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The Asian elephant (Elephas maximus) have a wide range of foraging needs and 
heterogeneous habitat preferences that bring them close to the forest edge. 
Currently, most of the range of wild elephants is located outside protected areas 
(PA). Nighttime light data (NTL) has been used as a component of human footprint 
due to its characteristics of characterizing the intensity of human activities and 
spatio-temporal continuity. We chose Xishuangbanna National Nature Reserve, 
the main distribution area of Asian elephants, as the study area and used NTL to 
monitor human activities, supplemented by land cover (LC) type data, to study 
the Asian elephant sanctuary and its surrounding areas, and found that: 1) NTL 
features inside and outside the PA are approaching, and the boundary effect 
of the sanctuary is weakening; 2) The NTL gathering area in the study area is 
mainly distributed in the south of the PA, 86.21% of the area’s nighttime lights 
have a significant increase trend, and the human activity range is evolving toward 
the southeast in the past decade; 3) the percentage of areas with a significant 
increasing trend of NTL under different LC types is greater than decreasing, nearly 
50% of the forest showed an increasing trend of NTL. LC types with reduced 
forest have been converted to cropland and building in the last decade.
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1. Introduction

As the cornerstone of biodiversity conservation, nature reserves (protected areas, PA) can 
prevent and mitigate potential biological and environmental disturbances caused by human 
activities (Zheng et  al., 2021). Although PA have undergone significant geographical and 
conceptual expansion in recent years, nearly one-third of the worldwide PA is still under 
significant human pressure (Watson et al., 2018). Human activities around PA will increase the 
possibility of human-wildlife conflicts, change the scope and spatial allocation of wildlife habitat, 
thus exacerbating the threat to species within PA and impede their functioning. Therefore, there 
is an urgent need to understand the habitat of animals in the nature reserve and its edge, with 
particular attention to wildlife with larger ranges of activity.
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The Asian elephant (Elephas maximus) is the largest existing 
land animal in Asia, with daily energy intake requirements leading 
to extensive foraging and heterogeneous habitat preferences that 
keep them close to forest edges (Kitratporn and Takeuchi, 2022). 
However, Asian elephants are facing threats of habitat loss, 
poaching, and human-elephant conflict due to expanding human 
activities. Most studies on Asian elephant habitat have been 
conducted in PA and their administrative areas (Liu et al., 2017; 
Li et al., 2018), and scholars have conducted studies on population 
size estimation, habitat quality assessment, and human-elephant 
conflict attribution based on multiple sources of data such as land 
cover (LC) data and social surveys (Zhang et al., 2015; Liu et al., 
2017; Li et al., 2018; Liu et al., 2018; Yu et al., 2020; Chen et al., 
2021). Recent studies have shown that the range of Asian elephants 
is shrinking and more than 70% of them are outside the PA. 17 
Asian elephants traveled 500 km north in China in March 2020 
and returned to their habitat only after nearly one and a half years 
of human induced movement, which undoubtedly indicates that 
the attention and protection of Asian elephant habitats should 
be  strengthened and long-term dynamic monitoring should 
be carried out.

In recent decades, urbanization and population growth have 
led to a rapid and continuous increase in the density and extent of 
artificial lighting, creating a new global nighttime lighting 
environment (Falchi et  al., 2016). Compared with ordinary 
satellite remote sensing images, night light remote sensing (NTL) 
has been widely used in the study of urban built-up areas and 
human activities, as well as environmental issues, such as natural 
disaster assessment (Zhao et al., 2018), prediction of night sky 
brightness (Falchi et  al., 2016), snow cover detection (Huang 
et al., 2022) due to its characteristics of characterizing the intensity 
of human activities, spatio-temporal continuity, and wide coverage 
(Hao, 2019; Li et al., 2021; Morshed et al., 2022). Recently, NTL 
has also been used as a component of human footprint and has 
played a great role in ecological fields, such as carbon emissions 
(Shi et al., 2016, 2022), ecological light pollution (Jechow et al., 
2019; Lian et al., 2021), threats to ecosystems (Davies et al., 2014; 
Koen et  al., 2018), etc. Therefore, it is feasible to use NTL to 
monitor human intrusion on a spatial scale (Venter et al., 2016; 
Guetté et al., 2018). Few studies on the detection and evaluation 
of NTL in PA, mostly from the perspective of large-scale, such as 
global and national scale (Guetté et al., 2018; Xu et al., 2019; Li 
et al., 2020; Anand and Kim, 2021). However, few studies have 
been conducted on small-scale protected areas using nighttime 
light data, especially for species such as Asian elephants, which are 
often close to forest edges and are in urgent need of complementary 
geospatial data sets for fine-scale studies.

In order to better understand the current habitat status of 
Asian elephants, this study uses NTL to monitor human activities, 
supplemented by land cover type data, to investigate the current 
situation of Xishuangbanna National Nature Reserve, with the 
objectives of: 1) exploring the spatial pattern and temporal 
characteristics of NTL distribution around Xishuangbanna 
National Nature Reserve from 2012 to 2021; 2) exploring the 
impact of human activities and the NTL change trend in the area; 
3) studying the land use change around the PA and reveal to 
reveal the impact of human activities on the habitat of 
Asian elephants.

2. Data and methods

2.1. Study area

There are currently two national nature reserves in Xishuangbanna 
Dai Autonomous Prefecture, namely the Xishuangbanna National 
Nature Reserve and the Napan River Basin National Nature Reserve. 
Among them, Xishuangbanna National Nature Reserve consists of five 
sub-reserves, namely Mengyang, Menglun, Shangyong, Mengla and 
Mangao, which are geographically close to each other but not 
connected, with geographical coordinates from 21°10’N to 22°24’N 
and 100°16′E to 101°50′E, with a total area of 242,510 hm2, accounting 
for 12.9% of the state’s area. In Xishuangbanna, Asian elephants are 
mainly distributed in and around the three sub-protected areas of 
Mengyang, Mengla and Shangyong in Xishuangbanna National 
Nature Reserve. Although there is Asian elephant habitat in the 
Napanhe Reserve, no Asian elephants are currently active in the area, 
and because it is separated from the Mengyang Reserve by the 
Lancang River, elephant herds have not yet entered the area (Lin et al., 
2015). Therefore, three sub-protected areas, Mengyang, Mengla and 
Shangyong, were selected as the study area to investigate the human 
activities around them (Figure 1).

Based on the conclusion that the range of Asian elephant activities 
may be beyond the existing PA, this paper proposes to establish a 
10 km buffer zone for the protected area (PAB) to carry out the study. 
Rowell (2014) showed that wild Asian and African elephants are 
estimated to move an average of 5–10 km per day, and the elephants 
they examined walked an average of 9.05 ± 0.61 km per day. Holdgate 
et  al. (2016) used foot rings equipped with GPS data loggers to 
measure the daily outdoor walking distance of African and Asian 
elephants kept in zoos, and concluded that the elephants walked an 
average of 5.3 km per day conclusion. Zhou and Zeng (2022) 
monitored Asian elephants entering Menglun Nature Reserve and 
concluded that Asian elephants had a daily activity radius of 2–15 km. 
We finally chose a buffer zone of 10 km for the study, and some experts 
(Li, 2021) also pointed out that the average habitat extent of Asian 
elephants in natural forests is 10 km2.

2.2. Data

This study mainly used the annual mean products of the NTL 
dataset from 2012–2021 to characterize human activity space, and the 
global land cover dataset released by J. Yang and Huang in 2012 and 
2021 (Yang and Huang, 2021) to explore the present-day Asian 
elephant habitat status. In addition, this paper also used the boundary 
data of China Nature Reserves in June 2020 from the World Database 
on Protected Areas (WDPA).1

2.2.1. NTL dataset
NTL is a series of satellite observations and derived products based 

on the detection of anthropogenic lighting present at the earth’s surface 
(Elvidge et  al., 2013). In 2011, the National Aeronautics and Space 
Administration(NASA) and National Oceanic and Atmospheric 

1 https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA
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Administration (NOAA) launched the Suomi National Polar Partnership 
(SNPP) satellite, carrying the first Visible Infrared Imaging Radiometer 
Suite (VIIRS) instrument. The VIIRS collects low-light imaging data and 
has several improvements over the Operational Linescan System (OLS)’ 
capabilities, Elvidge et al. (2022) such as in terms of spatial resolution, 
dynamic range, quantization, calibrations and spectral bands suitable for 
identifying sources of thermal radiation (Elvidge et al., 2013). This study 
uses data from the VIIRS NTL v.2 series for the years 2012–2021 to 
eliminate infrequent noise sources using the temporal levers found in the 
full time series., which is available for free from the official website of the 
Group on Earth Observations.2

2.2.2. Landcover dataset
To better understand the current changes in Asian elephant habitat, 

we used the China land cover type dataset (CLCD) with high spatial 
resolution. Data for 2012 and 2021 with a spatial resolution of 30 m × 30 m 
are selected. This product is the first Landsat-derived annual CLCD from 
1990–2019 based on the GEE platform studied by Yang and Huang, 
(2021), including nine major land cover classes: cropland, forest, shrub, 
grassland, water, snow and ice, bar-ren, impervious, and wetland. The 
CLCD product are based on 5,463 visual interpretation samples with an 
overall accuracy of 79.31% (Hou et al., 2022) This dataset can be obtained 
free of charge from the CLCD website.3

2 https://eogdata.mines.edu/nighttime_light/annual/v20/

3 http://doi.org/10.5281/zenodo.4417810

2.3. Methods

2.3.1. NTL index
Based on the NTL annual average data from 2012 to 2021, 

this study conducts index calculation through statistical  
analysis to understands the interannual fluctuations, changes 
and current status of the NTL in the study area over the past  
decade.

 1. Sum of Nighttime Light (SNL) index
The total light (total intensity) intensity of a region can reflect the 

light characteristics of the region, and the sum of nighttime light index 
(SNL) is constructed to reflect the overall brightness characteristics of 
the region, calculated as follows:

 
SNL DN Count jj

i

n
i i= ∗ = …( )∑ 2012 2013 2021, , ,

  
(1)

where DNi  represents the image DN value and Counti  
represents the count of the image whose DN value is DNi .

 2. Area of Nighttime Light (ANL) index
The proportion of all pixels with brightness value greater than 

0 to the total pixel in the statistical year can reflect the spatial 
extension characteristics of NTL and build the area of Nighttime 
Light (ANL) index. Since the spatial resolution of all grids is the 
same, the pixel count can be used instead of area, and the calculation 
formula as:

FIGURE 1

Study Area.
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Where Counti1  is the brightness value greater than 0 image 
count, Counti2  is all image count.

 3. Increasing of Nighttime light (INL) index
To assess the evolution of NTL over the study period, the year-on-

year growth rate was used to calculate the increasing of Nighttime 
light (INL) index, the formula as:

 
INL SNL SNL

SNL
jj

i i

i
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−
= …( )−

−

1

1

2012 2013 2021, , ,

  
(3)

Where SNLi is the regional nighttime lighting index. A positive 
growth rate is considered to be an increase in human activity in the 
region; a negative growth rate is considered to be a decrease in human 
activity in the region.

 4. Average of Nighttime light (ANLv) index
In order to calculate the Average of NTL according to different 

research needs, the average index ANLv was constructed with 
the formula:

 
ANLv

DN

n
i
n

i
=
∑

 
(4)

Where DNi  represents the brightness value, n  is the number of 
counting pixels.

2.3.2. Trend analysis
In this study, we use the linear regression trend (LRT) method to 

analyze the NTL change trend at pixel scale and PA scale. The LRT 
model can be established by the following formula (Jiang et al., 2017):

 Y X= +α ϕ.  
5( )

Where Y is the night light value, X is the corresponding year, α Is 
the slope, φ Is the intercept. In addition, α It can be expressed as:
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Xi  is a variable of time series, from 1 to 10 represents 2012–2021, 
Yi is the NTL brightness value on the time series, X  and Y  are the 
arithmetic mean centers. If α > 0, indicating that the NTL has an obvious 
increasing trend; If α < 0, there is a decreasing trend.

2.3.3. Spatial–temporal pattern analysis
The standard deviation ellipse analysis (SDE) method can 

effectively analyze the spatial distribution patterns and transfer states 
of NTL, which helps to study the overall spatial distribution 
characteristics of geographic elements from multiple perspectives 
(Huang et al., 2018; Fang et al., 2022).

The basic idea of SDE is to analyze the center, area, long axis, short 
axis and azimuth of the ellipse to analyze the evolution process and 
trend of the center, range, shape and direction of the study area (Gen 
et al., 2022). The long half-axis of the ellipse characterizes the direction 
of element distribution, the short half-axis characterizes the dispersion 
of elements, and the center of gravity of the ellipse portrays the 
centrality of elements, and the area portrays the main range of element 
distribution (Jiao et al., 2022). The center of gravity of the standard 
deviation ellipse (SDEx, SDEy) is calculated as:
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(7)

where xi  and yi  are the spatial location coordinates of each 
element, and X  and Y  are the arithmetic mean centers.

3. Results and discussion

3.1. Time sequence characteristics of light 
distribution around the protection zone at 
night

Human activities around Asian elephant habitats have been 
increasing in the last decade. Despite some interannual fluctuations, 
there is a clear trend of increasing SNL (Figure 2A) and ANL (Figure 2B) 
from 2012 to 2021 both within the PA and PAB. SNL represents the 
variation of total night-time light in the area. In Figure 2A, even though 
the SNL of the PA is far lower than PAB, the SNL of the PA would 
increase when the SNL of PAB increases, indicating that the increase 
and decrease changes of PA and PAB are consistent, e.g., the SNL in 
both areas are increasing from 2012 to 2014, and the SNL increased first 
and then decreased around 2016.However, there are also inconsistencies. 
In 2020, the SNL of PAB decreased compared with the previous year, 
while the PA increased. ANL indicates the percentage of bright pixels 
appearing in the region, and the changes of PA and PAB in Figure 2B 
are more consistent, and both have a significant increasing trend 
(R2>0.82). When the bright pixels of the PAB decreases, it is also 
decreasing in the PA, such as in 2015, 2018, and 2020.

Consistency of NTL changes inside and outside the PA is 
increasing, the average and maximum NTL (ANLv and MNL) in PA 
and PAB are converging. The interannual fluctuations of PAB’s ANLv 
are large and have been slowly decreasing in recent years. 
Unexpectedly, overall ANLv within PA is trending upward and two 
lines representing different regions have a tendency to approach 
during Figure 2C. From the regional maximum value (Figure 2D), the 
MNL of the PAB region also shows a decreasing trend year by year 
27.92 in 2021 is much lower than 45.79 in 2012, a decrease of 39.03%. 
However, the MNL within PA has climbed rapidly since 2019 and 
gradually approaching to the MNL of PAB. Even though Figures 2C,D 
show a decreasing trend of both the mean and maximum values in the 
PAB, the SNL in Figure 2A still shows an increasing trend, indicating 
that the number of illuminated pixels within the PAB has increased 
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and the range of human activities is expanding. Figure 2B also shows 
such a feature.

The level of human activity in PA is greater than that in 
PAB. During Figure  2E, the INL of both PA and PAB fluctuate 
considerably, with positive and negative values, indicating that NTL 
has been unstable over the last decade. Nevertheless, the overall 
values of INL in the PA are larger than those in the PAB, indicating 
that the increasing trend of human activities in PA is more obvious 
than PAB.

In a word, the NTL characteristics of Xishuangbanna Reserve and 
its surrounding areas show an obvious trend of growth in both value 
and range, and individual areas such as MNL and ANLv are 
approaching, indicating that the boundary effect of the reserve may 
be weakening due to human activities. The SNL, ANL, MNL, and 
ANLv of PA had an increasing trend, and the SNL of PAB is increasing, 
ANLv decreasing but the percentage of SNL expands, indicating that 
the area and range of activities are expanding. And the INL changes 
because the interannual fluctuation of SNL is also influenced by the 
number and value of pixels.

3.2. Nighttime light spatial distribution 
pattern refinement detection

From the spatial pattern of Xishuangbanna, the brightest part of 
the NTL in its middle and close to the PA, and the NTL in 2021 is 
brighter and broader than in 2012. In 2012, NTL is mainly 
concentrated in the central part, and some of the southern part of the 
PA had faint lights (Figure 3A). In 2021, more areas around the PA 
were lit up, the original lighted area in the south was brighter, and 
even appeared in the interior and west side (Figure 3B). In addition, 
in 2012 and 2021, the NTL around PA located in the central region 
were the brightest, and PA in the western and southern regions will 
also be illuminated.

The NTLs in the PAB area show a central clustering trend. 
Figures 3C,D are the SNL and MNL of NTL around the PA from 2012 
to 2021 based on pixel scale statistics. Their spatial distribution is 
relatively similar. With faint light sources around the three PA, and 
some of them even inside the PA, such as Mengyang. The SNL and 
MNL of NTL in the Mengyang are relatively large compared to the 

A B

C D

E

FIGURE 2

Annual change of nighttime lighting index in nature reserves and nature reserve buffer zones.
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other, and there are clusters of NTL within PAB in both the Mengyang 
and Mengla areas. The southern part of PA has NTL and aggregation 
phenomenon, especially the NTL of central PA aggregation 
phenomenon is more obvious, showing an obvious bicentric trend, 
and the western PA shows a weak bicentric trend.

The scope of human activities outside the PA is gradually 
expanding, and the impact on the PA is gradually enhancing. The 
statistics obtained 86.21% of the areas with increasing trend and 
13.78% with decreasing trend of NTL in the PAB area from 2012 to 
2021 (Figure 4A, p < 0.1). The average NTL per pixel of PAB increased 
by 1.24 in the last decade, which is equivalent to 2.23 times of the 
regional mean NTL of 0.57 in PA in 2012. Calculation of NTL trend 
changes in the PAB over the past 10 years found that the NTL 
gathering center in the central PAB has a weakening trend, but the 
NTL around the center has an increasing trend, indicating that human 
activities have a trend of spreading to the periphery (Mengyang). The 
NTL aggregation center in Mengla has a higher increasing trend, but 
the NTL of the part intersected with PA has a decreasing trend, and 
the southern PA is currently at some distance from the NTL.

Human activities in PA and PAB have a tendency to move 
southeastward and gradually expand in extent. The long semi-axis of 
the SDE indicates the direction of the center of gravity, which points 
to the southeast in 2012, 2015, 2018 and 2021 (Figure 4B). The center 
of the ellipse shifted along the southeast for two consecutive periods, 
and the period during 2018–2021 was more southerly compared with 
the period before 2018. It can be inferred that the center of gravity of 

the NTL distribution in the PAB shifted roughly to the southeast 
during 2012–2021, indicating a trend of human activities to 
the southeast.

The areas with greater NTL brightness in Xishuangbanna appear 
in the southern part of the PA and inside the PAB, and most of the 
NTL showed an increasing trend. From the SDE, it is clear that there 
is a tendency for human activities to move in a southeasterly direction, 
and basing on conclusion of the northward movement of Asian 
elephants, it is likely that this movement is a “purposeful” trip, which 
shows that PA is increasingly affected by human activities (Jiang et al., 
2023). In the future, monitoring and planning of habitats based on 
Asian elephant activities should be necessary.

3.3. Spatial and temporal coupling of 
human activities and NTL around the study 
area

The main LC type in PA and its surrounding areas is 
predominantly forest, and reduced forest have been converted to 
cropland and building in the last decade. Figures 5A,B are the LC 
classification maps of PAB in 2012 and 2021, respectively. The 
cropland in PA has increased significantly, and there are a large 
number of constructions in the south, and the scope has expanded, 
indicating that human activities are close to PA. Figure 5C shows the 
statistical analysis of LC in 2012 and 2021, where the forest of PA and 

A B

C D

FIGURE 3

2012–2021 NTl spatial distribution: (A,B) are the NTL images of Xishuangbanna region in 2012 and 2021, respectively, and (C,D) are the total and 
maximum NTLs of PAB region on the image metric scale from 2012 to 2021, respectively.

https://doi.org/10.3389/fevo.2023.1088722
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Zhao et al. 10.3389/fevo.2023.1088722

Frontiers in Ecology and Evolution 07 frontiersin.org

PAB decreased by 1.61 and 2.30%, respectively, in 10 years, in which 
99.37% of the decreased vegetation in PA area converted into cropland, 
and 94.78 and 5.22% of the decreased vegetation in PAB converted 
into farmland and construction, respectively.

In the past decade, all LC types showed more increasing than 
decreasing trends in the areas with significant NTL change trends. 
Nearly 50% of the forest showed an increasing trend of NTL and 
nearly 10% showed a decreasing trend. Combining with the areas in 

Figure 4A where NTL showed different trends, we counted the NTL 
trends of different LC under the same location and plotted 
Figure 5D. The areas where NTL has a significant trend of change, 
forest and cropland more dominant, and the areas where forest shows 
different trend are decreasing and farmland is increasing. The 
increasing trend of impervious from 2012 to 2021 is not obvious, but 
the increasing trend presented by NTL is significant, from 0.43 
to 2.56%.

A B

FIGURE 4

Trend prediction plot and standard deviation ellipse analysis for NTL: (A) the linear trend of NTL changes in PA and PAB regions from 2012 to 2021, and the 
colored areas in the figure all passed the significance test (p < 0.1). (B) the analysis of NTL concentration and SDE analysis in 2012, 2015, 2018, and 2021.

A B

C D

FIGURE 5

Distribution of LC types in PAB in 2012 and 2021: (A), is the LC types in 2012; (B), is the LC types in 2021; (C), is the LC statistics of PA and PAB in 
different years; (D), is the past trend of NTL under different LC in different years.

https://doi.org/10.3389/fevo.2023.1088722
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Zhao et al. 10.3389/fevo.2023.1088722

Frontiers in Ecology and Evolution 08 frontiersin.org

The tree cover in the PAB area was higher than 90%, but nearly 
half of the vegetation cover showed a significant trend of increasing 
NTL, indicating that the Asian elephant habitat may still have a 
great risk of human disturbance in the future. However, the data of 
NPP—VIIRS started from 2012, it is impossible to explore the 
current status of NTL in the study area by using the same data, 
which is not conducive to the in-depth analysis of long-term 
change trajectories. And there are few existing LC products with 
high spatial resolution, and if multiple datasets are used, some 
information may be lost due to the uniformity of scale, so if it can 
be  supplemented with more high-precision LC data, the 
understanding of Asian elephant habitat status in Xishuangbanna 
region will be more comprehensive.

4. Conclusion

To address the current challenges of habitat threats to Asian 
elephants, this study explores the spatial changes in Asian elephant 
habitat and the evolutionary trends of human activities from 2012 to 
2021 by combining NPP-VIIRS data and CLCD data, taking the 
Xishuangbanna region as an example. It is found that firstly, the total 
amount and range of NTL in the peripheral areas of Xishuangbanna 
Reserve are expanding, and the brightness of individual areas is 
decreasing, but the NTL within the PA showed an obvious increasing 
trend regardless of the total amount, range and mean value, and the 
NTL characteristics inside and outside the reserve are approaching. 
Secondly, the increasing trend of NTL in 86.21% of the PAB is 
significant, among which the NTL of Mengyang and Mengla PA are 
centrally clustered and distributed in the south, and the scope of 
human activities in the last decade is evolving to the southeast. 
Thirdly, all LC types showed a greater percentage of increasing trend 
of NTL than decreasing trend, and reduced forest had converted to 
cropland or building.

The NTL indices of the habitats explored in this study and their 
surrounding areas are all increasing, and the existing vegetation cover 
areas still show more NTL increasing trends. Although human 
activities have a tendency to move away from PA in a southeastern 
direction, the several northward movements of Asian elephants 
indicate that reasonable planning and regular monitoring of their 
habitats still cannot be ignored.
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