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Forest disturbance monitoring can provide scientific data for the decision making and
management of nature reserves. LandTrendr algorithm has been applied to identify forest
disturbances on a long-time scale through appropriate segmentation and linear fitting. In
this study, 23 nature reserves were detected using LandTrendr during 1987–2020, and
the vegetation loss was quantified by years and pixel numbers. The results illustrated that
(1) most disturbances occurred in the 1990s and early 21st century. (2) From the spatial
distribution of forest loss, the area of forest vegetation disturbance in the coastal zone was
larger than the protected area in the internal Hainan Island, the area disturbed in the coastal
zone protected area was 97.12 km2, and the area disturbed in the internal area of Hainan
Island protected area was 63.02 km2. (3) In terms of different levels of nature reserves, the
disturbed area of national nature reserves was 28.39 km2 and the total disturbed area of
provincial nature reserves was 131.75 km2. (4) In terms of different types of nature
reserves, forest ecological nature reserves had the largest disturbed area of
102.96 km2, followed by marine coastal nature reserves with a disturbed area of
36.99 km2, wildlife nature reserves with a disturbed area of 10.22 km2, and wild plant
nature reserves with the smallest disturbed area of 9.96 km2. The results are hoped to
provide scientific support and data for the management and planning of nature reserves in
Hainan Island.
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1 INTRODUCTION

A forest plays an important role in the terrestrial ecosystem, and its dynamic change could directly
affect the carbon cycle and carbon storage of the terrestrial forest ecosystem (Bonan, 2008; Fahey
et al., 2010). Subtropical forest coverage in China has increased significantly since the 1980s.
However, forest ecosystems are usually disrupted by natural impacts such as forest fires and
typhoons, or by human behaviors such as logging and burning (Curtis et al., 2018; Chuvieco
et al., 2018; Wu Honggan and Miao, 2021). The habitat quality of forest ecosystems has declined and
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global forests have been significantly destroyed, and the influence
of human activities has gradually increased (Tong et al., 2020;
Xiao et al., 2022; Li, 2000). Nature reserves are the core areas of
biodiversity protection (Hu et al., 2009). The establishment of
nature reserves is one of the most direct and effective measures to
protect the biodiversity in biological habitats. Strengthening and
developing the cause of nature reserves is the core work of
ecological environmental protection (Poiani et al., 2000). With
the increasing population and the acceleration of urbanization,
the contradiction between the development of nature reserves
and human activities has become increasingly frequent.
Therefore, it is of great significance to grasp the temporal and
spatial changes of vegetation disturbances in nature reserves and
to find out the law of changes for alleviating the contradiction
between the economic development and ecological maintenance
of nature reserves (Brooks et al., 2004; Peres et al., 2010).

Traditional forest change monitoring was mainly based on field
research with intensive labor and time costs (Klein Goldewijk and
Ramankutty, 2004; Huang, 2018). It is difficult to meet the needs of

the present forest survey on a regional scale. With the development
of remote sensing, it became an important method for forest
disturbance monitoring because of its macroscopic and real-
time nature (Klein Goldewijk and Ramankutty, 2004; Hansen
et al., 2010; Townshend et al., 2012). In the past 20 years,
MODIS and AVHRR images were broadly used in forest
changes because of the high temporal resolution and large
coverage (Hansen et al., 2002). Landsat images provided data
support for forest disturbance monitoring with high spatial and
temporal resolution (Woodcock et al., 2008). Therefore, a time
series image analysis was applied to identify forest disturbances
(Huang et al., 2009; Verbesselt et al., 2010; Jamali et al., 2015).
LandTrendr algorithm was first developed by Kennedy (Kennedy
et al., 2010), which collected available Landsat images to obtain
time-scaled vegetation disturbance information annually (Yang
et al., 2018). To reach a wide research and application group,
LandTrendr algorithm is implemented on the Google Earth Engine
(GEE) platform, which greatly improves the computational
efficiency and provides opportunities for large-scale application

FIGURE 1 | Spatial distribution of Hainan Island natural reserves. The pink area shows the spatial distribution of the study area. The boundary data come from the
Hainan Academy of Environmental Sciences.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8917522

Xiao et al. Temporal-Based Forest Disturbance Monitoring Analysis

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


TABLE 1 | Overview of Hainan Island natural reserves.

Number Natural reserve
names

Key targets Types Founding time Administrated
levels

Benched
area
(km2)

1 Datian National Nature Reserve Hainan slope deer and its
habitat

Wild animal 9 October 1976 National 13.14

2 Dazhou Island National Nature Reserve Swiftlet and its habitat Wild animal 1 August 1987 National 70
3 Dongzhaigang National Nature Reserve Mangrove ecosystem Forest

ecosystems
3 January 1980 National 33.38

4 Jianfengling National Nature Reserve Tropical rainforest
ecosystem

Forest
ecosystems

9 October 1976 National 200

5 Sanya Coral Reef National Nature Reserve Coral reefs and their
ecosystems

Coastal ocean 30 September
1990

National 85

6 Tongguling National Nature Reserve Coral reefs and wildlife Coastal ocean 1 January 1983 National 44
7 Wuzhishan National Nature Reserve Tropical virgin forest Forest

ecosystems
1 November 1985 National 112.16

8 Bawangling National Nature Reserve Nomascus concolor Wild animal 29 January 1980 National 194.5
9 Diaoloshan Provincial Nature Reserve Tropical rain forest Forest

ecosystems
1 April 1987 National 380

10 Bangxi Provincial Nature Reserve Hainan slope deer and its
habitat

Wild animal 16 June 1976 Provincial 3.7

11 Ganshiling Provincial Nature Reserve Hopea reticulata Tardieu Wild plant 1 November 1985 Provincial 17.15
12 Huishan Provincial Nature Reserve Tropical monsoon forest Forest

ecosystems
25 September
1981

Provincial 53.33

13 Fanjia Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

25 September
1981

Provincial 31

14 Jiaxi Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

September 25,
1981

Provincial 83.27

15 Jianling Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

25 September
1981

Provincial 109.23

16 Liji qingpilin Provincial Nature Reserve Green bark forest Forest
ecosystems

25September
1981

Provincial 10.67

17 Liulianling Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

25 September
1981

Provincial 27.46

18 Nanlin Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

25 September
1981

Provincial 65.33

19 Nanwan Provincial Nature Reserve Hainan macaque Wild animal 25 September
1965

Provincial 10.27

20 Qinglan Provincial Nature Reserve Mangrove ecosystem Coastal ocean September 25,
1981

Provincial 29.48

21 Shangxi Provincial Nature Reserve Tropical monsoon forest Forest
ecosystems

25 September
1981

Provincial 116.63

22 Oriental black-faced Spoonbill Provincial
Nature Reserve

Eucheuma Wild plant 28 April 1983 Provincial 14.29

23 Qilincai Provincial Nature Reserve Eucheuma Wild plant 28 April 1983 Provincial 130

The corresponding position distribution of number is shown in Figure 4.
Nature reserve area mainly includes the core zone and buffer zone.

TABLE 2 | LandTrendr key parameter list.

Range Numerical Defaulted Customized

Maximum number of ranges Integer The maximum number of time-scaled ranges to fit
Peak threshold Float 0.9 The threshold for inhibition spikes (1.0) indicates that there is no inhibition
Vertex count over Integer 3 The initial model exceeding maxSegments+1 vertex. Later, it will be cut to maxSegments+1
One-year resilience
avoidance

Boolean value True Avoid one-year resilience range

Restore the threshold Float 0.25 If the recovery rate of a segment is faster than 1/resilient threshold (per year), the segment will be prohibited
Threshold Float 0.1 If the p-value of the fitting model exceeds this threshold, the present model is ignored and the

Levenberg–Marquardt optimizer fitted model is substituted
Optimal model Float 1.25 The most p-valued vertice model is taken up to this ratio from the lowest p-value model
Min observations needed Integer 6 The minimum observation required for output fitting
Time series Clustered

images
Extract a gather of tendency (Hypothesis: each image in the collection represents 1 year). The first waveband
is used to search breakpoints, and all subsequent wavebands are fitted to these breakpoints
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in the nature reserve protection (Griffiths et al., 2014; Pericak et al.,
2018; Zhu et al., 2020; Hua et al., 2021).

Hainan is a tropical island with rich biodiversity in China,
and nature reserves are important ecological constructions for
the protection of precious vegetation and animals. Nature
reserves in Hainan Island have experienced disturbances due
to natural and human activities. Therefore, we adopted
LandTrendr algorithm to detect forest disturbances in 23
nature reserves of Hainan Island using LandsatTM/ETM +
OLI images. Two indices were used to quantify the forest
loss-disturbed years and areas. Finally, the temporal and
spatial changes of forest disturbances were analyzed to obtain
the general conditions of forest disturbances in Hainan Island in
the past 34 years.

2 MATERIALS AND METHODS

2.1 Study Area
Hainan Island is the largest tropical region with the lowest
latitude in China. It is located on the northern edge of the
tropics. Hainan Island has developed and preserved the
largest area of tropical rainforests and has rich biodiversity
in China (Liu et al., 2006). It is of special significance in the
protection of global tropical rainforests and biodiversity.
Presently, Hainan Island has 68 nature reserves, including
8 national-level reserves, 23 provincial ones, and 37 municipal
and county-level ones. Fifty-six of them are land nature
reserves, and the 12 remaining ones are marine nature
reserves. The ecosystem structure of Hainan Island in the
context of ecological function zones is based on sustaining and
protecting biodiversity, water conservation, water resource
protection, and coastal zone protection (Figure 1). The
disturbance caused by human activities from tourism and
economic development has relatively increased in the reserved
area. In addition, due to the profound influence of the sea and
land location, natural disasters such as high temperatures and
typhoons occur frequently in summer and forest disturbance
changes occur significantly. Therefore, we explore the time of
disturbance. The disturbance quantity and other driving
factors are of great significance in the management of
nature reserves.

TABLE 3 | The results can be divided into seven levels according to the intensity
value of disturbance.

Sequential number Disturbance intensive value Grades

1 -46,157.75998–5,139.040356 Level 1
2 -5,139.040355–3,704.81939 Level 2
3 -3,704.819389–549.5332656 Level 3
4 -549.5332655–2,605.752859 Level 4
5 2,605.75286–4,039.973825 Level 5
6 4,039.973826–6,047.883177 Level 6
7 6,047.883178–26,987.50928 Level 7

FIGURE 2 | Forest disturbance in Hainan National nature reserves from 1987 to 2020. (A) The disturbed area of forest vegetation in Hainan nature reserves from
1987 to 2020 and the change of disturbed area in different years. (B) Forest disturbance in Bawangling National Nature Reserve. (C) Forest disturbance in Jianfengling
National Nature Reserve. (D) Forest disturbance in Ganshiling Provincial Nature Reserve.
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Twenty-three nature reserves in Hainan Island were selected for
this study. The details of the nature reserves are described inTable 1.

2.2 Data Description
The Landsat TM/ETM+/OLI images from 1987 to 2020 were
selected according to (1) the vegetation growing seasons (from
June to September) based on reducing the disturbance of
phenology on vegetation spectral recognition (Zhong, 2020)
and (2) to ensure a relatively high image quality in timescales,
less cloud cover images optioned.

2.3 Methodology
2.3.1 Time Series Synthesis
LandsatLinkr (LLR) is an automatic Landsat image processing
system related to data preprocessing module LandTrendr
algorithm (http://jdbcode.github.io/LandsatLinkr/). LLR is
designed for the systematic spatial analysis based on Landsat
images, linking MSS, TM, ETM+, and OLI data. Cloud mask-
embedded Landsat data have been used to mask the clouds and
construct cloud-free images annually. LLR is synthesized based
on Landsat Level 2 temporal data of the seasonal growth annually
(day of year: 150–240). First, each image mask is with the mask
file of the cloud and cloud shadow. An annual data link is
attributed to its geographic coordinates and based on the value
of pixels with replicated observation. The calculation formula is as
follows:

yi,j � ∑
n
1xi,j

n
, (1)

where xi,j represents one observation value of the pixel at the
coordinate of (i,j) in a certain year, n represents the total number of
observations of the input image in this year, and y_(i,j) represents
the output value of the coordinate of (i,j) after synthesis.

2.3.2 The Option of Spectral Index
The normalized difference vegetation index (NDVI) and
normalized burn ratio (NBR) were used to construct temporal
data for disturbance monitoring. Based on a large amount of data,
some studies have shown that the NDVI and NBR have great
sensitivity to various types of disturbance events (Cohen et al.,
2010; Kennedy et al., 2010). The NBR is composed of near-infrared
(NIR) which is sensitive to the chlorophyll content of vegetation
and short-wave infrared (SWIR) which is sensitive to the water
vapor content. A healthy vegetation has a high NBR value in terms
of high NIR and low SWIR values, while the disturbed pixel
demonstrates soil characteristics, the increased SWIR value, and
decreased NBR value. Hence, forest change information can be
identified in accordance with the NBR mutation temporal track:

NDVI � NIR − RED

NIR + RED
, (2)

NBR � (NIR − SWIR)
(NIR + SWIR) . (3)

2.3.3 LandTrendr Parameter Settings
GEE adopts nine parameters for LandTrendr algorithm, among
which eight are used to adjust the control parameters of the

FIGURE 3 | Annual area map of forest disturbance in Hainan nature reserves from 1987 to 2020. Forest disturbance in Hainan reserves mainly occurred in the late
19th century and early 20th century from 1987–2020.
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spectral time segmentation and annual image collection. To
obtain more appropriate parameters, the researcher has made
several attempts and selected the main parameters in Table 2.

2.3.4 Segmentation of Disturbance Results
Since the disturbance intensity calculated could not directly
reflect the changes in forest disturbance, the natural
breakpoint method was adopted in this study to classify the
disturbance intensity into several levels. The disturbance results
are segmented into levels 1–7 (Table 3).

3 RESULTS

3.1 Analysis of the Inter-Annual Variation of
Vegetation Disturbance Intensity in Nature
Reserves
Disturbed forest areas from 1987 to 2020 in the nature reserves of
Hainan Island were obtained using LandTrendr. Disturbances in
Hainan nature reserves mainly occurred in the late 19th century
and early 20th century from 1987–2020 (Figure 2). We calculated
the inter-annual forest disturbance changes in Hainan nature

reserves, as shown in Figure 3. The inter-annual variation of
forest disturbance varied in the nature reserves and showed a
decreasing trend in the past 34 years, with a total disturbed area of
160.14 km2, accounting for 24% of the total area of Hainan nature
reserves. The disturbed area was the largest in 1991, with an area
of 36.38 km2 and the smallest one was in 2020. The disturbed
areas in 1988, 1989, 1991, and 1992 were more than 10 km2,
which were the four most affected years. The total disturbed areas
of Hainan nature reserves were 122.68 km2 (1990–2000),
65.70 km2 (2000–2010), and 15.67 km2 (2010–2020),
respectively. With a significant total reduction in the past
34 years, the disturbed areas were less than 2 km2 since 2010,
and the forest disturbance area tends to be stable gradually.

3.2 Spatial Feature Intensity Analysis of
Vegetation Disturbance of Natural Reserves
Figure 4 demonstrates the spatial distribution of forest
disturbance in Hainan nature reserves. Affected by natural
disasters like typhoons and human activities, the forest
disturbance magnitude in the coastal reserves was higher than
the nature reserves of inner Hainan Island. Among the coastal
reserves, Qinglan Provincial Nature Reserve and Liji Qingpilin

FIGURE 4 | Spatial distribution of the forest disturbance area in Hainan nature reserves. There are mainly tropical rainforest national parks in the island, including
Diaoloshan Provincial Nature Reserve, Jianfengling National Nature Reserve, Wuzhishan National Nature Reserve, and Bawangling National Nature Reserve. Natural
reserves’ name and number, please refer to Table 1.
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Provincial Nature Reserve were the two reserves with the largest
forest disturbance areas. The disturbance areas were 23.14 and
18.64 km2 respectively, followed by the Oriental Black-Faced
Spoonbill Provincial Nature Reserve, which was significantly
disturbed in the context of a disturbance area of 10.23 km2.

Based on field surveys and literature research, such as the
Qinglan Provincial Nature Reserve and Oriental Black-Faced
Spoonbill Provincial Nature Reserve, the local reserve
management department was lacking in professional talent,
and the breeding pond gradually became the main source of
income for the residents, along with the increase in protection
(Guo Julan et al., 2015). In recent years, the development of
mangrove restoration reduced the disturbed forest area and
improved the ecological environment of the reserve. The Qing
Pi Forest Reserve was mainly affected by tourism, which resulted
in the destruction of vegetation areas. The local funeral culture
was also a main reason for the destruction of the Hainan Hopea
(Wang Yonghua and Weng, 2003).

3.3 Analysis of Grade Distribution
Characteristics of Vegetation Disturbance
Intensity in Nature Reserves
The multi-grades of forest vegetation disturbance are shown in
Figure 5. The forest disturbance intensity of Hainan nature
reserves was mainly at grades 2–4, with less at grade 5 and the

least at grades 6 and 7. Our cartographic analysis was carried out
on the results for forest disturbance intensity level improvement.

3.4 Multi-Grade Forest Disturbance
The multi-grades of nature reserve disturbance were classified
according to the different levels of nature reserve administrations
and the reserves level. Different levels of disturbance areas of the
nature reserves and the inter-annual changes are shown in
Figure 6, because the quantity of provincial nature reserves
accounted for 70% of the whole Hainan Island reserve (Liu
Jinfu et al., 2020). Hence, the overall disturbance area of
provincial nature conservation was the largest area, with a
total area of 131.75 km2, and that of national nature reserves
was 28.39 km2.

According to the field investigation, among the provincial
nature reserves, the Qinglan Provincial Nature Reserve, Huishan
Provincial Nature Reserve, and Jianling Provincial Nature
Reserve, the development of breeding ponds was the main
reason for nature reserve disturbance. Since the concept of
conservation has not been deeply rooted in people’s minds
and the management of the reserve has not played its due
role, the phenomenon of local aquaculture pond
encroachment in mangroves has always existed. Until 2017,
the “Green Shield” special action was carried out and the
policy of “returning ponds to forests” was implemented
resulting in the reduction of the disturbance of nature

FIGURE 5 | Grade distribution map of forest disturbance intensity in nature reserves. (A) Forest disturbance intensity of the three typical nature reserves in Hainan
Island is 2–4, 5 is less, and 6 and 7 are the least. (B) Grade distribution map of Bawangling National Nature Reserve. (C) Grade distribution map of Jianfengling National
Nature Reserve. (D) Grade distribution map of Ganshiling Provincial Nature Reserve.
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reserves. The disturbances of the Huishan Provincial Nature
Reserve and Jianling Provincial Nature Reserve were mainly
attributed to deforestation and the core disturbance occurred
from 1989–1992.

3.5 The Variations of Multi-Type Forest
Disturbance
According to the ecological environment of the People’s Republic
of China issued by the list of nature reserves of Hainan Province,
the selected nature reserves in this study were mainly divided into
four types of wildlife nature reserves: wild animals, forest ecology,
wild plants, and ocean coast reserve. Figure 7 shows the disturbed
forest area for different types of nature reserves in the past
34 years.

In the analysis of the 23 nature reserves, 12 forest ecology
reserves were included, accounting for 52% of the total nature
reserves in this study. The wild animal nature reserves accounted
for 22%. Wild plants and ocean coast nature reserves accounted
for 13%. As shown in Figure 7, the disturbed area of forest

ecology nature reserves was the largest (141.88 km2), followed by
ocean coast nature reserves (37 km2), wild animal nature reserves
(33.79 km2), and wild plant nature reserves (9.96 km2).

4 DISCUSSION

In this study, LandTrendr algorithm was used to extract the key
surface spectral information based on the temporal data change
track, time-scaled appropriate segmentation and linear fitting,
and image de-noising spectrum information. It is essential to
simplify the complicated adjacent sections of straight lines to the
point and capture the disturbance factors and obtain the annual
perturbation and disturbance. We used LandTrendr algorithm to
study the forest disturbance and its changes in Hainan nature
reserves from 1987 to 2020, which could help realize the analysis
of the inter-annual and spatial changes of vegetation disturbance
in the nature reserves, and multiple types and grades of nature
reserve vegetation disturbance changes are analyzed based on the
analyzed disturbance results. It can facilitate scientific data

FIGURE 6 | Forest disturbance area of different levels of nature reserves.
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construction for the administrations of the local reserved area and
reduce the consumption of human and material resources via
remote sensing technology and from model driven to data driven
(Liu et al., 2022).

The issue of developing the combination of the local satellite
remote sensing monitoring is an important aspect of research.
The high-resolution-based images can analyze small-scaled
regions further because of lower reserve disturbance precision.
Our research shows the driving factors of the disturbance based
on the previous results and analyzes the experimental correlation
between the disturbance and the main driving factors. It
harnesses the key driving factors of the disturbance and
benefits to nature reserves administration.

The driving factors of forest disturbance could be divided into
human and natural factors, of which human factors played a
dominant role (Han et al., 2012; Runguo Zang et al., 1999). The
forest coverage rate of Hainan Island increased from 21.67 to
57.36%, ranking sixth in the China National Survey. In the 1980s
and 1990s, the Hainan forest disturbance was serious, mainly
resulting from deforestation, breeding pond development, and
other economic activities. Since the 1990s, local people began to
realize the serious consequences of deforestation, and many
provinces and cities conducted scientific afforestation and
forest resource management through the establishment of
nature reserves (Zhai et al., 2014). From the perspective of
different dominant tree species, the forest area of Hainan
Island was dominated by eucalyptus and casuarina, and
gradually changed to broadleaved mixed forests. The removal
of deforestation, Hainan as a coastal province, and the breeding
pond expansion were also important reasons for the disturbance.

The literature shows that part of the reserves were disturbed in
1987; the Hainan offshore aquaculture area was characterized by
a substantial increase, peaked in 2015, and faced a slow decline
after 2015, especially large-scale port provincial nature reserves. It
is a typical area for the large-scale development of aquaculture
ponds in Hainan Island. Additionally, as Hainan Island is the
only tropical island in China, natural disasters occur frequently.
Extreme weather conditions such as typhoons and rainstorms are
significant causes of forest disturbance.

5 CONCLUSION

LandTrendr algorithm of the GEE cloud platform was applied to
detect forest disturbance using Landsat satellite images, and the
long-span monitoring and analysis of forest disturbance in nature
reserves of different grades and types in Hainan Island were
conducted from 1987 to 2020. The main conclusions are as
follows:

1) According to the forest detection based on LandTrendr, the
forest disturbance mainly occurred from 1988–1992 in
Hainan Island nature reserves in the past 34 years, and the
disturbance affected the most was 36.38 km2 in 1991; the total
disturbed area of Hainan nature reserves was 122.68 km2

(1990–2000), 65.70 km2 (2000–2010), and 15.67 km2

(2010–2020). In the past 34 years, the disturbed area of the
forest revealed a dramatically downward trend. Since 2010,
the disturbance area has been less than 2 km2, and the forest
disturbance area gradually stabilized.

FIGURE 7 | Forest disturbance area of different types of protected areas.
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2) The spatial analysis of disturbance in ocean coast nature
reserves was significantly greater than that of inner nature
reserves because coastal nature reserves were vulnerable to
natural disasters like typhoons and high temperatures. In
addition, the economic developmental activities are mostly
located along the coastal zone and strongly disturbed by
human activities.

3) Provincial nature reserves were the largest disturbed
segmentation in terms of the multi-grade change analysis
(total area: 131.75 km2). The second-largest was the national
nature reserves (Total area: 28.39 km2). The main reason was
that provincial nature reserves were the most reserved regions
in Hainan Island, accounting for 57% of the total reserved area
studied. In addition, the administration level of provincial
areas was lower than that of national ones and with a lack of
professional talent.

4) Based on the multi-type change analysis, the sizes of the
disturbed area were listed in descending order:1) forest
ecological nature reserve (largest:102.96 km2); 2) marine and
coastal nature reserve (36.99 km2); 3) wild animal nature reserve
(10.22 km2); and 4) wild plant nature reserve (least: 9.96 km2).
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