) Southeast Asia Re-
gion Program, Bogor, Indonesia.

Taubert, F., Fischer, R., Groeneveld, J., Lehmann, S., Müller, M.S., Rödig, E., Wiegand, T.,
Huth, A., 2018. Global patterns of tropical forest fragmentation. Nature 554, 519–522.

Tucker, C.J., 1979. Red and photographic infrared linear combinations for monitoring vege-
tation. Remote Sens. Environ. 8, 127–150.

United Nations, 2015. Transforming Our World: The 2030 Agenda for Sustainable Develop-
ment. United Nations.

Vrignon-Brenas, S., Gay, F., Ricard, S., Snoeck, D., Perron, T., Mareschal, L., Laclau, J., Gohet,
É., Malagoli, P., 2019. Nutrient management of immature rubber plantations. A review.
Agron. Sustain. Dev. 39.

Wan, N., Zheng, X., Fu, L., Kiær, L.P., Zhang, Z., Chaplin-Kramer, R., Dainese, M., Tan, J., Qiu,
S., Hu, Y., Tian, W., Nie, M., Ju, R., Deng, J., Jiang, J., Cai, Y., Li, B., 2020. Global synthe-
sis of effects of plant species diversity on trophic groups and interactions. Nat. Plants 6,
503–510.

Wang, C., Zhang, W., Li, X., Wu, J., 2022. A global meta-analysis of the impacts of tree plan-
tations on biodiversity. Glob. Ecol. Biogeogr. 31, 576–587.

Wang, M.M.H., Carrasco, L.R., Edwards, D.P., 2020. Reconciling rubber expansion with biodi-
versity conservation. Curr. Biol. 30, 3825–3832.

Warren Thomas, E., Nelson, L., Juthong, W., Bumrungsri, S., Brattström, O., Stroesser, L.,
Chambon, B., Penot, É., Tongkaemkaew, U., Edwards, D.P., Dolman, P.M., 2019. Rubber
agroforestry in Thailand provides some biodiversity benefits without reducing yields.
J. Appl. Ecol. 57, 17–30.

Warren-Thomas, E., Dolman, P.M., Edwards, D.P., 2015. Increasing demand for natural rub-
ber necessitates a robust sustainability initiative to mitigate impacts on tropical biodiver-
sity. Conserv. Lett. 8, 230–241.

Warren-Thomas, E.M., Edwards, D.P., Bebber, D.P., Chhang, P., Diment, A.N., Evans, T.D.,
Lambrick, F.H., Maxwell, J.F., Nut, M., O Kelly, H.J., Theilade, I., Dolman, P.M., 2018.
Protecting tropical forests from the rapid expansion of rubber using carbon payments.
Nat. Commun. 9, 911.

Waskom, M.L., 2021. Seaborn: statistical data visualization. J.Open Source Softw. 6, 3021.
Wu, Q., 2020. Geemap: a Python package for interactive mapping with Google Earth Engine.

J.Open Source Softw. 51, 2305.
Xiao, X., Boles, S., Liu, J., Zhuang, D., Liu, M., 2002. Characterization of forest types in North-

eastern China, using multi-temporal SPOT-4 VEGETATION sensor data. Remote Sens. En-
viron. 82, 335–348.

http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750104518
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750104518
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750104518
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260734175601
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260734175601
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260734175601
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260734463511
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260734463511
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750186226
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750186226
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750207735
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750207735
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750218842
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750218842
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750218842
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750295513
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750295513
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735265978
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750360751
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750360751
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735395222
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735395222
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750403822
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750403822
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750418747
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750418747
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735487499
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735487499
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260735487499
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750492112
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750492112
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260750492112
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751009410
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751009410
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260736193014
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260736193014
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751094973
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751094973
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751094973
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260736236602
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260736236602
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260737401180
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260737401180
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260737513599
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260737513599
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260737513599
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738113518
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738113518
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751183662
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751207405
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751207405
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751224281
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751224281
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738128339
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738128339
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751321584
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751321584
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751321584
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738259999
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738259999
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751332735
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751332735
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738436483
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738436483
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738436483
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738474991
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260738474991
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751396855
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751396855
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751396855
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260739275455
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260739275455
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740261521
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740261521
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751429744
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751429744
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740285036
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740285036
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740285036
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260740412467
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751528077
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751528077
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260741109759
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260741109759
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751554532
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751554532
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260751554532
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260741188895
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752018125
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752018125
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752053798
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752053798
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752066395
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752066395
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742264765
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742264765
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742264765
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752079739
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752079739
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752079739
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752139567
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752139567
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260747230479
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260747230479
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260747230479
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742370541
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742370541
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742370541
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742593335
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260742593335
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260743368635
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260743368635
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260743368635
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752155211
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752166949
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752166949
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260744081032
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260744081032
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260744385972
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260744385972
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745150169
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745150169
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745150169
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752183815
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752183815
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745167044
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745167044
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745204863
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745204863
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745204863
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752202963
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752202963
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752202963
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260748178865
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260748178865
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745352656
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745492321
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745492321
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752269736
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752269736
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752269736


B. Chen et al. Science of the Total Environment 874 (2023) 162505
Yang, C., Liu, H., Li, Q., Wang, X., Ma, W., Liu, C., Fang, X., Tang, Y., Shi, T., Wang, Q., Xu, Y.,
Zhang, J., Li, X., Xu, G., Chen, J., Su, M., Wang, S., Wu, J., Huang, L., Li, X., Wu, G., 2022.
Human expansion into Asian highlands in the 21st century and its effects. Nat. Commun.
13, 4955.

Yang, X., Baskin, C.C., Baskin, J.M., Pakeman, R.J., Huang, Z., Gao, R., Cornelissen, J., 2021.
Global patterns of potential future plant diversity hidden in soil seed banks. Nat.
Commun. 12, 7023.

Zabel, F., Delzeit, R., Schneider, J.M., Seppelt, R., Mauser, W., Vaclavik, T., 2019. Global im-
pacts of future cropland expansion and intensification on agricultural markets and biodi-
versity. Nat. Commun. 10, 2844.

Zeng, Z., Estes, L., Ziegler, A.D., Chen, A., Searchinger, T., Hua, F., Guan, K., Jintrawet, A., F.
Wood, E., 2018. Highland cropland expansion and forest loss in Southeast Asia in the
twenty-first century. Nat. Geosci. 11, 556–562.

Zhu, Z., Wang, S., Woodcock, C.E., 2015. Improvement and expansion of the Fmask algo-
rithm: cloud, cloud shadow, and snow detection for Landsats 4–7, 8, and Sentinel 2 im-
ages. Remote Sens. Environ. 159, 269–277.
12
Ziegler, A.D., Fox, J.M., Xu, J., 2009. The rubber juggernaut. Science 324, 1024–1025.
Chen, L., Huang, X., Lan, G., Tan, Z., Yang, C., Wu, Z., 2019. Undergrowth plant species com-

position and diversity of rubber plantation in China. J. Northwest For. Univ. 34, 76–83.
Gong, Y., Yan, X., Chen, G., Tian, Y., 2022. Compositive analysis of invasive alien plants in

hilly rubber plantations in Yunnan Province. J.Trop.Biol. 13, 73–80.
Liu, H., Jiang, J., Dong, S., 2006. Study on biodiversity of the tropical rubber plantation in

Hainan. J.Nanjing For.Univ.(Nat.Sci.Ed.) 30, 55–60.
Xiang, Y., Xu, D., Yang, Z., Zhang, N., Guo, J., 2012. Relationship between plant species diver-

sities and soil hydro-physical properties in two plantations in Hainan Province. Res.Soil
Water Conserv. 19, 37–41.

Xing, H., Jiang, J., Mai, Q., Wu, N., 2012. Biodiversity of different forest community and struc-
ture in rubber planting areas in Hainan. Chin.J.Trop.Agric. 32, 49–53.

http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752329885
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752329885
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745510819
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260745510819
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752351086
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752351086
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752351086
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749025108
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749025108
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752446446
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752446446
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260752446446
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746008187
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749394313
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260749394313
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746104810
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746104810
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746292651
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746292651
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746401613
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746401613
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746401613
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746536224
http://refhub.elsevier.com/S0048-9697(23)01121-X/rf202302260746536224

	Diversified land conversion deepens understanding of impacts of rapid rubber plantation expansion on plant diversity in the...
	1. Introduction
	2. Materials and methods
	2.1. Study region
	2.2. Data and processing
	2.2.1. Field data
	2.2.2. Satellite imagery
	2.2.3. Terrain data

	2.3. Algorithms and data analysis
	2.3.1. Identifying stand age and original land cover types of rubber plantations
	2.3.2. Evaluating total plant diversity loss of rubber expansion
	2.3.3. Statistical analysis


	3. Results
	3.1. The current extent and status of plant diversity in rubber plantations in the GMS
	3.2. Age structure and original land cover types of rubber plantations
	3.3. Variation of plant species richness with stand age
	3.4. Evaluating the impacts of original land cover types and overall expansion

	4. Discussion
	4.1. Plant diversity of rubber plantations in the GMS
	4.2. The influence of stand age and original land cover type on plant diversity
	4.3. Assessing the impact of rubber plantation expansion on plant diversity
	4.4. Uncertainties and limitations
	4.5. Policy implication for biodiversity conservation in rubber plantations

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




