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This study aims to evaluate the effects of the spatiotemporal patterns of land-

use and land-cover (LULC) changes on the dynamics of carbon storage in a

tropical region of China by linking the trajectory analysis of LULC changes and

the InVEST model. Based on remote sensing (RS), geographic information

system (GIS) and change trajectories, the spatiotemporal evolution of LULC

changeswas explored. This evolution could be coupledwith the spatiotemporal

LULC change trajectories and the InVESTmodel for the quantitative study of the

spatial distribution and temporal variation in regional carbon stocks. The results

showed that during the 2000–2020 period, the built-up land continually

increased to 206.05 km2 through urban expansion, and forestland became

the dominant type of land, with an area of 357.39 km2. In addition to the change

in land use, the carbon storage in the study region increased by 4.87 Tg C. The

anaphasic trajectory had the largest area ratio at 7.05% in the total area, while

the prophasic trajectory contributed to the largest increase in carbon storage,

5.87 Tg C. Moreover, the repetitive trajectories had no impact on carbon sinks

and sources, whereas the anaphasic trajectory and the continual trajectory

imposed passive impacts on carbon storage. These advances in research

underpin scientific efforts to improve the understanding of the relationship

between the optimization of land-use structure and patterns and the carbon

storage service in the Nandu River Basin.
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1 Introduction

Land-use and land-cover changes (LULCCs) are not only

the most crucial link between human activities and the

ecological environment but also the main factor affecting

regional climate change (Liu et al., 2014). It is estimated that

approximately 35% of the carbon emissions in the atmosphere

have been the consequence of human activities since the

industrial revolution (Houghton et al., 2012). Human

activities have altered the original patterns, structures,

processes and functions of terrestrial ecosystems through

different land-use practices, resulting in serious damage to

the land surface of the ecological environment, which

directly or indirectly affects carbon storage and carbon-cycle

processes in regional ecosystems (Zaehle et al., 2007; Gao and

Wang, 2019; Zhang et al., 2021) and the process of regional

climate change. Terrestrial ecosystems are an important source

and sink of atmospheric greenhouse gases (Cui et al., 2019).

Since carbon storage in terrestrial ecosystems is a significant

component of global carbon storage, these ecosystems play an

important role in mitigating global warming by reducing the

concentrations of atmospheric CO2 and other greenhouse gases

(Lal, 2004). The estimation of annual net carbon absorption by

global terrestrial ecosystems ranges between 2000 Pg and

2,500 Pg, including 500 Pg to 600 Pg by vegetation and

1,500 Pg to 2,300 Pg by soil (Zhao et al., 2019; Liang X.

et al., 2021; Liang Y. et al., 2021). It is widely recognized

that terrestrial ecosystems, with a strong carbon absorption

capacity, are one of the most economically feasible and

ecologically friendly approaches to alleviate the impact of the

greenhouse effect on the global climate (Zhu E.et al., 2019). The

carbon absorption capacity of terrestrial ecosystems has

become the focus of attention for governments and scholars

worldwide (Schimel et al., 2001; Ji et al., 2008; Piao et al., 2009;

Fang et al., 2015; Dai et al., 2016). Several factors, such as

climate change, land-use change, and land management,

interact to regulate soil carbon storage (Xia et al., 2010),

among which land-use changes and land management

measures are key factors influencing greenhouse gases and

affecting carbon emissions (Smith and Conen, 2006). The

Intergovernmental Panel on Climate Change (IPCC) report

states that the contribution of LULCCs to the increase in

atmospheric CO2 is expected to be only second to the

combustion of fossil fuels in the future (Houghton, 2003;

Foley et al., 2005). It is obvious that LULCCs, as one of the

most important factors affecting soil carbon storage in

terrestrial ecosystems, also dominate the spatiotemporal

evolution of carbon sources and sinks (Houghton et al.,

2000). Thus, a deep understanding of the impact of the

spatiotemporal evolutionary characteristics of land-use

patterns on regional carbon source and sink mechanisms is a

prerequisite for reducing and managing carbon dioxide

emissions (Hwang et al., 2021).

Estimating the effect of land-use changes on soil carbon

storage depends on data sources and techniques (Leifeld, 2013).

Assessing and analysing the spatial distribution and mechanisms

of soil carbon sources/sinks is a major challenge faced by many

researchers (Xu et al., 2011). At present, the methods for

assessing regional carbon storage mainly include field surveys

(Ren et al., 2011), remote sensing inversion (Lu et al., 2010; Fu

et al., 2013) and model simulations (Sohl et al., 2012; Zhao et al.,

2013). The field survey method mainly uses regional carbon

density profiles of different vegetation and soil types to estimate

carbon storage. Although it is relatively simple and accurate, field

surveys are only suitable for small regions and have limited

effectiveness in reflecting the dynamic changes in carbon storage

at large regional scales (Huang et al., 2014). Remote sensing is a

cost-effective and useful technique for both qualitative and

quantitative analyses of LULC changes in terrestrial

ecosystems using satellite imagery (Mayani-Parás et al., 2021).

Additionally, time-series analysis of remote sensing data provides

an excellent opportunity to understand and map LULCCs from

small to large catchments (Abdullah et al., 2016; Yan et al., 2019).

Hence, the remote sensing method has been broadly used for

LULC change detection from small to large regions/catchments

(Kuma et al., 2022). The model simulation method applies

different models to simulate and estimate land use, among

which the Integrated Valuation of Ecosystem Services and

Tradeoffs (InVEST) model is widely used due to the

advantages of simplicity, flexible parameters, and relatively

accurate results. The approach of combining the GIS, RS and

InVEST models has been extensively used by governments,

companies and researchers to explore the simulation,

prediction and assessment of the carbon storage of ecosystems

and has been applied at different scales, such as regional (Chuai

et al., 2014), national (Ni, 2013) and global (Nelson et al., 2010)

scales. In particular, by combining the InVEST model with the

land-use simulation model (CA-Markov, CLUe-S, etc.), some

scholars have revealed the temporal and spatial variation

characteristics of regional carbon storage at the watershed and

urban scales in the past, predicted the trends in the future, and

discussed the future scenarios of land-use and land-cover

changes and their impact on regional ecosystem carbon

storage (Li et al., 2020; Zhu et al., 2020; Liu et al., 2021).

According to the variation in ecosystem carbon storage

patterns in different periods, most previous studies have

indicated the influence mechanisms of LULCCs on regional

carbon storage at different scales. However, it has been

difficult to uncover the impact of the spatiotemporal evolution

of land-use patterns on the dynamic processes of regional carbon

storage patterns under the effect of comprehensive driving forces.

In addition, there are still many uncertainties about the impact of

land-use change on carbon balance and carbon intensity

(Permpool et al., 2016). As a complementary methodology,

the LULC change trajectory can dynamically track the

spatiotemporal evolution of continuous and long-term land-
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use change processes in the same region (Zomlot et al., 2017). For

example, Zhou et al. (2008) used multitemporal remotely

sensed imagery to derive land-cover change trajectories to

understand the spatiotemporal pattern of ecosystem

dynamics. Similarly, Wang et al. (2012) proposed trajectory

analysis as a new mathematical algorithm to explore the

spatiotemporal analysis of land-use/cover change by using

GIS and RS. The same approach was carried out by Wang

et al. (2013) with high-resolution remote sensing imagery to

monitor the spatiotemporal change of land use/cover by using

pattern metrics of change trajectories in smaller scale valleys.

Zomlot et al. (2017) used trajectory analysis as a preprocessing

tool to identify LULC changes to improve spatiotemporal

patterns and conduct impact assessments on groundwater

recharge. However, there is still a gap in the exploration of

the effects of spatial and temporal changes in land use on soil

carbon storage at the regional scale, especially in the tropics.

The tropics have a greater potential for reducing atmospheric

CO2 (De Sousa-Neto et al., 2018), but no previous study has

focused on matching the carbon density of the Nandu River

Basin in the tropics over a long span, such as 30 years, to

calculate the soil carbon storage caused by LULCCs.

Furthermore, the study of trajectory analysis to quantify the

impact of land-use change on soil carbon has not been applied

in tropical areas at large scales. Therefore, it is necessary to

quantify the effect of regional LULCCs on carbon storage by

coupling InVEST models with spatiotemporal LULC change

trajectories.

The Nandu River, as an important source of drinking

water, is the largest river on Hainan Island and is known as the

Mother River of Hainan Island, China. With the rapid

socioeconomic development and the increasing population

of the study region, agricultural water use has increased

sharply, and the problem of agricultural nonpoint source

pollution has become an urgent issue in the middle and

lower reaches of the Nandu River (Liu et al., 2013). In

addition, excessive discharge of domestic wastewater has

seriously polluted the regional ecological environment,

particularly in urban and rural areas. It was reported that

the urban domestic sewage treatment rate in some areas was

only 2.97% (Province, T.P.s.G.o.H., 2015), whereas rural

domestic sewage was rarely treated. Some relevant studies

have demonstrated that the water quality of the middle and

lower reaches of this river belongs to the fifth type of surface

water (Class V) (Liu et al., 2013), which is mainly applicable to

agriculture and meets general landscape requirements.

Moreover, indiscriminate and illegal mining is very

prominent in some sections of the river, which has caused

damage to the local ecological environment. Furthermore, the

disturbance intensity in the natural ecosystem of the basin

caused by human activities has been severe over the last

decade. Together with an increased intensity of

deforestation, grassland clearance and wetland reclamation

for farmland expansion and the built-up land construction

encroachment on farmlands and forestlands, this area has

incurred significant changes to the LULCC pattern, which has

increased the uncertainty of carbon sink functions across the

Nandu River Basin. These changes will have a profound

impact on the ecological environment of the study area in

the future. Nevertheless, less research has been carried out on

the relationship between land-use change and carbon storage

services in this region. Therefore, we believe that it is

necessary to quantify local regional carbon storage and fill

in the gap in regional ecological environmental research.

This paper was based on land-use/cover data obtained from

remote sensing image interpretation in 1990, 2005 and 2020,

coupling the InVEST model with spatiotemporal LULC change

trajectories to estimate the distribution of carbon storage, such

that this research will provide meaningful resources for land-

use managers. The primary objectives of our study include 1)

using GIS and RS applications to investigate the spatiotemporal

LULC change from 1990 to 2020 by using trajectory analysis; 2)

linking the trajectory analysis and the InVEST models to map

the carbon storage spatial distribution and exploring its

spatiotemporal evolutionary tracking; 3) providing a new

way to quantify the response mechanism of land-use

dynamic processes on regional carbon source/sink effects;

and 4) proposing some suggestions for implementing

appropriate land-use policies to wisely control LULCCs to

reduce carbon emissions (Zhu W.et al., 2019).

2 Study area

The Nandu River (located between 18° 56′ N and 20°05′ N
latitude and 109°12′ E and 110°35′ E longitude) is the largest

river on Hainan Island (Figure 1). Its main tributaries include

the Longzhou River, Datang River, Yaozi River, etc. It

originates from the Nanfeng Mountains in Baisha County

and enters the Qiongzhou Strait in Haikou city, where it has a

wide channel with many sandbanks, hills and shoals. Both

banks of the river are flat platforms, most of which are

cropland, covering a total area of 7,033 km2. The slope of

the total terrain of the basin gradually decreases from south to

north. The upper reaches of the river are high mountains and

hills with large topographic fluctuations, while the slopes in

the middle and lower reaches are gentle. The annual average

temperature is 23.5°C, and the annual average precipitation is

1935 mm. The main soil types include mountain yellow soil,

mountain lateritic soil, lateritic soil, sandy soil, paddy soil, etc.

The river basin is rich in forest resources, with more than

1,200 species of coniferous broad-leaved trees and more than

700 species of arbor trees. Moreover, the plant resources in the

basin are abundant and diverse. The vegetation type is mainly

evergreen broad-leaved forest, with various tropical shrubs,

vines, herbs and so on under the forest.
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3 Methods

3.1 Image collection and processing

Landsat satellite images (5, ETM+, and 8) with Spectral

Bands 3 (0.63–0.69 mm), 4 (0.77–0.90 mm) and 5

(1.55–1.75 mm) from Landsat TM5 and ETM+ and Bands 4

(0.64–0.67 mm), 5 (0.85–0.88 mm) and 6 (1.57–1.65 mm) from

Landsat Imager OLI were used for 2000, 2010 and 2020 for

LULCC mapping. All satellite images were obtained from the

USGS (http://glovis.usgs.gov/). At the beginning, ENVI 5.

5 software was employed to process all Landsat scenes, which

were reprojected with WGS84/UTM Zone 49 N for geometry

and resampled to a 30-m spatial resolution, followed by using the

FLAASH (Fast Line-of-sight Atmospheric Analysis of Spectral

Hyper cubes) module in ENVI 5.5 software for atmospheric

correction. Next, all satellite images were composed using red‒

green-blue (RGB) colour composition with Band 543 (Landsat

TM5 and ETM+) and Band 654 (Landsat OLI). According to the

classification criterion issued by the Ministry of Natural

Resources of China and the current land-use situation, the

land use of the study region was categorized into the

following five groups: croplands, forestlands, grasslands, water

bodies, and built-up areas. Training of classes was conducted

using the data from field surveys, high-resolution Google Earth

maps, and previous land-use maps. The support vector machines

(SVM) algorithm in ENVI 5.5 was used to classify the images

from 2000, 2010 and 2020. The second step was the accuracy

assessment of classified images from 2000, 2010 and 2020.

Ground truth points were taken from the high-resolution

Google Earth maps and from field surveys with a simple GPS

instrument for training and testing classified maps and their

accuracy assessment. In addition, a confusion matrix was

developed to evaluate the accuracy of the classified images

from 1990, 2010 and 2020. The overall accuracy and Kappa

coefficient are the twomost extensively used accuracy assessment

methods for classified images. The Kappa indices for all classes

exceeded 0.75, with values of 0.813, 0.832 and 0.854, respectively.

Finally, five classes for land-use and land-cover maps with a

spatial resolution of 30 × 30 m were generated in Grid format

with Arc Pro 2.8 (ESRI, United States), which were used to detect

the dynamic tracking of the spatiotemporal evolution of broad

land-use/land-cover areas in this region.

3.2 Trajectory analysis

A change trajectory of a time series can be expressed by

trajectory codes in all forms (e.g., in values or letters) for every

pixel in the raster image (Wang et al., 2012). In this paper, the

land-use types, croplands, forestlands, grasslands, water bodies,

and built-up areas, were assigned the numeric codes 1, 2, 3, 4 and

5, respectively, which were used as trajectory codes for detecting

the changes for each pixel at each time node through the three

FIGURE 1
Location and elevation of the study area.
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temporal slices, 2000, 2010 and 2020. The algebraic superposition

of the trajectory analysis unit for LUTs was conducted in ArcPro

2.8. Trajectory codes for each land-use/cover object can be

achieved by land-use/cover attribute calculation using the

formula below (Wang et al., 2012).

Tij � (G1)ij × 10n−1 × (G2)ij × 10n−2 + . . . + (Gn)ij (1)

where Tij has no mathematical sense and represents the

trajectory code of the pixel at row i and column j in the

trajectory layer, n refers to the number of time codes, and

(G1)ij, (G2)ij and (Gn)ij represent the LULC map code

values in different periods.

In the calculation results, the trajectory analysis of the LULC

map in this study was summarized into five types (Gong et al.,

2015): 1) A numeric trajectory code in the form of xxx was

treated as stable, such as 111, 222, 333 and so on, with all the

same codes at each time node. This denotes those objects with no

land-cover change from 1990 to 2020; 2) xyy was identified as

prophasic, with 155 representing the change from cropland to

built-up land in the second time and kept for in the third period;

3) xxy was recognized as anaphasic, with 112 referring to the

cropland only converted to forestland in the third period; 4) xyx

was defined as repetitive, with 121 demonstrating the changes

from cropland to forestland only occurred in the second period

while the initial and final land types were the same; and 5) xyz

was seen as continual, with 123 suggesting the transition from

cropland to forestland and grassland was continuous during the

study period, while the initial and final land types were not

the same.

3.3 InVEST model

In this study, the Carbon Storage and Sequestration module

of the InVEST model was applied to estimate the amount of

carbon stored in this area, which was divided into four basic

carbon pools in terrestrial ecosystems, followed by

aboveground carbon (AGC), belowground carbon (BGC),

soil organic carbon (SOC, 0–20 cm) and dead organic

carbon (DOC) in the present study (Zhao et al., 2019). In

detail, AGC encompasses the branches, leaves, trunks, bark,

and other living plant materials above the soil level, while BGC

includes the living roots of AGC, the DOC comprising dead

matter as well as litter and the SOC representing the organic

components of soil. Additionally, the carbon storage of an

ecosystem is calculated by multiplying the average carbon

density of AGC, BGC, SOC and DOC of each land-use/cover

type by their corresponding areas (Zhao et al., 2019). In this

study, the LULC maps generated from the three periods, 2000,

2010 and 2020, were used as input maps, whereas the carbon

density for all four carbon pools for each land-use and cover

type was derived from the relevant scientific literature with

similar conditions to those of the study area in the tropical

region (Table 1).

Although the carbon density parameters represent data from

a single time point, research has demonstrated that the effects of

LUCCs on carbon storage changes can be evaluated well even if

the changes in carbon density are ignored (Zhu W.et al., 2019; Li

et al., 2021). Using the InVEST model, the calculation formulas

for carbon storage estimation are as follows (Li et al., 2021):

D � Dabove +Dbelow +Dsoil +Ddead (2)
Ctotal � ∑k

i�1AK × DK (3)

where D denotes the total carbon density of each land-use and

land-cover type; Dabove, Dbelow, Dsoil, and Ddead represent the

carbon densities of AGC, BGC, SOC and DOC, respectively; AK

represents the area of each land-use type; and Ctotal denotes total

carbon storage.

4 Results

4.1 Land-use/land-cover change
detection

To determine the direction of changes in land use and land

cover in this study (Table 2), five classes covering a total area of

7,083.63 km2 were represented in different colours. The results

indicated that forestland was the dominant land-use type,

accounting for 63.08, 71.08, and 68.13% of the total area,

respectively, during each study period and spreading all over

the study region. In 2000, the estimated forestland area was

4,468.34 km2, whereas in 2010 and 2020, it was 5,034.76 km2 and

4,825.73 km2, respectively. It represented an upwards trend in the

earlier period and a downwards trend in recent times. As the

second largest land-use type, cropland played a subsidiary role in

the study region, which was mainly distributed in the

northeastern region, accounting for 29.97, 24.70 and 23.84%

of the total area during the study periods, respectively. Its

proportion in the total area presented a downwards trend all

the time, possibly due to the implementation of the Grain for

Green Program (GGP) by the Chinese government, implemented

after 1999, in which a certain proportion of cropland has been

abandoned and converted to other land-use types, especially in

southwestern mountain areas and northern coastal areas of the

study area. As a result, the proportion of cropland decreased to

6.13% from 2000 to 2020. Built-up land was mainly distributed in

the northern coastal and northeastern plain areas. It accounted

for only 1.36, 1.50 and 4.27% of the total area, respectively,

showing a continual upwards trend from 2000 to 2020. The

growth of built-up land was mainly observed in the northern

coastal areas of Haikou city, the capital of China’s largest special

economic zone on Hainan Island. The urban areas expanded to

203.7 km2 in 2020, approximately 6 times the area of 34 km2 in
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TABLE 1 Carbon density of each land-cover type in the study region.

Land-use types Regional carbon density (kg m−2) Sources

AGC BGC SOC DOC

Cropland 1.19 0.36 3.55 0.03 Xi et al. (2013); Wu et al. (2020)

Forestland 4.56 0.64 15.25 0.19 Xi et al. (2013); Wu et al. (2020)

Grassland 0.86 0.39 4.33 0.1 Su (2015); Wu et al. (2020)

Waterbody 0.16 0 3.29 0 Xi et al. (2013); Su (2015)

Built-up land 0.3 0 2.33 0 Song et al. (2016); Wu et al. (2020)

TABLE 2 LULC area coverage and changes between 2000, 2010 and 2020.

Land-use
types

Area Change

2000 2010 2020 2000–2010 2010–2020 2000–2020

km2 % km2 % km2 % km2 % km2 % km2 %

Cropland 2,122.91 29.97 1749.48 24.70 1,688.47 23.84 −373.43 −5.27 −61.01 −0.86 −434.44 −6.13

Forestland 4,468.34 63.08 5,034.76 71.08 4,825.73 68.13 566.42 8.00 −209.03 −2.95 357.39 5.05

Grassland 203.68 2.88 35.62 0.50 36.91 0.52 −168.06 −2.38 1.29 0.02 −166.77 −2.36

Waterbody 192.36 2.72 157.49 2.22 230.13 3.25 −34.87 −0.50 72.64 1.03 37.77 0.53

Built-up land 96.34 1.36 106.28 1.50 302.39 4.27 9.94 0.14 196.11 2.77 206.05 2.91

Total 7,083.63 100 7,083.63 100 7,083.63 100

FIGURE 2
Land-use/land-cover change trajectory map of the Nandu River Basin (2000–2020).

Frontiers in Environmental Science frontiersin.org06

Gong et al. 10.3389/fenvs.2022.1038752

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1038752


2000. Compared with that in 2000, the spatial distribution of

urban areas sharply changed, driven by advancements in modern

tropical agriculture, the mass tourism industry and rapid

economic development. The proportion of water bodies

increased by 0.53% from 2000 to 2020, experiencing a

minimal change in spatial distribution, while grassland

decreased by 2.36% during the study period, which was

mainly observed in the southern mountain region.

4.2 Change trajectory distribution map

Based on the spatiotemporal trajectory calculation, all

distribution trajectory maps for the three LULC maps (2000,

2010, and 2020) in the study area are presented in Figure 2. A

total of 104 trajectories were identified, among which

99 trajectories varied with time, associated with 16.77% of

the total area, whereas the remaining 5 trajectories were

trajectories with no land-use changes, accounting for

83.23% of the study area with 59.22% covered forestland

(Table 3).

In all change trajectories of the whole area, the anaphasic

trajectory occupied the largest area ratio at 7.05% of the total

area. The most obvious changes in the anaphasic trajectory were

Trajectories 112 and 225, accounting for 34.83 and 22.57% of the

total converted land-use types in the anaphasic transition,

ranking first and second in the lands with anaphasic

trajectories, respectively. While the transformation from

cropland to forestland in Trajectory 112 was due to the

implementation of GCP, Trajectory 225 mostly occurred in

Haikou Jiangdong New Area, which was determined by the

Hainan Provincial Government as the main undertaker and

the pioneer for the free-trade port policies since 2019. With

the construction of the Hainan Free Trade Port, more land was

needed for urbanization, and deforestation continued. Moreover,

Trajectories 115 and 551 accounted for 12.40 and 0.56% of the

total area of the anaphasic transition types, respectively. As they

were widely distributed around the suburban area and the urban

agglomerations, it implied that a large area of cropland was

occupied by built-up land and that only a small proportion of

built-up land was compensated by land reclamation.

The area of the prophasic trajectory was 465.62 km2, the

second largest in all land-use change trajectory types, accounting

for 6.57% of the total area during this period. In particular,

Trajectory Types 122 and 322 were the major prophasic

transition types, accounting for 47.81 and 37.12% of the total

area of the prophasic trajectory type, respectively. The transition

areas of 211 and 233 were only 0.48 and 5.82 km2, respectively,

indicating a large imbalance between forestland, cropland and

grassland. Trajectory 122 was closely related to the

implementation of forestry ecological policy and readjustment

of the local industrial structure, in which a fraction of cropland

was converted to forestland. Trajectory 322 indicated that a large

area of grassland was occupied by forestland due to economic

profits, especially for the extensive planting of fast-growing tree

species, such as Eucalyptus and Acacia.

The area of repetitive transition was 183.93 km2, accounting

for 2.6% of the total area, while the areas of Trajectories 121, 424,

and 232 were evidently higher than those of the other repetitive

trajectory types, each accounting for 126.92, 30.0, and 7.07 km2,

respectively. Trajectory 121 was the dominant repetitive

trajectory type, accounting for 69.01% of the total area in the

repetitive trajectory, suggesting that the mutual transition

between cropland and forestland was frequent under the

context of economic interests and land-protection policies.

The percentage of the continual trajectory type was 0.55%,

which was the smallest among all transition types. Among the

continual trajectory types, Trajectory 125 was dominant and

accounted for 56.04% of the total area, followed by Trajectories

324 and 124 with proportions of 10.34 and 8.36%, respectively.

Trajectory 125 occurred in the suburb of Haikou city as an

economic development zone, indicating that the transition from

cropland to forestland and built-up land was very common in the

context of fast-growing urbanization and forestry ecological

policy.

4.3 Carbon storage between 2000 and
2020

Over the past 2 decades, the total carbon storage increased

from 105.19 Tg C (1 Tg = 1012 g) in 2000 to 113.92 Tg C in 2010,

TABLE 3 Trajectory analysis of land-use/land-cover change in the study region.

Trajectory type Area/km2 Proportion/% Major trajectory type Area/km2

Stable 5,895.66 83.23 Forestland-forestland-forestland (222) 4,194.82

Prophase 465.62 6.57 Cropland-forestland-forestland (122) 222.60

Anaphase 499.62 7.05 Cropland-cropland-forestland (112) 174.01

Respective 183.93 2.60 Cropland-forestland-cropland (121) 126.92

Constant 38.80 0.55 Cropland-forestland-built-up land (125) 21.75

Total 7,083.63 100
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followed by a decline from 113.92 Tg C in 2010 to 110.06 in 2020

(Table 4). Although it showed an upwards trend followed by a

downwards trend, the change was not significant, with only a net

increase in carbon storage of 4.87 Tg C and an average annual

increasing rate of 0.2316% in the whole study region. Among the

four carbon pools during the study period, SOC was dominant

and accounted for 73.60, 73.66 and 73.78% of the total carbon

storage in 2000, 2010 and 2020, respectively. AGCwas the second

most significant, accounting for 22.00, 22.06 and 21.96% of the

total carbon storage across the whole region in each period,

respectively. DOC occupied the lowest proportion of the total

area, with an approximate carbon storage of 0.93 Tg C, 1.01 Tg C

and 0.97 Tg C during the study period, respectively. Spatially, the

carbon density in the southern part of the mountain region was

greater than that in the northern part (Figures 3A,B,C). This

trend was evident in all three periods because most forestland

was widely distributed in the southern mountain region of the

study area and had significantly high carbon stocks due to robust

photosynthesis. In addition, the southern mountain region is

located in the National Park of Hainan Tropical Rainforest,

where forestland (tropical rainforest) has been strictly

protected and there is almost no human disturbance due to

the strict implementation of the Natural Forest Protection

Project (NFPP) by the Chinese government.

Figures 4A,B,C shows the spatial changes in carbon density

from 2000 to 2020. Generally, the carbon-emission areas for

LULC in the study region showed an increase, which was mainly

distributed in industrial parks close to the coastal zone and the

economic area along the Nan Du River. While the carbon sink

areas spread across the whole study region during the study

period, they were largely concentrated in the southern mountain

region. The total areas of carbon emissions and carbon sinks were

approximately 5.25 and 8.93%, respectively, during the whole

study period (Table 5), with 85.82% of this area undergoing no

change between 2000 and 2020. The change in carbon emissions

from land-use conversion between 2000 and 2020 was 4.66 Tg C,

whereas the change in carbon sinks from LULC was 9.53 Tg C.

To some extent, this indicates that the carbon sequestration

TABLE 4 Total carbon storage of different carbon pools in 2000,
2010 and 2020 in the study region (Tg).

Year AGC BGC SOC DOC Total

2000 23.14 3.70 77.42 0.93 105.19

2010 25.13 3.87 83.91 1.01 113.92

2020 24.17 3.71 81.21 0.97 110.06

FIGURE 3
The spatial distribution of total carbon density in 2000, 2010 and 2020 (A–C).
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capacity caused by land-use changes is much more significant

than the carbon-emission capacity in this study region. Due to

the expansion of forestland and grassland areas for the

implementation of the GCP during the study period, the

changes in total carbon storage suggest that the land-use and

land-cover changes between 2000 and 2020 led to a net increase

in carbon by 4.87 Tg C. During 2000–2010, the percentage of

carbon emissions was only 0.86% of the total area in this study

region, 7.07% between 2010 and 2020, which was 8.22 times

higher than that during 2000–2010, showing that the spatial

distribution of carbon-emission areas was more dispersive than

that in the first stage. While the carbon sink areas accounted for

8.86 and 3.13% in the first and second stages, respectively, they

were more spatially scattered in the first stages. The total area of

no carbon changes between 2000 and 2010 was approximately

90.28 and 89.80%, respectively, which was dominant in the study

area and showed a similar spatial distribution pattern during

both stages in the study period.

5 Discussion

5.1 Spatiotemporal trajectory and patterns
of carbon storage induced by LULCCs

The results in land-use/cover conversion directly led to the

great changes in large carbon sinks and carbon sources. Land use

change will change the amount of plant residues entering soil,

affect the decomposition and loss of soil organic carbon, break

the balance of soil organic carbon, and change the soil carbon

density. Land use change will lead to the transfer of vegetation

carbon, part of vegetation carbon stays in place in the form of

FIGURE 4
Spatiotemporal carbon change between 2000, 2010 and 2020 in the study region (A–C).

TABLE 5 Area percentages of carbon density changes in the study region (%).

Stages Carbon-emission area Carbon sink
area

Unchanged area Stages Carbon-emission area

2000–2010 0.86 8.86 90.28 2000–2010 0.86

2010–2020 7.07 3.13 89.8 2010–2020 7.07

2000–2020 5.25 8.93 85.82 2000–2020 5.25
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dead branches and leaves, enters the soil and is transformed into

soil organic carbon, and the other part of vegetation carbon is

used and removed in different ways, and finally enters the

atmosphere, which changes the vegetation carbon density.

Due to the difference of land transfer area and carbon

density, the change of land use types has different effects on

carbon storage. In particular, built-up expansion areas affect not

only the carbon-emission intensity of human activities but also

carbon sinks within terrestrial ecosystems (Hergoualc’h and

Verchot, 2013; Tubiello et al., 2015). Therefore, combining the

spatiotemporal trajectory of LULC changes with InVESTmodels,

this study aimed to analyse the effects of LULC on carbon storage

in the Nandu River watershed in the tropical region of Hainan

Island. The following discussion focuses on the effects of land-

trajectory analysis on carbon storage.

5.1.1 Impact of land-use patterns for trajectory
analysis on carbon storage from 2000 to 2010

The results obtained with the InVEST model revealed that

the conversion of LULC classes resulted in an increase in carbon

storage in the first stages (2000–2010). The total carbon stock

estimated for the land-use pattern in the study area in

2000 amounted to 105.19 Tg C, which increased by

113.92 Tg C in 2010, with a net increase in the total carbon

storage of 8.73 Tg C and an annual increase of approximately

0.873 Tg C (Table 3).

From the land-use conversion matrix (Table 6), the area that

underwent land-use change in the study region was 688.53 km2,

accounting for 9.72% of the total land. Conversions between

cropland and forestland were the major transition during this

stage, accounting for 54.64% of the total land change, as

374.98 km2 of cropland was converted to forestland, and

1.26 km2 of forestland was transformed into cropland. The

benefits of afforestation do not balance out the negative effects

of deforestation in this stage. Conversion from cropland to

forestland was mostly distributed in the northern part of the

study region, which created the largest net carbon storage,

5.82 Tg C, in the study region as a direct result of the GGP,

suggesting that afforestation and recovery of forestland had

positive effects on carbon sequestration due to its greater

carbon density (Krogh et al., 2003; Wang et al., 2020).

However, under the impacts of local urbanization and

industrialization and industrial restructuring, especially the

development of high-efficiency tropical agriculture and the

development of international tourism on Hainan Island that

expanded rural people’s economic prospects beyond farming, an

increasing number of farmers are migrating into urban areas for

nonfarm employment opportunities. The remaining farmers are

primarily elderly people and women with relatively low labour

capacity (Li et al., 2014). Our results showed that a certain

amount of cropland was converted into forestland for fast-

growing timber plantations, rubber plantations, and betel-nut

plantations, especially in the plain region, as a direct result of the

declining relative profitability of traditional farming businesses

(Yan et al., 2016). This transformation in land use will undermine

national food security for China in the future. Driven by local

economic interests or industrial restructuring, the development

from grassland to forestland accounted for 180.54 km2, which

was the second largest transition area with a net carbon storage of

2.70 Tg C. The conversion from water bodies to forestland

comprised the third largest area on the trajectory maps,

covering an area of 51.59 km2 and creating 0.89 Tg C.

The shift from forestland to water bodies covered 19.04 km2,

the largest area for the passive impacts on carbon storage, with a

total loss of 0.89 Tg C. This indicated that the contribution of

water bodies to carbon storage was far less than that of forestland.

In addition, interchanges between forestland and built-up land

were also observed during the study period. The transformation

from forestland to built-up land was another important

trajectory for carbon emissions, accounting for 2.13% of the

total change area. With rapid economic development and

urbanization, the expansion of built-up land occurred in the

economic development zone or new urban development zone

(Chen et al., 2020). A significant fraction of land was needed for

built-up construction, thereby resulting in deforestation and a

0.26 Tg C decrease in regional carbon storage. Moreover,

13.47 km2 of forestland was estimated to have converted to

grassland, causing a 0.20 Tg C decrease in carbon storage.

TABLE 6 Land-use conversion matrix from 2000 to 2010 (in km2).

2000 2010 2000 total (km2)

Cropland Forestland Grassland Waterbody Built-up land

Cropland — 374.98 1.32 4.41 5.04 2,122.92

Forestland 1.26 — 13.47 19.04 14.63 4,468.34

Grassland 0 180.54 — 0.81 1.95 203.68

Waterbody 6.99 51.59 0.46 — 0.19 192.36

Built-up land 4.06 7.71 0 0.1 — 96.34

2010 Total (km2) 1749.48 5,034.76 35.62 157.49 106.28
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5.1.2 Impact of land-use patterns for trajectory
analysis on carbon storage from 2010 to 2020

Specifically, during the 2010–2020 period, the spatial

distribution of the trajectory in the study region exhibited

significant differences (Figure 5).

The most obvious changes in trajectory units were the

conversion from forestland to cropland and its reverse,

accounting for 25.06 and 24.17% of the total converted land-

use types, occupying the largest and the second largest areas of

total land changes, respectively. With the implementation of the

GCP, 175.25 km2 of cropland was estimated to be converted to

forestland, causing a 2.72 Tg C increase in carbon storage.

However, under the influence of local industrial policy,

especially with the emphasis on returning Eucalyptus to

sugarcane or cropland, 181.65 km2 of forestland was converted

to cropland, resulting in a total loss of 2.82 Tg C of carbon

storage, while these conversions were estimated to lead to a

slight decrease in carbon storage of 0.10 Tg C.

Correspondingly, with the acceleration of urbanization and

the expansion of urban areas, carbon storage in the

transformation from forestland to built-up land showed a

significant decreasing trend, with 140.97 km2 of forestland

estimated to be converted into built-up land. This trajectory

was the third largest change area of trajectory types and the main

source of decrease in carbon storage by 2.54 Tg C. On the other

hand, only 6.49 km2 of built-up land was estimated to be

converted to forestland, resulting in a total increase of

0.12 Tg C. The trajectory change from forestland to built-up

land was mostly distributed in Jiangdong New Area, mainly

composed of Guilinyang Economic Development Zone and

Lingshan Town. Since 2018, the Chinese government

announced that Hainan will be built into the largest free-trade

port in the world, taking up an area of 3.5 × 104 km2, especially

for international tourism, consumption, and investment centres

in the future. Under the guidance of major national policies and

strategies and the Free Trade Island policy of Hainan Island,

Hainan fully launched the construction of the pilot FTZ (Free

Trade Zone) and made significant progress in infrastructure

development, including key industrial parks, new development

zones, and property booms in coastal areas. The planted forest

near the coastal region or along the Nandu River was converted

into built-up land. Although the local government launched a

strict policy of forestland replacement and implemented forest

ecological protectionmeasures, a vast amount of land was needed

for urbanization, and local deforestation still occurred (Zhu

E.et al., 2019).

The trajectory type of cropland transformed to built-up land

was also noteworthy, accounting for 8.85% of the total land types

that were converted, which was mostly distributed around the

major townships on the plains and along the Nandu River. The

trajectories resulted in a decrease in carbon storage of 0.16 Tg C,

with carbon losses mainly caused by the loss of cropland with

high SOC content (Zhu E.et al., 2019). In contrast, only 6.49 km2

of built-up land was reclaimed as cropland, accounting for 0.90%

of the total land-use types that were converted, indicating a severe

imbalance in cropland that was created and destroyed. Moreover,

the transitions between cropland and built-up land were

relatively concentrated (Figure 3). Therefore, how to

FIGURE 5
Land-use/land-cover change trajectory map of the study region from 2010 to 2020.
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coordinate ecological protection and rapid economic

development is a major challenge that this basin or even all of

Hainan Island will face in the future.

Additionally, ‘‘forestland → water body” was another

important trajectory type, with an area of 79.92 km2. This is

mainly due to the increase of water body area, and the rising

water level leads to part of forestland being covered by water

body, mainly concentrated in the reservoir in the study area.

While 12.61 km2 of water bodies was converted to forestland, the

conversions between water bodies and forestland were estimated

to lead to a net total loss of carbon storage of 1.16 Tg C, partly due

to the relatively higher carbon storage capacity of forestland

compared with water bodies (Pagiola, 2008). The transition

between forestland and grassland exhibited a relative balance,

and the trajectory units of “grassland → forestland” and

“forestland → grassland” accounted for 16.70 and 18.67 km2,

respectively, resulting in a net decrease in regional carbon storage

by only 0.03 Tg C. The decrease is mainly attributed to the

diminished forestland, by 1.97 km2, and grassland has a lower

storage capacity than forestland.

5.1.3 Impact of land-use patterns for trajectory
analysis on carbon storage from 2000 to 2020

Specifically, during the 2000–2020 period, enormous LULC

changes were observed in the trajectory analysis of regional

carbon sources and sinks in the Nandu River watershed

(Figure 6).

The prophasic trajectory was the major carbon storage sink

in the study region, causing a 5.87 Tg C net increase in carbon

storage, with a mean accumulation of 0.29 Tg C per year. The

most obvious trajectory in the prophasic trajectory was

Trajectory 122, which was mainly distributed in the northern

region of the suburban area aroundHaikou city and was the main

source of the increase in carbon storage, the contribution rate is

58.77% (3.45 Tg C). As the second significant factor, Trajectory

322 resulted in a total increase of 2.59 Tg C of carbon storage,

contributing 44.12% of the increase. Trajectories 122 and 322 led

to an increase in carbon storage due to the expansion of

forestland and grassland areas with higher carbon storage

capabilities. These results were similar to the findings of

Zhang et al. (2010) and Lu et al. (2018). On the one hand,

local carbon storage was expected to increase under the

implementation of the Grain to Green Program (GGP). On

the other hand, as a result of the vigorous development of

construction driven by urban expansion, tropical ecotourism

development and the construction of the international free-

trade islands on Hainan Island, especially in Haikou city, the

expansion of the urban area has been developing at an am azing

speed, with an annual change rate of 16.46% from 1990 to 2020.

In addition, the local government implemented a series of

policies and measures to develop the economy, such as coastal

ecotourism, tropical high-efficiency agriculture, intensive and

productive industrial zones, free-trade zones and free-trade port

construction, which accelerated the migration flows from rural to

urban areas (Yan et al., 2016). The official data showed that the

population of Haikou increased from 150.83 × 104 in 2000 to

287.33 × 104 in 2020, with an increase of 136.50 × 104 during the

study period (http://stats.hainan.gov.cn/tjj/). With an annual

population growth rate of 6.23%, rural‒urban labour

migration from rural areas was a major cause of the

FIGURE 6
Land-use change trajectory of the Nandu River watershed from 2000 to 2020.
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abandonment of cropland and rural settlement, leading to the

‘‘hollow village” phenomenon in rural areas. In addition to

population flow, a fraction of cropland was converted to

forestland for tropical economic forests or tropical fast-

growing timber forests. Zhang et al. (2014) indicated that

under the effects of local economic development, China has

experienced land abandonment in recent years. The results

showed that the changes in regional carbon sink capacity lie

in the imbalance between regional economic development and

industrial restructuring. Similar situations were reported by

Jerath et al. (2016). Therefore, it is very important to

coordinate the future processes of urbanization, industrial

restructuring and food security in the study region. Trajectory

255 in the prophasic trajectories caused the largest total loss (0.

23 Tg C) of carbon storage. In these areas, large tracts of

forestland were developed into built-up land and thus caused

carbon storage loss from the SOC stock (Zhu E.et al., 2019). The

results showed that the change in land use/cover from natural

lands to built-up areas led to remarkable carbon emissions.

Trajectory 244 was estimated to lead to a second major

decrease in carbon storage of 0.22 Tg.

In summary, the net carbon emissions for the anaphasic trajectory

in the study region were 0.23 Tg C. Trajectory 112 was the main

carbon sink, boosting carbon storage by 2.70 Tg C, followed by

Trajectory 332, with an increase in carbon storage of 0.14 Tg C.

Trajectory 112 was mainly distributed in the southern mountain

region and northern plain region. While the situation of Trajectory

112 in the northern plain regionwas similar to that of Trajectory 122 in

the prophasic trajectory, Trajectory 112 in the southern mountain

region mostly occurred in the National Park of Hainan Tropical

Rainforest, indicating that the Grain to Green Program has been

strictly implemented in the regionwith an expected increase in regional

carbon storage in the formof a local carbon sink. Trajectory 225 caused

a considerable amount of carbon losses, 2.03 Tg C, which was mainly

distributed in theNewDevelopment Area in the coastal region. Due to

the special natural tourism resources and the excellent environment,

the construction of the Hainan International Island occurred in 2008,

and many more people have come to Hainan Island for tourism or to

make a living, especially those from the notrtheastern region of China.

According to official statistics, the total number of tourists and tourism

revenue in Hainan reached 8.07million and 37.75 billion yuan (RMB)

in 2020, 2.4 times and 4.3 times the data in 2000, respectively.

Currently, the tourism economy has become an essential engine of

economic growth for this area (Cui et al., 2019). The total income of

tourism accounts for over 12% of the region’s GDP. The booms in the

tourism industry have promoted the real estate industry in the region.

As a consequence, the construction of seascape housing and the

expansion of built-up areas not only occupied the coastal region

but also destroyed forestland, especially the coastal protective forest,

and expanded onto the beaches and led to corresponding carbon

storage losses. Our results showed that human settlements had a great

impact on carbon storage losses in the study area. A similar result of

increasing carbon emissions in the region was reported by Cai et al.

(2018). Although the Chinese government has launched

environmental inspections to protect the ecological environment

since 2016, illegal land conversion, such as illegal reclamation,

deforestation, and wetland destruction, still occurred in some parts

of the study region. Therefore, coordinating the complex relationship

between LULCCs and carbon sinks and sources is the key point of

implementing the optimized local land-use structure. Trajectory

221 experienced the second largest carbon storage loss, 0.81 Tg C,

which was due to deforestation for reclamation.

In general, the change of carbon sink capacity is closely related to

the change of LULC, and the government needs to regulate carbon

storage by macro-regulating LULC change. After 2020, the

construction of Hainan Free Trade Port will enter the stage of full

implementation and development. In the future, the intensity and

direction of land use development should be conducive to the increase

of regional carbon storage, explore ways to optimize the land use

structure with the goal of carbon balance, and strengthen reasonable

control over the expansion of construction land. Decision-makers can

take a series of land use control measures such as increasing the

proportionof forestland, strengthen the transformation of construction

land and unused land into forestland and grassland through

reclamation and greening of construction land and restoration of

ecological land, and continue to implement ecological transformation

projects such as returning farmland to forest and grassland.

Meanwhile, the government can strengthen the ecological

protection of coastal wetlands and other wetlands, strengthen the

protection and restoration of degraded forestland, grassland and

wetlands, and realize the land use regulation of regional low-carbon

construction and ecological environmental protection.

The repetitive trajectories had no impact on carbon sinks and

sources. The contribution to carbon storage for the continual

trajectory type was insignificant. The total carbon storage of the

repetitive trajectory was estimated to decrease by only

0.075 Tg C. Trajectory 125 in the continual trajectory was the

main carbon source, with carbon storage losses of 0.054 Tg C,

followed by Trajectory 215, which resulted in a total loss of

0.0133 Tg C of carbon storage, accounting for 72.00% and

17.73% of the total reduction, respectively. The results showed

that carbon emissions in the continual trajectory were the

primary carbon sources in built-up areas, which was mainly

ascribed to human activities. In 2018, the Chinese government

announced to the world the establishment of the world’s largest

free-trade port on Hainan Island. With the implementation of

national and local policies, the urbanization process of Hainan

International Free Trade Island has accelerated, leading to

intensive population expansion, profound regional economic

development, unbalanced rapid economic development and

regional industrial restructuring. These forces were the root

cause of changes in regional LULC patterns, which ultimately

affected the capacity of carbon sources and carbon sinks (Cui

et al., 2019). The results of the study showed that the carbon sink

capacity of economically developed regions with intensive land

use declined and became the new significant carbon source area.
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Therefore, further exploring the complex relationship between

LULCCs and carbon sinks and sources is the key to optimizing

land-use structure and patterns. Trajectory 412 in the continual

trajectory was the largest carbon sink, with an increase in carbon

storage of 0.015 Tg C, followed by Trajectory 512, causing

0.007 Tg C of increased carbon storage.

5.2 Strengths and limitations of the linked
model

This study assessed the impact of land-use changes on

regional carbon sources and sinks utilizing remote sensing

and GIS modelling combined with the InVEST model.

Additionally, we improved previous studies by revealing the

response mechanisms of land-use dynamic processes on regional

carbon sources/sinks by linking trajectory analysis and the InVEST

models. Although more effects of spatiotemporal trajectory analysis

in LULC change on carbon storage in the Nandu River Basin were

examined from 2000 to 2020, this study is still limited in a few

aspects. Due to the lack of accurate and long-term ground

observation data of carbon density in these land covers during

each period, this study could only obtain the approximate carbon

storage values during the different periods and suffered the risk of

reduced accuracy in the assessment of carbon stocks. However, the

overall spatial pattern of carbon storage was not affected. Second, the

carbon module of the InVEST model simplified the process of the

carbon cycle to a certain extent (Chen et al., 2017) by assuming that

the carbon density was homogeneous with constant values and

focusing on the difference in carbon density between different land-

use types. Additionally, without considering the dynamic changes in

carbon density for the same land-use type along with the change in

environment and time, the estimated results of carbon stock could

be uncertain. Therefore, for future research, to obtain more accurate

carbon storage values in these land covers in the study region during

each period, it will be increasingly necessary to collect accurate

carbon density data through long-term observations and large-scale

experiments. There is a need to timely supplement the influence of

spatial heterogeneity within land-use types and vegetation age

structure on carbon density by using more field data.

6 Conclusion

This study demonstrated a change trajectory methodology to

identify the spatiotemporal evolutionary tracking of land-use/

land-cover (LULC) changes. The change trajectories and the

InVEST models were linked to determine the spatiotemporal

dynamics of carbon storage and investigate the impact of land-

use change on carbon storage in the Nandu River Basin on Hainan

Island in China, the world’s largest free-trade island.

Between 2000 and 2020, forestland showed the largest growth,

357.39 km2, followed by the continuous expansion of built-up land

by almost 206.05 km2, with an annual rate of 24.96%. Urbanization

was accompanied by an increase of approximately 4.87 Tg C of

carbon storage in the study region. In contrast, the areas of

cropland and grassland declined continuously by 434.44 and

166.77 km2, respectively. The anaphasic trajectory had the

largest area fraction, 7.05%, in the total area, whereas the

proportion of the continual trajectory was the smallest among

all transition types at 0.55%. During the two time spans from

2000–2010 to 2010–2020, the spatiotemporal trajectories for land-

use changes significantly contributed to carbon sequestration in

the study region through the conversion from cropland to

forestland, causing 5.82 Tg C and 2.72 Tg C in carbon storage,

respectively. In the trajectory analysis of LULCCs over the whole

period, the prophasic trajectories were the major contributor to

carbon storage sinks in the study region, resulting in a rise in

carbon storage by 5.87 Tg C, while the repetitive trajectories had

no impact on carbon sinks and sources.

The findings in this study provide a new way to identify the

spatiotemporal patterns of LULC changes by using trajectory

analysis as a preprocessing tool. The new methods could be

revised for assessing the impact of trajectory analysis for land-use

changes on the change in carbon storage by coupling the Invest

Model and trajectory analysis in other study areas.
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