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Abstract
Biodiversity and ecosystem services (ESs) are closely linked. Human activities have caused critical damage to the habitat 
and ecosystem function of organisms, leading to decline in global biodiversity and ecosystem services. To ensure sustain-
able development of local ecological environments, it is critical to analyze the spatial matching degree of biodiversity and 
ESs and identify ecologically vulnerable areas. Taking Xishuangbanna, southern China, as an example, we constructed a 
pixel-scale matching degree index to analyze the spatial matching degree of endangered plant diversity (EPD) and four 
ESs and classified the matching degree into low-low, low-high, high-low, and high-high four types. The results revealed a 
mismatch relationship of EPD and ESs in more than 70% of areas. Under the influence of altitude and land use/land cover 
(LULC) type, the matching degree of EPD and ESs showed obvious spatial heterogeneity. In low-altitude areas in the south 
of Xishuangbanna, EPD and ESs mainly showed mismatch, while high-altitude areas in the west had a better match. Natural 
forest was the main land cover in which EPD and ESs showed high-high match and its areal proportion was much larger than 
that of rubber plantation, tea plantation, and cropland. Our findings also stress the need to concentrate conservation efforts 
on areas exhibiting a low-low match relationship, indicative of potential ecological vulnerability. The pixel-scale spatial 
matching degree analysis framework developed in this study for EPD and ESs provides high-resolution maps with 30 m × 
30 m pixel size, which can support the implementation of ecological protection measures and policy formulation, and has a 
wide range of applicability. This study provides valuable insights for the sustainable management of biodiversity and ESs, 
contributing to the strengthening of local ecological environment protection.

Keywords Endangered plant diversity · Ecosystem services · Pixel-scale matching degree analysis · High-resolution maps · 
Xishuangbanna

Introduction

Ecosystem services (ESs) refer to the benefits of ecosystem 
functions that can be obtained by humans (de Groot 
et al. 2002; Faber and van Wensem 2012), as well as the 
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direct or indirect contributions of ecosystems to humans 
(Kumar 2011). Biodiversity refers to the diversity of life 
forms, including intra-species, inter-species, ecosystem, 
and landscape diversity (Wilson 1993). Biodiversity is 
the basis of ecosystem services (Bai et  al. 2011), and 
the two are closely related. The current sharp decline 
in global biodiversity is creating serious ecological 
problems (Bongaarts 2019). Land-use change caused by 
human activities is an important driving factor leading to 
biodiversity loss (Newbold et al. 2015). Most countries 
have signed international agreements aimed at reducing 
biodiversity loss, including the Convention on Biological 
Diversity (CBD) and the United Nations Sustainable 
Development Goals (SDGs) (Bongaarts 2019; Waldron et al. 
2017). These aim to protect ESs and biodiversity through 
establishment of protected areas or formulation of protection 
plans and targeted policies (Karimi et al. 2020; Watson et al. 
2020). However, this ignores ecosystem protection in most 
areas, as verified by the continuous decline in biodiversity 
worldwide (Narain et al. 2022). How to maintain the stability 
of ESs and avoid loss of biodiversity is a major challenge for 
humans (Xu et al. 2017; Bai et al. 2021).

Exploring the internal relationship between biodiversity 
and ESs is of great significance to further promote ecologi-
cal restoration (Bullock et al. 2011). Earlier studies have 
assessed the relationship between biodiversity and ESs at 
the regional or watershed scale, but there are still gaps in 
the research on the relationship between biodiversity and 
ESs at pixel scale. At present, an important research method 
in the field of ecology is to judge the trade-offs and syn-
ergies of ESs through correlation analysis, which can be 
used to measure the interactions between different services 
(Plieninger et al. 2019). Pearson or Spearman coefficients are 
generally in correlation analysis of ESs (Hong et al. 2020), 
with positive values of these correlation coefficients repre-
senting synergies and negative values representing trade-
offs. Bai et al. (2011) used correlation analysis to assess the 
correlation between biodiversity and ESs at the watershed 
scale; Liu et al. (2023) used correlation analysis to assess the 
trade-off synergies between biodiversity and ESs at the pro-
vincial scale. However, correlation analysis can only reflect 
the overall trade-off and synergistic relationship between 
biodiversity and ESs in the region and cannot reflect the 
spatial distribution at pixel scale. In addition, correlation 
analysis can only identify the degree of correlation between 
two ESs, such as one increasing and the other increasing at 
a fixed rate, or one increasing the other decreasing at a fixed 
rate. It cannot judge the quantity of the two ESs, which is not 
conducive to identification of ecologically fragile areas and 
fails to provide more targeted suggestions for policy makers. 
Therefore, there is an urgent need to propose a pixel-scale 
assessment framework to analyze the spatial distribution of 

the relationship between biodiversity and ESs and to iden-
tify ecologically vulnerable areas. The pixel-scale matching 
degree index proposed in this paper can make up the defi-
ciency of correlation analysis. Construction of pixel-scale 
matching degree index can extend correlation analysis by 
analyzing the matching degree of biodiversity and ESs on 
each pixel in a study region. It can divide the matching 
degree into low-low, low-high, high-low, and high-high four 
types and can be displayed in a high-resolution map with 30 
m × 30 m pixel size which can support decision-making in 
environmental policy.

Tropical regions are a recognized hotspot of biodiver-
sity in the world, accounting for the vast majority of global 
biodiversity and making important contributions to impor-
tant global ESs (Barlow et al. 2018). However, the tropics 
are currently experiencing unprecedented environmental 
degradation, mainly due to drastic changes in land use and 
deforestation, agricultural exploitation, and resource extrac-
tion (Curtis et al. 2018). Conversion of natural forests into 
artificial forests for commercial purposes destroys biodiver-
sity and the integrity of natural systems. The expansion of 
artificial forests also contributes to habitat fragmentation in 
the tropics (Alroy 2017). Under the influence of climate and 
human activities, land use/land cover (LULC) varies at dif-
ferent altitudes (Becker et al. 2007; Fang et al. 2020). Differ-
ences in LULC are an important cause of changes in regional 
ESs supply levels and biodiversity levels (Carter Berry et al. 
2020; Pelorosso et al. 2016). For the present analysis, we 
selected as our study area the region of Xishuangbanna in 
southern China, which is called the “tropical treasure house” 
of biodiversity. We focused on the spatial distribution of 
matching degree index between endangered plant diversity 
(EPD) and ESs on pixel scale and considered potential meas-
ures to protect local ecosystems based on local conditions. 
Specific objectives of the study were to (1) construct a match-
ing degree index of EPD and ESs; (2) analyze the spatial 
distribution of matching degree index with 30 m × 30 m pixel 
size; and (3) put forward suitable policy suggestions.

Materials and methods

Study region

Xishuangbanna Dai Autonomous Prefecture is located 
in the south of Yunnan Province, China (21°10′–22°40′ 
N, 99°55′–101°50′ E). It has jurisdiction over three 
administrative regions, namely, Jinghong City, Menghai 
County, and Mengla County, covering an area of 19,125 
 km2 (Fig. 1). The terrain in Xishuangbanna is mainly 
mountainous, with an elevation range of 369–2404 m 
above sea level (ASL). The region borders Laos to the 
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southeast and Myanmar to the southwest. Xishuangbanna 
has abundant rainfall and abundant sunshine, with mean 
annual precipitation of 1200–2800 mm and mean annual 
temperature of 20–22.5 °C.

Xishuangbanna is the most biodiversity-rich area 
in China. It contains the only tropical rain forest nature 
reserve in China and is part of the Indo-Myanmar tropical 
biodiversity hotspot (Myers et al. 2000). Xishuangbanna 
occupies only 0.2% of China’s land area but contains more 
than 5000 species of its higher plants, accounting for 14.9% 
of the total number of higher plant species in China. Many 
plant species and genera grow in intersecting patterns, 
forming complex and diverse vegetation landscapes such 
as tropical rain forest, tropical monsoon rain forest, and 
subtropical evergreen broad-leaved forest (Li et al. 2018). 
Since rubber was first introduced to Xishuangbanna in 
the 1950s, the area of rubber plantations has increased 
dramatically, accounting for about 25% of total land 
area in 2016. The rapid expansion of rubber plantations 
in Xishuangbanna has led to a sharp decrease in the 
area covered by natural forest vegetation, which has had 
negative impacts on local ecological processes and the 
capacity for supply of ESs (Chazdon 2008; Qiu 2009). 
From 1976 to 2012, carbon storage and water yield 

services in Xishuangbanna decreased by 15.5% and 10.6%, 
respectively (Liu et al. 2017).

Analytical framework for matching degree of EPD 
and ESs

This study proposes a pixel-scale assessment framework 
to calculate the spatial matching degree of EPD and ESs 
and classify the matching degree to identify ecologically 
vulnerable areas. In this framework (Fig. 2), the MaxEnt 
model was used to predict the spatial distribution of EPD, 
and the InVEST model was used to quantify the spatial 
distribution of ESs. The spatial matching index is used 
to calculate the matching degree of EPD and ESs in each 
grid, and the entire calculation process needs to be com-
pleted in GIS software. The research framework mainly 
comprised four stages: (1) data preparation, using digital 
elevation model (DEM) data, LULC data, climate data, 
and other biophysical data; (2) model estimation and EPD 
and ESs assessment, including model selection, calcula-
tion, and result verification; (3) construction of matching 
degree index at pixel scale, displayed in high-resolution 
maps with 30 m × 30 m pixel size; and (4) analysis of 
results and proposal of effective protection measures.

Fig. 1  Maps showing the location and land use/land cover (LULC) of the Xishuangbanna region in China
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MaxEnt prediction of EPD

We selected 39 species of endangered plants defined by the 
International Union for Conservation of Nature (IUCN) as 
species facing a high risk of extinction. Distribution data for 

endangered plants were obtained in field surveys conducted 
in April–June 2019. We used hand-held GPS (Garmin 64 
s, with a positional accuracy of 3 m) to record the coor-
dinates of the endangered species and to ensure accurate 
identification. These field surveys yielded 674 records of 35 

Fig. 2  Analytical framework for matching degree of endangered plant diversity and ecosystem services (DEM: digital elevation model, LULC: 
land use/land cover, CS: carbon storage, SDR: sediment delivery ratio, WY: water yield, NDR: nutrient delivery ratio, ES: ecosystem service)
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species of endangered plants and another four species were 
not found in the field. In order to ensure better spatial cor-
relation and geographical accuracy, if there were fewer than 
three records within 1 km, they were all retained, but if the 
same species were involved, one-third of these records was 
deleted. Through data collection and filtering, 410 records 
were selected for model analysis. The analysis focuses on the 
most diverse regions rather than focusing on each species 
during modeling.

We compiled and selected geographic information system 
(GIS) environmental variables for the whole of Xishuang-
banna using a series of source data, which included different 
bioclimatic variables, or bioclimatic predictors, and a set 
of four geographical environmental factors. Details of the 
number of species and species distribution, and of selection 
and calibration of environment variables, can be found in 
SI (Part 1).

The maximum entropy (MaxEnt) model is a general-pur-
pose machine learning method with a simple and precise 
mathematical formulation that has been shown to perform 
well in predicting habitat suitability and species distributions 
with presence-only data. We used MaxEnt version 3.4.1 to 
build an endangered plant species hotspot model for Xish-
uangbanna. We used all effective occurrence species data 
and set up MaxEnt as follows: (1) we randomly selected 25% 
of data as test data; (2) we set the regularization multiplier 
(RM) to 1.1; (3) we used the average of four replicates of 
cross-validation type from the model runs for further analy-
sis; (4) we set the features linear, quadratic, product, and 
hinge; and (5) we used other default model settings.

In the present study, the biodiversity distribution was 
modeled for 35 target endangered species in the Xishuang-
banna study area. We used the jackknife method to test the 
environmental variables and assessed the performance of 
the species model using area under the curve (AUC) of the 
receiver operating characteristic (ROC) (Phillips et al. 2006). 
We used the maximum specificity and sensitivity logistic 
threshold to convert all species data to a probability of 0 
to 1 (Liu et al. 2013). The mean training and testing AUC 
obtained from four simulation iterations was 0.836 and 0.79, 

respectively, showing that the model provided acceptable 
predictions and highly accurate performance. Details of 
model validation can be found in SI (Part 1).

ESs assessment stage: selection, calculation, and validation

Selecting appropriate ESs index is crucial and challenging 
for regional ESs evaluation (Bai et al. 2018; Wong et al. 
2015). A wide range of stakeholders are involved in the 
ecosystem and seek to use the same available resources for 
different purposes. Stakeholder analysis can systematically 
identify these stakeholders and evaluate and compare their 
specific interests, roles, and powers (Raum 2018). Therefore, 
we used stakeholder analysis to select ESs to be studied, 
taking into account human consumption of ESs, policy rel-
evance, and data availability (Fang et al. 2020).

Based on these principles and considering the resource 
structure of Xishuangbanna and its major stakeholders 
(Table 1), we selected four ESs related to services: carbon 
storage service, water yield service, sediment retention ser-
vice, and nitrogen export service. These four key ecosystem 
services are a priority for policy makers, and China invested 
heavily in the period 2000–2010 to protect and restore the 
value of these services (Ouyang et al. 2016).

The Integrated Valuation of Ecosystem Services and 
Trade-offs (InVEST) model has been widely used in many 
countries and regions (Bai et al. 2020; Goldstein et al. 2012). 
Unlike many other models, InVEST can spatially display 
the results of ESs quantification on a visual map. InVEST 
also has a number of (sub-)models with different levels of 
accuracy that users can choose from according to their needs 
and actual data accuracy, making it easier for users to use 
(Sharp et al. 2016).

The carbon storage (CS) and water yield (WY) models 
in InVEST were used here to assess the spatial distribu-
tion of carbon storage and water yield amount in Xishuang-
banna. The sediment delivery ratio (SDR) model was used 
to calculate sediment retention amount, in order to quan-
tify soil conservation services. The nutrient delivery ratio 
(NDR) model was used to calculate the amount of nitrogen 

Table 1  Ecosystem services (ESs) selected for study in Xishuangbanna based on multi-stakeholder analysis

Stakeholders Commercial plantation owners Residents Government

Goals Develop commercial planting (especially 
rubber) to maximize economic benefits

Access to sufficient clean water Good political achievements: ensure 
ecological health and balanced regional 
development

ESs concerned Nutrient supply: higher nutrient supply 
gives better plant yield and more eco-
nomic benefits for owner

Water yield: closely related to amount of 
surface water available for residents

Water purification: a direct impact on 
the water quality of residents closely 
related to their health

Soil conservation: key assessment indica-
tor of regional ecological protection

Water purification: a direct impact on the 
quality of resident water supply, closely 
related to public health

Carbon storage: reflects the contribution 
of carbon reduction in the region
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exported, as a reflection of water purification and nutri-
ent supply services (Fang et al. 2020). When commercial 
plantation owners use fertilizers or pesticides to advance 
their own economic interests, this results in soil erosion 
and water quality degradation. Excessive nutrient output 
due to excessive use of fertilizers creates obvious tradeoffs 
for other stakeholders (Kim et al. 2019). The results of all 
four models were validated with reference data for Xish-
uangbanna. Details of all sub-models and the calculation 
process for each ES can be found in SI (Part 2).

Data preparation stage

The two most important types of pixel data were prepared 
to run the models. These were biodiversity data, charac-
terized by EPD data based on data availability which can 
be found in SI (Part 1), and four key pieces of data needed 
to calculate ESs, DEM, LULC, annual precipitation, and 
biophysical data (Table 2). The accuracy of the data was 
30 m × 30 m, and 2016 was selected as the base year for 
the study. LULC data for 2016 were obtained from Yunnan 
Forestry Survey and Planning Institute. These were rela-
tively new multi-classification land use data and contained 
the distribution of various types of vegetation, providing 
a data basis for analyzing the influence of different types 
of vegetation on the supply level of ESs and the level of 
biodiversity.

Spatial matching degree index construction

In order to fill in the shortcomings of existing research, 
realize the spatial heterogeneity analysis of the matching 
degree of EPD and ESs on a high-precision grid, build 
a spatial matching degree analysis model, and quantita-
tively evaluate the spatial matching degree between EPD 
and four ESs, the spatial matching degree index is con-
structed as follows.

First, the data on EPD and ESs were standardized by min-
max and the original data were linearly transformed to map 
the result values to [0,1], to eliminate the influence of different 

dimensions on the calculation results. The conversion function 
for carbon storage service, water yield service, and sediment 
retention service, which have positive effects on ecosystem 
protection, is xi =

x−min

max−min
 , where max is the maximum value 

of sample data and min is the minimum value. The conver-
sion function of nitrogen export service, which has a negative 
effect on ecosystem protection, is xi =

max−x

max−min
.

The matching degree index I is in the range [−1,1]. In 
the range −1 ≤ I <  − 0.5, it indicates that there is a low-low 
match between the two variables, i.e., low EPD and ESs 
levels, with EPD lower than the mean value. In the range 
−0.5 ≤ I < 0, it indicates that there is a low-high mismatch 
between the two, i.e., low EPD level (below the mean 
value) and high ESs level. In the range 0 ≤ I < 0.5, it indi-
cates that there is a high-low mismatch between the two, 
i.e., EPD higher than the mean value and ESs level lower. 
Finally, in the range 0.5 ≤ I ≤ 1, it indicates that there is a 
high-high match between the two, i.e., high EPD and ESs 
levels, with EPD higher than the mean value. The function 
curve and range distribution of matching degree index are 
shown in Fig. 3.

Statistical analysis

Spatial statistical tools in ArcGIS were used as a comple-
ment to the InVEST model to quantify the altitude-associ-
ated matching degree between EPD and different ESs. Based 
on elevation in 25% of the area, the whole study area was 
divided into four elevation gradients (400–800, 800–1000, 
1000–1300, and 1300–2400 m (ASL)), and the distribution 
of each area was analyzed using statistical tools.

⎧
⎪⎨⎪⎩

ratioi,j =
BIOi

ESi,j
, if BIOi ≥ BIO

ratioi,j = −
BIOi

ESi,j
, if BIOi < BIO

{
I = ratioi,j,−1 ≤ ratioi,j ≤ 1

I =
1

ratioi,j
, else

Table 2  Key data for the InVEST model in this study

Data Data source Type Related model

Digital elevation model (DEM) Geospatial Data Cloud, http:// www. gsclo ud. cn Raster SDR, NDR
Land use/land cover Yunnan Institute of Forest Inventory and Planning Raster CS, SDR, WY, NDR
Annual average precipitation China Meteorological Data Centre, http:// data. cma. cn/ Raster SDR, WY, NDR
Biophysical data Literature, InVEST user’s guide .CSV file SDR, WY, SDR

http://www.gscloud.cn
http://data.cma.cn/
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Results

Trend analysis of matching degree between EPD 
and ESs

Endangered plant diversity and the four ESs studied 
mainly showed mismatch relationships, accounting for 
more than 70% of the total, with low-high mismatch rela-
tionships accounting for more than 50% of these (Fig. 4). 
Regions with ESs above the average level had a low level 

of EPD and habitat conditions needed to be improved. 
Among the four ESs, the mismatch relationship between 
EPD and nitrogen export service was highest (88.89%) and 
the high-high match relationship between EPD and water 
yield service was relatively high (19.44%).

With increasing elevation, the proportion of low-high 
mismatch between EPD and ESs showed a sharp decline and 
then a gentle decline (Fig. 5a–d). The proportion of high-low 
mismatch between EPD and carbon storage, nitrogen export, 
and sediment retention services showed a trend of rapid 
increase and then gentle increase in all cases (Fig. 5a–c). 
However, the proportion of high-low mismatch with water 
yield service showed a trend of first increasing, then decreas-
ing, and then increasing again (Fig. 5d). This indicates that 
the level of EPD increased significantly with increasing ele-
vation. The proportion of high-high match between EPD and 
carbon storage and nitrogen export services also showed a 
trend of first increasing, then decreasing, and then increasing 
again (Fig. 5a–b). With increasing altitude, the proportion of 
areas with high-high match with water yield service gradu-
ally increased (Fig. 5d).

Spatial heterogeneity analysis of matching degree 
between EPD and ESs

The spatial distribution of matching degree between EPD 
and ESs at pixel scale is shown in Fig. 6. Low-high mis-
match relationships between EPD and the four ESs were 
mainly distributed in low-altitude (400–800 m) areas in the 
south of Xishuangbanna and in medium- and high-altitude 
(1000–1300 m) areas in the north. High-low mismatch 
relationships were mainly distributed in medium-altitude 
(800–1300 m) areas in the middle of Xishuangbanna and 

Fig. 3  Function curve and range 
distribution of matching degree 
index

Fig. 4  Ratio of matching degree between endangered plant diversity 
(EPD) and four ecosystem services (ESs) in Xishuangbanna
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Fig. 5  Four types of matching 
degree between endangered 
plant diversity (EPD) and 
ecosystem services (ESs) in 
Xishuangbanna with elevation 
change

Fig. 6  Spatial distribution of matching degree between endangered plant diversity (EPD) and ecosystem services (ESs) within different altitude 
classes in Xishuangbanna
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in high-altitude (1300–2400 m) areas in the west. Low-low 
match of EPD with sediment retention service and water 
yield service were mainly distributed in medium- and high-
altitude (1000–2400 m) areas in the north of Xishuangbanna 
and in high-altitude (1300–2400 m) areas in the southwest. 
High-high match relationships were mainly distributed in 
central and southeastern areas of Xishuangbanna (800–1000 
m). High-high match of EPD with sediment retention service 
and water yield service were mainly distributed in medium-
altitude (1000–1300 m) areas in the middle of Xishuang-
banna and in high-altitude (1300–2400 m) areas in the west 
(Fig. 6).

The ratio of matching degree between EPD and ESs at 
different altitudes is shown in Fig. 7. Low-low match rela-
tionships between EPD and nitrogen export service were 
almost all distributed in the low-altitude (400–800 m) 
region, while low-low match relationships between EPD 

and carbon storage, sediment retention, and water yield 
services were mainly distributed in medium- and high-alti-
tude areas (above 1000 m), accounting for more than 70%. 
Low-high mismatch relationships between EPD and the 
four ESs were mostly distributed in the 400–800 m altitude 
area, accounting for 30~40%. High-low mismatch relation-
ships between EPD and the four ESs were less frequent in 
the 400–800 m area and more frequent at altitudes above 
1000 m. High-high match relationships between EPD and 
carbon storage and nitrogen export services were distributed 
more in the 800–1000 m altitude region. High-high match 
relationships between EPD and sediment retention service 
were mainly distributed in medium- and high-altitude areas 
(above 800 m) and the maximum distribution (31.8%) was 
found between 1000 and 1300 m. High-high match relation-
ships between EPD and water yield service were mainly 
distributed in the 1300–2400 m altitude area (36.8%).

Fig. 7  Ratio of matching degree between endangered plant diversity (EPD) and ecosystem services (ESs) at different altitudes in Xishuangbanna
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Analysis of matching degree between EPD and ESs 
with different LULC

The distribution of matching degree between EPD and ESs 
was affected by LULC. The proportions of matching degree 
between different LULCs in each matching relationship are 
shown in Fig. 8. In areas with low-low match relationships 
between EPD and carbon storage service, cropland, warm 
hot savannah shrub grassland, hot bamboo forest, and tea 
plantations accounted for a relatively high proportion, indi-
cating that these regions had low EPD and low carbon stor-
age service. In areas with low-high mismatch relationships, 
the proportions of rubber plantation, monsoon evergreen 
broadleaved forest, and cropland were relatively high, indi-
cating low EPD and relatively high carbon storage service 
in these regions. In areas with low-low match relationships 

between EPD and nitrogen export service, open water 
accounted for the largest proportion (94%). In areas with 
low-high mismatch relationships, rubber plantation, mon-
soon evergreen broadleaved forest, and cropland accounted 
for the highest proportion. The distribution of matching 
degree between EPD and sediment retention service and 
water yield service were similar for different LULCs. Mon-
soon evergreen broadleaved forests and rubber plantations 
respectively occupy the highest proportions in low-low 
match and low-high mismatch areas. More than half of the 
areas with high-low mismatch and high-high match relation-
ships were monsoon evergreen broadleaved forests, indicat-
ing that the EPD under this vegetation is relatively high. In 
areas where EPD and ESs exhibit a high-low mismatch and 
a high-high match relationships, monsoon evergreen broad-
leaved forests account for more than half of the proportion 

Fig. 8  Proportions of different land use/land covers in each matching relationship between endangered plant diversity (EPD) and ecosystem ser-
vices (ESs) in Xishuangbanna
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in both cases, indicating that the EPD under this vegetation 
type is relatively high.

The proportions of different matching relationships in 
each LULC type are shown in Fig. 9. In LULC types such 
as tea plantation, orchard, cropland, other artificial forest, 
artificial building, and rubber plantation, an overwhelming 
majority of over 95% of the area exhibits a low-high mis-
match relationship. In contrast, LULC types like monsoon 
evergreen broadleaved forests, deciduous monsoon forest, 
and warm deciduous broadleaved forest show a compara-
tively high prevalence of the high-low mismatch relation-
ship. For areas covered by mossy evergreen broadleaved 
forest and open water, the mismatch relationship accounts 
for more than half of the total area. In other LULC types, 
high-low mismatch or high-high match relationships are 
dominant, suggesting a relatively elevated level of EPD 
within these areas.

Discussion

Advanced compared to existing methods

A large number of literatures were keen on ESs hotspot map-
ping and provide ESs hotspot maps of different scales in dif-
ferent regions of the world (Bagstad et al. 2017; Blumstein 
and Thompson 2015; Schröter and Remme 2016), which 
was helpful for spatial identification of ecological hotspot. A 
growing number of literatures combined correlation analysis 
and hotspot overlap analysis to assess the spatial consist-
ency of biodiversity and ESs (Bai et al. 2011). Recent work 
that integrates biodiversity with ESs was often based on co-
occurrence mapping of high values for both objectives (Her-
moso et al. 2018; Hou et al. 2018). However, most studies 
can only analyze the correlation between biodiversity and 
ESs at the regional scale, or analyze the spatial distribution 

Fig. 9  Proportions of different matching relationships in each land use/land cover type between endangered plant diversity (EPD) and ecosystem 
services (ESs) in Xishuangbanna
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of hotspot overlapping areas, and cannot obtain the spatial 
relationship map at the pixel scale. Therefore, it was easy 
to ignore the ecological protection in non-hotspot areas and 
even aggravated the environmental deterioration in ecologi-
cally fragile areas.

MaxEnt model was good at simulating the distribution of 
potential species under the influence of natural climate, and 
InVEST model has been widely used in the measurement 
of ESs. On this basis, we created a spatial matching degree 
index of high-resolution with 30 m × 30 m pixel size. Tak-
ing Xishuangbanna as an example, we modeled and depicted 
the spatial matching degree index of EPD and ESs using 
this framework. The framework can provide high-resolution 
maps of spatial matching degree between EPD and ESs in 
Xishuangbanna and also helps to identify ecologically frag-
ile areas with low EPD and poor ESs. It can accurately locate 
the priority areas of EPD and ESs and provide an effective 
reference for decision-making on relevant planning and man-
agement. In Xishuangbanna, where tropical vegetation was 
abundant and has been greatly affected by human activities 
in recent years, the method was able to identify ecologically 
fragile areas with low-low match that deserve more attention 
and protection.

Effects of altitude and LULC on the matching degree 
between EPD and ESs

Although Xishuangbanna is known as a tropical treasure 
house, this analysis showed that the ecological environment 
in low-altitude areas and some high-altitude areas has been 
damaged. The prevailing mismatch relationship between 
EPD and the four studied ESs, particularly the prominence 
of low-high mismatching, raises significant concerns. These 
trends suggest that areas providing high levels of ESs may 
not necessarily harbor high biodiversity, particularly in 
terms of EPD (Bai et al. 2011; Liu et al. 2023). This could 
be attributed to the pressures from human activities such as 
intensive agriculture or urban development, which can drive 
ESs but often at the cost of biodiversity (Sannigrahi et al. 
2020). Our findings highlight a potential conflict between 
biodiversity conservation and ESs provision, which should 
be carefully addressed when planning land use and conser-
vation strategies.

The observed trend of increasing EPD with altitude 
underlines the importance of high-altitude areas for biodi-
versity conservation. As these areas often experience less 
human pressure, they may provide refuges for endangered 
plants (Fang et al. 2020). However, the different trends 
between EPD and ESs across altitudes indicate that there are 
complex interactions between these factors, potentially influ-
enced by differences in habitat types and climate conditions 
across altitudes (Sun et al. 2021). These interactions need 
to be better understood to effectively manage biodiversity 

and ESs in mountainous regions. The strong influence of 
land use on the relationship between EPD and ESs reflects 
how human activities shape biodiversity and ESs patterns 
(Fang et al. 2022). The dominance of monsoon evergreen 
broadleaved forests in areas with high matching degree sug-
gests that these forests are crucial for both biodiversity con-
servation and ESs provision. This emphasizes the need for 
maintaining and restoring these forests in the face of poten-
tial pressures such as deforestation and land conversion for 
agriculture (Knoke et al. 2021; Milheiras and Mace 2019).

The low-low matching areas between EPD and ESs rep-
resent ecologically fragile areas of requiring particular con-
cern. These regions exhibit low EPD and ESs levels, indicat-
ing a strong degradation of both biodiversity and ecosystem 
functionality. This could be due to intensive human activities 
such as agriculture, urban development, or overexploitation 
of resources, which can result in habitat loss and degrada-
tion, and ultimately, loss of biodiversity and ESs (Huang 
et al. 2022). It is essential to explore the specific drivers 
behind the low-low matching patterns in these areas. For 
example, in regions where agriculture is dominant, intensive 
farming practices may lead to a loss of both EPD and ESs 
(Simoncini et al. 2019), whereas in urban areas, habitat loss 
due to infrastructure development may be the main cause 
(González-García et al. 2022). Understanding these underly-
ing causes will be crucial for designing effective intervention 
strategies.

The presence of ecologically fragile areas with low-low 
matching highlights an urgent need for targeted conserva-
tion and restoration efforts. These could include measures 
aimed at habitat restoration (Bustamante et al. 2019), such 
as reforestation or creation of green spaces in urban areas, 
and measures to protect endangered plant species (Yang 
et al. 2021), such as the establishment of protected areas or 
implementation of species recovery programs. The habitats 
of endangered plants are narrow and scattered, and the cur-
rent protected areas cannot fully cover the hotspots of endan-
gered plants (Yang et al. 2021). Therefore, establishment 
of county-level protected areas may be the best way to pro-
tect endangered plants. Furthermore, preventive strategies 
should be implemented to halt and reverse the downward 
trend of EPD and ESs in these regions. This could involve 
promoting sustainable land use practices, strengthening 
regulations against habitat destruction, and raising aware-
ness among local communities about the importance of EPD 
and ESs (Karimi et al. 2020). Lastly, regular monitoring of 
these areas is required to evaluate the effectiveness of imple-
mented strategies and adjust them as needed. Tools such as 
remote sensing and biodiversity surveys can be used to track 
changes in EPD and ESs over time. The low-low matching 
areas pose a significant challenge for biodiversity conserva-
tion and sustainable development. Addressing this challenge 
will require a holistic approach that integrates biodiversity 
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conservation with ESs provision, considers the specific 
conditions and drivers in each area, and involves various 
stakeholders, including local communities, policymakers, 
and conservation organizations. Future research should focus 
on developing and testing effective strategies for improving 
EPD and ESs in these low-low matching areas.

Main limitations and future research

The new framework developed for evaluating pixel-scale 
matching degree still has some obvious limitations. Due 
to limited availability of data, this study only considered 
matching degree between EPD and ESs for plant species 
and not for animal diversity. Data availability was another 
disadvantage. LULC data used in this study were from 2016, 
while EPD data were from 2019, which cannot accurately 
reflect the current status of ecosystems in Xishuangbanna.

However, the evaluation framework constructed has good 
data adaptability, and the results of the study can be enriched 
and updated as more data become available. In future research, 
we suggest applying the framework in different regions to ana-
lyze the spatial heterogeneity of multi-regional, multi-year 
matching degree between biodiversity and ESs.

Conclusions

This study pioneers a pixel-scale matching degree analysis 
framework, utilizing the MaxEnt and InVEST models to 
quantify EPD and ESs in Xishuangbanna. Our findings high-
light a significant mismatch relationship between EPD and 
ESs, particularly evident in the low-high mismatching rela-
tionship, and underscore the substantial influence of altitude 
and land use changes in determining this relationship. We 
note with urgency the necessity to prioritize areas showing 
a low-low match between EPD and ESs, indicative of poten-
tial ecological vulnerability. Identifying and addressing the 
reasons behind their reduced EPD and ESs are fundamental 
steps for effective conservation efforts and the achievement 
of sustainable development in these regions. Recognizing 
and addressing the causes for their low EPD and ESs are 
essential for conservation efforts and the realization of sus-
tainable development in these regions.

In light of our findings, we recommend that future 
research and policy-making should consider both biodiver-
sity and ESs, along with the complex interactions between 
them. A better understanding of the spatial congruence 
between biodiversity and ESs can guide the spatial planning 
of conservation efforts, aid in identifying areas of potential 
conflict or synergy between biodiversity and ESs, and inform 
the design of management strategies that balance the needs 
of both. There is a pressing need for additional research to 
explore the drivers behind the observed patterns, including 

the impacts of different types of land use and land manage-
ment practices. Understanding these drivers will be crucial 
for developing effective measures to improve the spatial 
matching between biodiversity and ESs.
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