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As one of the most productive marine ecosystems in the coastal wetlands,

mangrove forests have been severely threatened by intensive human activities.

Many countries and regions have carried out mangrove restoration projects. The

evaluation of mangrove restoration effectiveness is of great significance for scientific

decision-making for restoration engineering and wetland management. In this

study, we presented a remote-sensing-based Mangrove Restoration Effectiveness

Index (MREI) to evaluate mangrove restoration effectiveness. We took the Guangxi

Shankou Mangrove National Natural Reserve (GSMNNR) in China, a UNESCO

Biosphere Reserve, as our study area, where four phases of afforestation were

implemented during 1990-2022. The MREI was developed based on Landsat-series

images by considering the change in mangrove area and the Normalized Difference

Vegetation Index (NDVI) from the start year to the end year of each afforestation

phase (evaluation period). We further evaluated the Persistence of Restoration

Effectiveness (PRE) based on the MREI change trajectory during the whole

evaluation period, and the Process-based Restoration Effectiveness Index (PREI)

was developed to evaluate the restoration effectiveness at village scale. The results

showed that MREI can effectively represent the trajectory of mangrove restoration

and showed consistent pattern with high-spatial-resolution imagery. From 1990 to

2022, the mangrove forest area increased from 235.26 ha in 1990 to 873.27 ha in

2022, and 84.59% of the mangrove forest was converted from tidal flats in the

reserve. The average value of MREI in the five evaluation phases were 0.48, 0.24,

0.29, 0.17, and 0.72, respectively. The dynamic change ofMREI showed that 5.24%of

the zones had poor PRE, 44.17% of the zones had excellent PRE. From the

perspective of spatial distribution, the Zones with PREI values ranging from high to

lowwere follows: Zone A, E, J, G, C, H, I (D), F, B. Overall, the high value zones of PREI

weremainly distributed in the central of the Dandou Sea and the northern part of the

Yingluo Bay. The low value zones were distributed in the northwest of the Dandou

Sea.We expect theMREI and PREI have great potential to be applied to other regions

to evaluate mangrove restoration effectiveness.
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1 Introduction

Mangroves have significant social, economic, and ecological

values and play an important role in maintaining coastal ecological

stability, reducing coastal erosion, and mitigating global warming

(Carugati et al., 2018; Worthington et al., 2020). In the 1980s,

mangroves were disappearing at about 1% per year, making them

one of the most threatened ecosystems in the world (Friess et al.,

2019). According to this trend, the global mangrove forests will

disappear within 100 years (Duke et al., 2007; Polidoro et al., 2010).

After the 21st century, many countries began to pay attention to

mangrove restoration and management. The research on the

mangrove wetlands restoration mainly focuses on four aspects: 1)

selection of suitable afforestation site; 2) selection of tree species; 3)

planting techniques; 4) management and monitoring after planting

(Peng et al., 2008). With the recognition of the importance of

mangroves and the implementation of mangrove restoration

projects, the mangrove loss rate gradually slowed down compared

to the previous period (Hamilton and Casey, 2016).

Although mangrove restoration strategies include natural and

artificial restoration, most restoration focuses on direct mangrove

planting (Kamali and Hashim, 2011). In 1988, China proposed the

National Coastal Shelterbelt System Construction Project

(NCSSCP), and mangrove planting and restoration is one of the

important contents. The NCSSCP Phase I Plan (1990-2000) was

implemented in 1990. In 2001, the State Forestry Administration

launched the NCSSCP Phase II Plan (2001-2010). Subsequently, in

order to further expand the scope of construction, the second phase

planning period was extended to 2015. The NCSSCP Phase III Plan

(2016-2015) was officially launched in 2016, and it is planned to

restore 48,650 ha of mangrove by 2025 (Bao and Yang, 2022).

Moreover, a number of mangrove nature reserves have been set up

since the 1980s in China. At present, 38 mangrove reserves have

been established, which cover more than 75% of the existing natural

mangroves (Lu et al., 2022). Due to China’s strict protection and

large-scale planting restoration of mangrove forests, the mangrove

area has grown at an average annual rate of 1.8% since 2001 (Wang

et al., 2020; Jia et al., 2021; Huang et al., 2023). The restoration

effectiveness of mangroves is often influenced by many factors,

including natural factors like soil salinity, water level, and biological

invasions, as well as human-related factors like afforestation

technology, tree species selection, and post-planting management

(Primavera and Esteban, 2008; Wodehouse and Rayment, 2019).

However, in some regions the survival and preservation rates of

mangrove cultivation are low, posing challenges for mangrove
02
restoration. For example, the preservation rate of afforestation in

Fangchenggang City, Guangxi, was only 9.28% from 2002 to 2007

(Fan and Mo, 2018). The mangrove planting cases in the

Philippines from 1984 to 1995 showed that the survival rate of

directly planting mangroves was less than 20% due to mismatched

tree species and planting locations, as well as a lack of post planting

management (Primavera and Esteban, 2008). Therefore, some

regions have explored community-based mangrove restoration

schemes that do not directly plant mangroves. For example, a

study in the Mekong Delta shows that if local shrimp farmers are

given sufficient economic incentives and legal rights, and assigned

responsibility for mangroves, they can participate in the protection

and sustainable management of mangroves (Ha et al., 2012).

Ayeyarwady Delta in Myanmar planted mangroves under the

framework of community-based integrated coastal zone

management (ICZM), with a survival rate of over 60% (Veettil

et al., 2018). It is important to conduct quantitative evaluations of

the mangrove restoration effectiveness in order to guide the

government in inspecting the results of restoration projects,

adjusting subsequent restoration locations, and improving

restoration techniques.

In order to evaluate the success of mangrove ecosystem

restoration, indicators such as biodiversity, mangrove area,

vegetation growth, and carbon sequestration can be used to

characterize the recovery trajectory of mangrove growth over

time. Traditional biodiversity monitoring methods such as

transect and plot can be used to acquire these indices (Cadier

et al., 2020; Gatt et al., 2022; Gerona-Daga and Salmo, 2022). These

monitoring methods can finely evaluate the mangrove restoration

effectiveness, however, the field measurement is difficult to carry out

large-scale monitoring and reveal spatial heterogeneity. Remote

sensing technology has the potential to obtain historical images of

inaccessible areas, which has been widely used for large-scale and

long-term mangrove monitoring efforts (Seto and Fragkias, 2007;

Wang et al., 2019). At present, there are many publicly available

mangrove mapping datasets which were generated using remote

sensing techniques. These datasets include global or regional

mangrove maps with spatial resolution of 30 m or 10 m, such as

Global Mangrove Watch (Bunting et al., 2022), Global Mangrove

Distribution USGS (Giri et al., 2011), LERIS_GLOBAL_

MANGROVE (Xiao et al., 2021), Tidal Wetlands in East Asia

(Zhang Z. et al., 2022), Mangrove Map of China for 2019 (Zhao

and Qin, 2022), CAS_Mangrove (Jia et al., 2018), etc. In addition to

global mangrove datasets, many studies carried out mangrove

monitoring using land cover classification at regional scale
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(Gevana et al., 2015). Although global datasets provide necessary

baseline mangrove maps in a single year or multiple years, they did

not provide other land cover types nearby the mangroves.

Therefore, they did not support the analysis of conversion

between mangroves and other land cover types. In addition, none

of the datasets cover the entire phases of NCSSCP. It is necessary to

classify mangroves and other land cover according to

specific objectives.

Most studies used dynamic changes in land cover and landscape

indices to reveal the effectiveness of mangrove restoration and

protection. The commonly used landscape indices include patch

area, patch density, boundary density, aggregation, etc., (Suyadi

et al., 2018; Zhen, 2019; Du et al., 2023). Some researchers

combined multiple landscape indices to build a composite index

for evaluation of mangrove restoration effectiveness (Liu et al.,

2022). Most of these indices are calculated based on the mangrove

distribution maps. Note that the recovery of mangrove ecosystems

is characterized by the increase of mangrove area and canopy

density, which can be represented by the change in remote

sensing spectral indexes, such as Normalized Difference

Vegetation Index (NDVI). Zhu et al. (2021) used the method of

time series analysis using mangrove NDVI and combined it with

land cover data to study the changes in mangrove growth in

Qinglan Port, China (Zhu et al., 2021). However, at present, few

studies have integrated the mangrove area and the vegetation index

to evaluate the restoration effectiveness (Wang et al., 2018; Gilani

et al., 2021).

The Guangxi Shankou Mangrove National Natural Reserve

(GSMNNR), located in Beihai City, Guangxi, was established in

1990 and is recognized as a UNESCO Biosphere Reserve. The

NCSSCP project can be divided into four mangrove afforestation

phases in GSMNNR: NCSSCP Phase I during 1990-2000 (Phase 1),

the first half of NCSSCP Phase II during 2000-2008 (Phase 2), the

second half of NCSSCP Phase II during 2008-2015 (Phase 3),

NCSSCP Phase III during 2015-2022 (Phase 4). In this study, we

aimed to present remote-sensing-based indices to evaluate the

mangrove restoration effectiveness and the Persistence of

Restoration Effectiveness (PRE). We took GSMNNR as our study

area, and analyzed the conversion between mangroves and other

land cover types during the NCSSCP project phases based on

remote sensing classification results. Then, we developed

Mangrove Restoration Effectiveness Index (MREI) to evaluate the

effectiveness of mangrove restoration during each evaluation period

by taking account of both mangrove area change and the change in

NDVI. Based on the change trajectory of MREI, further developed a

Process-based Restoration Effectiveness Index (PREI) to evaluate

the persistence of the restoration effectiveness during the whole

evaluation period. Note that “restoration” here indicates recovery of

mangrove vegetation, and the restoration of the entire ecosystem

function was not involved. The objectives of the study are to 1)

propose a novel framework for evaluating the effectiveness of

mangrove restoration and verify its feasibility; 2) take GSMNNR

as a case study, explore the mangrove restoration effectiveness

under the background of NCSSCP; 3) propose some suggestions

for mangrove restoration.
Frontiers in Marine Science 03
2 Materials and methods

2.1 Study area

The GSMNNR(109°37′22″E~109°47′03″E, 21°28′21″N~21°36′
59″N) is located on the Shatian peninsula, adjacent to the southern

boundary of the Beibu Gulf (Figure 1). It includes Yingluo Bay as its

eastern part and the Dandou Sea as its western part, covering an

area of 800 km2. The reserve joined the Chinese Man and the

Biosphere (MAB) in 1993, joined the UNESCO World Network of

Man and the Biosphere Reserves in January 2000, and was listed as a

wetland of international importance in February 2002. Most of the

mudflats in the reserve are submerged by water during the high tide

period, and all of them are exposed when the tide ebbs. The soil is

muddy saline-alkali, which is severely eroded by waves, tides, and

erosion, resulting in severe collapse of the coastal edges. In the low

tidal mudflat zone, pioneer tree species such as Avicennia marina,

Aegiceras corniculatum, and Sonneratia caseolaris are planted; In

the middle tidal beach area, species such as Acanthus ilicifolius,

Bruguiera gymnorrhiza, Ceriops tagal, Kandelia obovate, and

Rhizophora stylosa are planted; The high tide zone is mainly

composed of semi-mangroves, such as Excoecaria agallocha,

Lumnitzera littorea, Hibiscus tiliaceus, etc. The afforestation

density of general tree species is about 120 plants per hectare,

while the afforestation density of caseolaris and apetala is about 30

plants per hectare. Spartina alterniflora is a salt marsh plant native

to the west coast of north America and was introduced in China in

1979 (Min et al., 2023). S. alterniflora spread from 167.0 ha in 2003

to 413.0 ha in 2015 due to its strong ability to adapt and reproduce,

posing a threat to native mangrove species and biodiversity (Liu,

2018; Li et al., 2021). According to the boundaries of Beihai’s

administrative villages and the Google Earth images, the reserve

was divided into ten zones.
2.2 Data source

2.2.1 Landsat imagery
Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational

Land Imager (OLI) images with a spatial resolution of 30m in 1990,

2000, 2008, 2015, and 2022 were obtained from Google Earth

Engine (GEE), according to the timeline of NCSSCP

(Supplementary, Table A). These images are used to acquire land

use data in the reserve. Because mangroves are periodically

inundated by tides and during the growing season, S. alterniflora

has similar spectral characteristics to mangroves. In order to

improve interpretation accuracy, all images were screened and the

optimal images were downloaded annually for classification. The

optimal images are considered to be those of low tide and non-

growing seasons. (Xu et al., 2021). In addition, all available Landsat

5 TM and Landsat 8 OLI images in five years were obtained,

respectively. After cloud removal, the maximum synthesis method

was used to generate the annual maximum NDVI (NDVImax)

images in the corresponding years. The image filtering and pre-

processing processes were based on GEE.
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2.2.2 Ancillary data
Mangroves, S. alterniflora, and aquaculture ponds are typical

wetland types in the study area, and their accurate mapping is an

important part of mangrove wetland research. Scholars have

published corresponding mapping products. We downloaded

public mapping data of mangroves, S. alterniflora, and

aquaculture ponds from the corresponding years close to our

research period for accuracy verification. Data products with a

resolution of 30 m were selected. The datasets include the mangrove

dataset for 1990, 2000, 2010, and 2015; the S. alterniflora dataset for

2000, 2010, and 2015; and the aquaculture pond dataset for 1990,

2000, 2010, 2015, and 2020. These datasets were downloaded from

the National Science and Technology Infrastructure Platform -

National Earth System Science Data Center.

PlanetScope (PS) images are available in spectral bands: blue

(455-515 nm), green (500-590 nm), red (590-670 nm), and near-

infrared (NIR, 780-860 nm), with a spatial resolution of 3 m (Roy

et al., 2021). In order to facilitate the accuracy validation, we

downloaded two cloud-free, atmospherically corrected surface

reflectance products (level-3B) for 2016 and 2022 through the

education and research program of Planet Labs PBC (Planet

Team, 2022).
2.3 Methods

The Landsat-series images were pre-processed and the land

cover types in 1990, 2000, 2008, 2015 and 2022 were classified, at

the same time, the maximumNDVI during each year was calculated

to represent the growing condition of mangroves. Then, mangrove
Frontiers in Marine Science 04
changes were divided into four categories, and the area of each class

was estimated using a stratified random sampling method (section

2.3.1). Next, MREI was developed by taking account of both

mangrove area change and NDVI change from the start year and

the end year of a period (section 2.3.2). As MREI only evaluated the

restoration effectiveness during a single period, we further

developed a Process-based Restoration Effectiveness Index (PREI)

based on the trajectory of MREI change to evaluate the persistence

of the restoration effectiveness during the whole evaluation period

(from 1990 to 2022) (section 2.3.3). We analyzed the spatial pattern

of MREI and PREI at two different scales: grid and village. Section

3.1 describes the classification map of land cover and the dynamic

changes between different land covers; Section 3.2 describes the

distribution and changes of MREI in a single period; Section 3.3

shows the accuracy of MREI indication effect; Section 3.4 shows the

dynamic changes of MREI over multiple periods. (Supplementary,

Figure S1).

2.3.1 Land cover classification
In order to extract mangrove extents, spectral indices including

Mangrove Vegetation Index (MVI), NDVI, Normalized Difference

Built-up Index (NDBI), and Modified Normalized Difference Water

Index (mNDWI) were calculated using the following functions

(Table 1).   rNIR is the reflectance of the near-infrared band, rRed
is the reflectance of the red band, rGreen  is the reflectance of the

green band, and rSWIR is the reflectance of a short-wave infrared

band in Landsat 5 TM and Landsat 8 OLI images.

Then, the Support Vector Machine (SVM) supervised

classification method was used to classify the images from 1990,

2000, 2008, 2015, and 2022 into eight land covers, including
FIGURE 1

Location of the study area. A: Najiang village, B: Najiao village, C: Natan village, D: Dandou village, E: Herong village, F: Shawei village, G: Yongan
village, H: Gaopo village, I: Beijie village, J: Yingluo village.
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mangrove forest, tidal flat, S. alterniflora, water body, woodland,

aquaculture pond, built-up land, and grassland. Around 5,000

samples were collected from Google Earth and PlanetScope

images between 1990 and 2022, with around 1,000 samples

collected each year within the study area. Overall Accuracy (OA),

User’s Accuracy (UA), Producer’s Accuracy (PA), and F1 Score (F1)

were used to evaluate the classification accuracy of mangroves and

other land use types. The F1 combines precision and recall into a

single value, providing a balanced measure of accuracy. The

accuracy evaluation metrics were calculated using the following

functions:

OA = ok
i=1

nii
N

(1)

UAi =
nii
ni+ (2)

PAi =
nii
n+i (3)

F1   score = 2�   UAi�PAi
UAi+ PAi

(4)

where N is the total number of samples, nii represents the number

of samples where both the data to be evaluated and the reference

data are classified as class i, n+i is the sum of samples classified as

class  i  in the reference data, ni+ is the sum of samples classified as

class i in the evaluated data (map data).To further evaluate our

resultant map’s reliability, we verified the mangrove, S. alterniflora,

and aquaculture pond areas by comparing them to the results from

other datasets.

The area of conversion between land cover is usually obtained

from remote sensing data. However, the mapping results of remote

sensing are rarely perfect, and any map made from remote sensing

data may contain some errors. Therefore, there may also be

deviations in the area of change calculated based on the mapping

results (such as the number of pixels). We adopted the method by

Olofsson et al. (2014) to estimate the area change of mangroves,

which utilized stratified sampling and error matrices for change

area estimation. In this study, we categorized the mangrove change
Frontiers in Marine Science 05
into four classes: stable mangrove, stable non-mangrove, mangrove

gain, mangrove loss. The confidence interval for area of change

estimation is 95%.
2.3.2 Development of MREI
The restoration of mangroves was reflected by area gain, and the

improvement of growth status, e.g., the increase in biomass, density

of leaves or canopy cover, which can be represented by NDVI. The

MREI was developed on a grid basis and considered both factors.

First, the study area was divided into grid cells with size of 150 x 150

m (the area A1=22,500 m2). Then, five evaluation periods were

established based on the NCSSCP and the time of the

establishment of GSMNNR: 1990-2000 (afforestation phase 1),

2000-2008 (afforestation phase 2), 2008-2015 (afforestation phase

3), 2015-2022 (afforestation phase 4), and 1990-2022 (GSMNNR

established - 2022, phase 5). For a certain evaluation period, the

change in the mangrove area (U) within each grid cell was calculated

and expressed as DU . Significant increase in the mangrove area

indicated that mangrove has been well restored. However,

classification errors are inherent in the remote-sensing-based

mangrove maps. Therefore, we considered that DU should be no

less than a tolerance threshold E0 and DU ≥ E0 was defined as the

criterion to determine whether there has been any change in the

mangrove area. The calculation of E0 is listed in Eq. 5, which adjusts

for the classification error.

E0 = (1 − UA) ∗
A1
A2

(5)

where UA represents the average user accuracy of mangrove

classification for the five evaluation phases, which was 0.93 in this

study. A1 is the area of the grid determined, which is 22,500 m2 in

this study, A2 is the minimum area of the mangrove patch, which

was 900 m2 in this study.

For the grid cells with 0 < DU < E0, we considered that the

mangrove area has not experienced significant increase, and the

change in canopy cover should be accounted for. We calculated

the averageNDVImax (NDVImax) within the grid cell in the start year

and end year, respectively, and the difference in the NDVImax

(DNDVI) was used to represent the change of the canopy cover.

Based on changes in mangrove area and vegetation cover (expressed

as DNDVI), the mangrove restoration effectiveness was categorized

into four groups and linked to the four intervals of MREI values

(Table 2). The MREI formula is built as follows:

MREI =

rescale(DU , 0:5, 1f g), if  DU > E0

rescale(DNDVI, 0, 0:5f g), if − E0 ≤ DU ≤ E0 and DNDVI ≥ 0

rescale(DNDVI, −0:5, 0f g), if − E0 ≤ DU ≤ E0 and DNDVI < 0

rescale(DU , −1,−0:5f g), if  DU < −E0

,

8>>>>><
>>>>>:

rescale(x, a, bf g) = a + b−a
xmax−xmin

(x − xmin)

(6)

where rescale (x,   a ,  bf g) operator rescaled the variable x to the

range of a ,  bf g. The maximum and minimum values of DU in all

grids in the five evaluation phases were expressed as DUmax , DUmin,

and the maximum and minimum values of DNDVI were expressed
as DNDVImax , DNDVImin, respectively. Therefore, the four

categories of MREI value range represents the four types of
TABLE 1 Spectral indices used in this study.

Indices Abbrev-
iation

Formulation References

Nominalized
Difference
Vegetation
Index

NDVI NDVI =
rNIR − rRed
rNIR + rRed

(Rouse
et al., 1974)

Mangrove
Vegetation
Index

MVI MVI =
rNIR − rGreen
rSWIR − rGreen

(Baloloy
et al., 2020)

Normalized
Difference
Built-up Index

NDBI NDBI =
rSWIR − rNIR
rSWIR + rNIR

(Zha
et al., 2003)

Modified
Normalized
Difference
Water Index

mNDWI mNDWI =
rGreen − rSWIR

rGreen + rSWIR

(Xu, 2005)
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restoration effectiveness (Table 2), and the values of MREI represent

the degree of restoration effectiveness.

2.3.3 Development of PREI and evaluation of
mangrove restoration effectiveness

MREI can be used to evaluate the mangrove recovery during a

single period. In order to evaluate the Persistence of the Restoration

Effectiveness (PRE) during the whole study period (from 1990 to

2022), we defined the four categories of the MREI change trajectory

(Table 3). A grid with positive MREI during all the four evaluation

periods is considered to have excellent PRE, while a grid with

MREI< -0.5 during at least two periods is considered to have

poor PRE.

The PRE category represents the process of restoration

effectiveness during the whole period at grid scale. We further

developed a Process-based Restoration Effectiveness Index (PREI)

at village scale (Eq. 7-8).

VMREI =
N1 ∗ 0:4 +N2 ∗ 0:3 +N3 ∗ 0:2 +N4 ∗ 0:1

Nt
(7)

PREI =
VMREI   −  VMREImin

VMREImax   −  VMREImin
(8)

where VMREI represents the restoration effectiveness of multiple

afforestation phases at a village, N1, N2, N3, N4 represent the

number of grids with excellent, good, average, and poor PRE,

respectively within the village, Nt represents the total number of
Frontiers in Marine Science 06
grids in which restoration activities have taken place in the village,

PREI is the result of the normalization of the VMREI of all the

villages, and the larger the value of PREI, the better restoration

effectiveness persistence in the village.
3 Results

3.1 Land cover classification

3.1.1 Accuracy assessment
The land cover classification accuracies of GSMNNR in 1990,

2000, 2008, 2015, and 2022 are shown in Table 4. The OA of the

corresponding years was 0.92, 0.95, 0.95, 0.92 and 0.94, respectively.

The PA values of mangrove ranged from 0.78 to 0.95, and the UA

values ranged from 0.91 to 0.98. The average F1 score of mangrove

forests exceeded 0.92.

To further assess the accuracy of our resultant map, we

compared the area of mangrove forests, aquaculture ponds, and S.

alterniflora between our data with the publicly available data. We

replaced the missing year data with the data set closest to the

corresponding study period. Specifically, the aquaculture pond data

from 2008 and 2022 were replaced with data from 2010 and 2020,

respectively. The mangrove data in 2008 was replaced with the data

from 2010. The results showed that, except for differences between

the aquaculture pond data we classified in 2008 and 2022 and the

publicly available data, there were no significant differences between

the other land cover data we classified for other years and the

publicly available data (Figure 2). After further examination, the

reasons for the difference include: firstly, the publicly available data

did not entirely match the years of our data. Secondly, in the

publicly available data of 2022, the classification standard of

aquaculture ponds was different from the classification standard

in general studies.
3.1.2 Land cover maps and dynamic changes
The distribution of land use types in the study area from 1990 to

2022 is shown in Figure 3A. In 1990, large areas of tidal flats were

distributed in the Dandou Sea except for Zone G. In 2000, most of

the exposed tidal flats were covered by mangroves. After 2008, the

expansion of mangrove forests mainly occurred in the tidal flat

around the aquaculture ponds in Zone B and the coastal tidal flat in

Zone I. Compared with the period before 2008, the expansion trend

is not obvious. In 2000, S. alterniflora appeared in Zone D and Zone

G. S. alterniflora spread in the Dandou Sea in 2008 and gradually

threatened the mangroves in Zone C. Table 5 shows the area of

mangroves and other land cover types in the study area from 1990

to 2022. From 1990 to 2022, the area of mangroves increased from

235.26 ha to 873.27 ha. From 1990 to 2008, the growth rate of the

mangrove area was 198.85%, and from 2008 to 2022, the growth

rate decreased to 24.2%.

Figure 3B shows the conversion between mangroves and other

land cover during 1990-2022. From 1990 to 2022, 667.35 ha and

716.88 ha of other land types were converted into mangroves and S.

alterniflora, respectively, among which 84.59% and 76.61% were
TABLE 3 Four classes for classifying PRE based on MREI trajectory.

Trajectory of MREI
Persistence of
restoration
effectiveness

MREI > 0 during all four evaluation periods Excellent

MREI > 0 during at least one evaluation period, while
-0.5 ≤ MREI< 0 during one or more periods

Good

There is only one period with MREI< -0.5 Average

There are at least two periods with MREI< -0.5 Poor
TABLE 2 Four categories characterizing mangrove growth conditions
modeled by MREI.

TYPE MREI
value
range

Implications

Area
increase

(0.5,1) Mangrove area increase. The larger the value, the
more the area increases

Area
decrease

(-1,-0.5) Mangrove area decrease. The smaller the value, the
more the area decrease

Better
growth

(0, 0.5) Mangroves grow better, and insignificant changes in
the area occur. The larger the value, the better
the growth

Worse
growth

(-0.5,0) Mangroves grow worse, and insignificant changes in
the area occur. The smaller the value, the worse
the growth
frontiersin.org

https://doi.org/10.3389/fmars.2023.1280373
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2023.1280373
converted from tidal flats. A total of 148.91 ha of mangroves were

converted into non-mangroves, among which 19.3 ha was

converted to aquaculture ponds, mainly distributed in the joint

area between mangroves and aquaculture ponds, accounting for

12.96% of the mangrove conversion. Table B (Supplementary, Table

B) presents the estimation of mangrove area change produced from

stratified random sampling and mangrove change map for 1990-

2022. From 1990 to 2022, The estimated area of mangrove gain was

594.80 ha (± 113.74 ha).
3.2 Distribution and dynamic
changes of MREI

The average MREI values for the five evaluation phases (1990-

2000, 2000-2008, 2008-2015, 2015-2022, 1990-2022) were positive:

0.48, 0.24, 0.29, 0.17, and 0.72. The percentage of grid in the ‘Area

increase’ category of MREI decreases gradually from 1990-2000 to
Frontiers in Marine Science 07
2015-2022. The percentage of grid is the highest in the category of

‘Worse growth’ during 2015-2022, while during 2008-2015, the

‘Better growth’ category has the highest percentage of all

phases (Figure 4A).

Figures 4B–E show the grid percentage of MREI values in

different intervals. In the (0.5 ~ 1.0) range, the MREI values

concentrated between 0.7 ~ 1.0 (Figure 4B). In the (-1.0 ~ -0.5)

range, the MREI values for 2008-2015 and 2015-2022 are both

distributed between -1.0 and -0.8 (Figure 4C). Within the (0 ~ 0.5)

range, the MREI values of 1990-2000 and 2000-2008 were

distributed in the low-value range (0 ~ 0.2), while the MREI

values of the remaining stages were distributed in the high-value

range (0.2 ~ 0.5) (Figure 4D). The MREI values from 2015 to 2022

have a larger grid area in the (-0.5 ~ 0) range, but the MREI values

of 90.16% of the grid are between the middle range (-0.3 ~

0.2) (Figure 4E).

The spatial distribution of MREI in five evaluation phases based

on the grid scale is shown in Figure 5. From 1990 to 2000, the

mangroves located in the southern part of Zone G had MREI values

between 0 and -0.5. During this period, the mangrove area in the

zone did not change (Figure 3A), but the vegetation coverage

decreased. Similarly, from 2000 to 2008, the MREI value of

mangroves in Zone C was between 0 and -0.5, and the mangrove

vegetation coverage decreased, but the area did not change

(Figure 3A). From 2008 to 2015, the MREI values of mangroves

in Zone C and Zone E were less than -0.5. During this period, S.

alterniflora invaded these two zones and the mangrove area

decreased (Figure 3A). From 2015 to 2022, the MREI values of

Zone A were less than -0.5, resulting in a decrease in the area of

mangrove forests located around aquaculture ponds (Figure 3A).

From 1990 to 2022, except for the mangroves in the southern part of

Zone G and the mangroves in Zone J, whose MREI values range

from 0 to 0.5, all other regions had MREI values greater than 0.5.

Figure 6 shows the spatial distribution of average MREI for each

zone over five evaluation phases. Zones with an average MREI value

greater than 0 were the most common during the five evaluation

phases. From 1990 to 2000, the average MREI value in Zone J was

-0.5 ~ 0, while the values in other zones were greater than 0,
FIGURE 2

Comparison of our resultant map with the publicly available data.
TABLE 4 Producer’s accuracy (PA), user’s accuracy (UA) and F1-score of land cover classes.

1990 2000 2008 2015 2022

PA UA F1 PA UA F1 PA UA F1 PA UA F1 PA UA F1

MF 0.78 0.95 0.86 0.94 0.98 0.97 0.95 0.96 0.95 0.88 0.91 0.89 0.92 0.92 0.91

TF 0.90 0.96 0.93 0.93 0.95 0.94 0.96 0.97 0.96 0.98 0.89 0.93 0.95 0.96 0.96

SA – – – 0.92 0.92 0.92 0.92 0.83 0.87 0.89 0.89 0.89 0.84 0.84 0.84

WB 0.96 0.94 0.95 0.98 0.98 0.98 0.96 0.96 0.96 0.93 0.98 0.96 0.97 0.98 0.98

WL 0.92 0.84 0.88 0.96 0.87 0.97 0.91 0.93 0.92 0.86 0.90 0.89 0.90 0.91 0.91

AP 0.97 0.76 0.85 0.95 0.97 0.96 0.98 0.96 0.97 0.90 0.96 0.93 0.92 0.95 0.94

BL 0.85 0.89 0.87 0.90 0.90 0.90 0.78 0.87 0.82 0.83 0.83 0.83 0.95 0.91 0.93

GL 0.90 0.92 0.91 0.91 0.94 0.93 0.93 0.90 0.92 0.93 0.83 0.88 0.92 0.84 0.88

OA 0.92 0.95 0.95 0.92 0.94
frontie
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FIGURE 3

Land cover classification results. (A) Land cover maps of the reserve in 1990-2022 (B) Conversion between mangrove forest and other land cover
types in 1990-2022.
TABLE 5 The area (ha) of mangroves and other land cover of the reserve in 1990-2022.

Year MF TF SA WB WL AP BL GL

1990 235.26 1981.89 0 2802.65 687.33 462.33 201.87 1573.38

2000 541.8 1386.36 65.7 2986.25 856.53 859.5 75.6 1172.97

2008 703.08 2715.3 284.76 1303.16 930.69 977.22 98.64 931.86

2015 785.43 1660.59 433.89 2065.46 770.67 1122.39 68.58 1037.7

2022 873.27 1069.74 412.38 2575.31 928.89 1211.49 45.72 827.91
F
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MF, mangrove forest; TF, tidal flat; SA, S. alterniflora; WB, water body; WL, woodland; AP, aquaculture pond; BL, built-up land; GL, grassland.
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FIGURE 4

Grid percentage of MREI in different categories and different intervals. (A) Grid percentage for the four MREI categories; (B) Distribution of MREI
values for ‘Area increase’ category (0.5 ~ 1.0); (C) Distribution of MREI values for ‘Area decrease’ category(-1.0 ~ -0.5); (D) Distribution of MREI values
for ‘Better growth’ category (0 ~ 0.5); (E) Distribution of MREI values for ‘Worse growth’ category (-0.5 ~ 0).
FIGURE 5

The spatial distribution of MREI in five evaluation phases (grid-scale).
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indicating relatively poor restoration effectiveness in Zone J; From

2000 to 2008, the average MREI values in all zones were 0 to 0.5;

From 2015 to 2022, the restoration effectiveness in Zone A was the

worst, with an average MREI value of less than -0.5. From 1990 to

2022, only the average MREI value in Zone J was less than 0.5, while

values in the other zones were greater than 0.5.
3.3 Validity of MREI

The accuracy of MREI was examined by analyzing Google Earth

and PlanetScope images. The distribution of MREI before and after

the third phase of NCSSCP (2015-2022) is displayed in Figure 7A.

The six Locations (I-VI) in the figure represent typical areas selected

for validation. Detailed MREI values for the four locations (I- IV)

and their corresponding high-resolution images are presented in

Figures 7B–E. It should be noted that some images from 2015 and

2022 had poor quality or even missing. The area of mangroves does

not change significantly in a short period, so available images taken

from September to December in 2016 and 2021 were used to replace

these missing images to verify whether the indication of MREI

values is consistent with the actual changes in mangroves. In some

zones, the mangrove area has not changed significantly, but the

vegetation and canopy cover changed, such as in Locations V and

VI. To examine the validity of MREI at these locations, we also used

maximum NDVI images. Figures 7F, G show the MREI values and

their corresponding NDVI for locations V and VI.

Location I is near the tidal flat around the northern aquaculture

pond of Dandou Sea, with an average MREI of -0.87. It can be found

from Google Earth images that from 2015 to 2022, mangrove forest
Frontiers in Marine Science 10
was degraded, especially on the right side of the tidal flat, where

mangroves almost disappeared. Location II is located on the west

side of Dandou Sea, with an average MREI value of -0.74. We can

see the loss of mangroves on the PlanetScope images in Figure 7C.

The reason for the loss of mangroves may be related to the

expansion of S. alterniflora. Location III is near the tidal flat

around the aquaculture pond in the north of Dandou Sea, with

an average MREI of 0.85. An increase in the area of mangrove

forests near the aquaculture pond was observed at the location III.

Location IV is located in the central part of Yingluo Bay, and many

areas have MREI values greater than 0.5, with an average MREI

value of 0.76. From Google Earth images, it can be seen that

mangrove forests expanded from 2015 to 2022, and we suspect

that there is tree planting activity here. On the side near the

coastline, there is less land pollution in living areas, industrial

areas, agricultural areas, and other areas, and the concentration of

heavy metals in sediment can also become lower due to marine

dynamic factors (Xie et al., 2022). Therefore, the MREI value on the

seaward side of location IV is higher than on the land side. The

mangrove area of Locations V and VI did not change significantly

from 2015 to 2022, but the MREI is a good indicator of the changes

in their vegetation cover (expressed as NDVI). The average MREI

value of location V is -0.21, and NDVI decreased from 2015 to 2022

(Figure 7F). The average MREI value of location VI is 0.37, and

NDVI increased from 2015 to 2022 (Figure 7G). Both location V

and location VI are mainly distributed in natural mangrove forests,

where the increase in mangrove patches is not significant and large-

scale tree planting activities are unlikely. Location V is close to the

land side, while Location VI is close to the coastline, so the MREI

value of location V is lower than that of location VI.
FIGURE 6

The spatial distribution of average MREI in five evaluation phases (village-scale).
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3.4 Persistence of restoration effectiveness

The PRE distribution in entire afforestation phases is shown in

Figure 8A. Figure 8B shows the grid percentage of different PRE

categories. The percentage of ‘excellent PRE’ grids is the highest,

relatively concentrated in zones B, D, I, and H, accounting for

44.17% of the total grid area. The grid number of ‘Poor PRE’ was 40,
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accounting for 5.24% of the total grid number, which was mainly

distributed in the mudflat of Zone C. The grid number of ‘Good

PRE’ was 148, accounting for 19.40% of the total grid number. The

grid of ‘Average PRE ‘, with varying degrees of distribution in

different zones, accounting for 31.19% of the total grid number. The

PREI values of ten zones within the reserve indicated (Figure 8C)

that for Zone A and Zone E, the PREI values were 0 and 0.38
A

B C

D
E

F G

FIGURE 7

Verification of MREI values based on high-resolution images and maximum NDVI images. (A) Distribution of MREI (2015-2022) and typical Locations
I-VI; MREI values of (B) Location I, (C) Location II, (D) Location III, (E) Location IV verified based on high-resolution images; MREI values of (F)
Location V, (G) Location VI verified based on maximum NDVI images.
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respectively; Zone J with PREI value of 0.48; the PREI values of

Zone C and Zone G were 0.64 and 0.61 respectively; Five regions

(Zones H, I, D, F, B) showed PREI values near 1.0.
4 Discussion

4.1 Reasons for changes in mangrove
restoration effectiveness

The survival rate and preservation rate of mangroves are two

important factors that affect the effectiveness of restoration projects

focused on mangrove planting. We found that 84.59% of the

mangrove area was converted from tidal flats within the reserve.

However, this conversion process may face many challenges in the

future. GSMNNR is the area with the highest sea salinity along the

coast of Guangxi. Although mangroves have salt tolerance and

the ability to absorb heavy metals, excessive salinity or heavy metal

concentrations in water can also have adverse effects on mangroves,

leading to a decrease in mangrove biomass and seedling death (Niu

et al., 2020). In addition, mangrove ecosystems are particularly

sensitive to sea-level rise, converted mangrove land on exposed
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coastlines can be highly vulnerable to erosion. The impact of sea

level rise on mangroves mainly depends on the relationship between

the speed of sea level rise and sediment accumulation (Wang, 2021).

According to Li et al. (2015), the rise in sea level will affect

mangroves with lower sedimentation rates in the Dandou Sea on

the west side of the reserve by 2025. Those mangrove communities

in the higher intertidal zone will be lost, converted into lower

communities, tidal flats, or will become inundated.

The challenges in the transformation of mudflat to mangroves

also include the threat of human activities and alien species. During

our fieldwork in GSMNNR and communication with relevant

experts in Guangxi, we found that the growth of mangrove

seedlings in the reserve is poor, with a survival rate of planting

for three years at about 30%, mainly threatened by S. alterniflora

and aquaculture ponds (Figure 9). The aquaculture pond is directly

connected to the mangrove forests, and sewage from the

aquaculture pond is directly discharged into the mangrove habitat

through valves (Figure 9D), which is likely the reason for the area

reduction of mangrove forests outside the aquaculture pond in

Zone A between 2015 and 2022 (Figure 3A). However, similar to the

study by Shi et al. (2023), we found an interesting phenomenon that

not all mangroves around aquaculture ponds have low preservation
A

C

B

FIGURE 8

The persistence of mangrove restoration effectiveness (PRE). (A) The PRE based grid-scale; (B) The grid percentage of different PRE categories;
(C) The PRE based on village-scale.
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rates. For example, mangroves have grown well, and the area has

even increased significantly from 2015 to 2022 on the mudflats near

the aquaculture ponds in Zone B (Figure 3A). This may be due to

the nutrients contained in sewage being absorbed by mangroves,

thereby promoting their growth (Jia, 2014). The alien species in the

GSMNNR are S. alterniflora, mainly distributed in the Dandou tidal

flat and Yingluo tidal flat. S. alterniflora competes with mangroves

for sunlight and growth space, making it easy to shade the low

mangrove plants.
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In addition, we have sorted out some events that may cause

changes in the area and growth (vegetation coverage and canopy

cover) of mangroves in GSMNNR after 1990 (Figure 10). During

NCSSCP Phase I (1990-2000), 1093 ha of mangroves were planted

along the coast of Guangxi, with a survival rate of 71%. There were

large areas of exposed mudflat in the reserve (Figure 3A), so it was

less difficult to plant mangroves. In 1990, The GSMNNR was

established. Around 1995, the emergence of aquaculture ponds in

Guangxi led to extensive mangrove deforestation. The
A B

C D

FIGURE 9

Photographs of some typical landscapes in the reserve (captured on April 11th, 2023). (A) Mangrove seedlings planted in the reserve; (B) Mangrove
seedlings invaded by S. alterniflora; (C) aquaculture pond; (D) Water control valves for aquaculture ponds.
FIGURE 10

Important time points for mangrove area and growth changes in GSMNNR. Dashed boxes indicate events that only occur within the GSMNNR.
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establishment of reserve has to some extent reduced the direct

deforestation of mangroves within the protected areas (Wang et al.,

2021). Mangroves are easy to grow, coupled with the strict

management of mangroves in the reserve. From 1990 to 2000, the

average MREI value in the reserve was 0.48, which is the highest

among the four afforestation phases.

The afforestation area was 2615.5 ha in Guangxi from 2002 to

2007, and it was 1333 ha from 2008 to 2015, but only 37.11% and

26.63% of the artificial afforestation area have been preserved (Fan

and Mo, 2018). Pest invasion can lead to the withering of mangrove

leaves, and even cause the death of mangroves. In 2004, the first

outbreak of pests destroyed 107 ha of mangroves in the reserve (Wei

et al., 2019). In 2008, the most severe pest disaster occurred between

2004 and 2018, with an area of 264 ha affected. The main pest

species of the two pest disasters were Oligochroa cantonella, and the

main threat to the mangrove tree species was Avicennia marina

(Wei et al., 2019). Subsequently, in 2005, the invasion area of S.

alterniflora exceeded 167 ha, which had adverse effects on the

mangrove seedlings. Compared to the NCSSCP Phase I, the

impact of this invasion, combined with pests, may result in low

preservation rates for the two afforestation attempts in the NCSSCP

Phase II. The average MREI for 2000-2008 and 2008-2015 was

slightly lower than the NCSSCP Phase I. It is worth noting that in

the mudflats of Zone C and Zone E, the MREI value changed from

positive to negative and even dropped below -0.5.

The average MREI in the reserve of the NCSSCP Phase III is the

lowest, only 0.17. The reason for the lowest MREI value is the

deterioration of mangrove growth and a decrease in vegetation

coverage in the southern part of Zone G (Figure 5). However, the

results of our further exploration (Figure 4E) indicate that although

vegetation coverage decreased, the overall decrease was not

significant, 90.16% of the MREI values in the negative range were

distributed in the grid (-0.3 ~ -0.2). We tried to explain the reason

for the relatively low MREI value in the third afforestation stage.

The NCSSCP Phase III focuses on ecological restoration, and the

intensity of planting mangroves has decreased. After years of

planting recovery, the remaining direct afforestation of mudflats

is limited, and the planting difficulty increases. In addition, the

threat of S. alterniflora and insect pests is still ongoing, and the

northern part of Zone E, which is close to Zone C, is gradually

being affected.
4.2 Advantages of MREI in mangrove
restoration effectiveness evaluation and
implication for management

The increase or decrease in mangrove area is often used to

directly reflect the restoration effectiveness of mangroves. An

increase in area indicates a good restoration effectiveness, while a

decrease in area indicates a poor restoration effectiveness. For

example, Zhang R. et al. (2022) analyzed the mangrove

conservation effectiveness by mapping the land cover of China’s

Mangrove National Nature Reserve from 2016 to 2020 and

analyzing the changes in mangrove area and land cover
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transformation. In addition, vegetation indices such as NDVI and

EVI have also been widely used in monitoring vegetation coverage,

canopy closure, and vegetation health, which reflect vegetation

growth. Healthy and well-growing vegetation absorbs red light

and reflects near-infrared light due to the chlorophyll and cellular

structure in its leaves, resulting in lower red band reflectance and

higher near-infrared band reflectance. Poor growth and unhealthy

vegetation have opposite characteristics. NDVI can reflect some

vegetation state parameters that are positively correlated with leaf

area index, biomass, and vegetation coverage based on this

principle. These state parameters are also closely related to the

restoration effectiveness of mangroves. Ruan et al. (2022) analyzed

the global NDVI changes in mangroves using the Modify

Resolution Imaging Spectrometer (MODIS) Normalized

Difference Vegetation Index (NDVI) dataset and Landsat Global

Mapping of Mangrove Forests (GMMF) from 2000-2018 to identify

the Mangrove health conditions and dynamics. Zhu et al. (2021)

used the NDVI time series analysis method and combined it with

land cover change to divide the changes in mangroves in

Qinglangang Nature Reserve, Hainan into three stages. However,

there is currently no indicator that combines mangrove NDVI with

area to evaluate the mangrove restoration effectiveness. This

combination is necessary for understanding the growth status and

restoration effectiveness of some mangroves that have not

undergone significant changes in area but have undergone

changes in growth and health. Based on the distribution

characteristics of MREI values in each interval and the spatial

distribution characteristics of MREI, we concluded that there

were more areas where mangroves had better growth between

2008 and 2015, mainly distributed in Zone D of the Dandou Sea,

and Zone G, J of the Yingluo Bay. Between 2015 and 2022, there

were many areas with poor growth, mainly distributed in the

northeast of Zone G and Zone J of the Dandou Sea, with 90.16%

of the growth declining slightly (Figures 4, 5). PREI obtained the

persistence of restoration effectiveness of the entire afforestation

phase based on village-scale by classifying the trajectory of MREI.

These two indices enable a more comprehensive analysis of the

restoration effectiveness of mangroves using specific values. The

accuracy of MREI had been examined on high-resolution images

and NDVI maximum images. Furthermore, this index also takes

into account the errors generated during the classification process,

making the evaluation results more in line with the real situation.

Remote sensing technology provides an effective way to obtain

information on mangrove growth during historical periods lacking

data. The evaluation method framework based on GIS provides a

way for future research on the spatiotemporal changes in the

restoration effectiveness, mainly focusing on changes in mangrove

area and growth. This method framework can be easily applied to

analyze and evaluate different time periods in other regions and has

strong replicability.

The results of MREI show the improvement of mangrove

growth and area during each afforestation period. Managers

should further evaluate the restoration effectiveness based on the

actual afforestation statistics of each period, such as afforestation

date, time, and area. The results of PRE show several sites with poor
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persistence of mangrove restoration effectiveness. It is important to

focus on these sites, investigate the mudflat elevation, hydrological

conditions, sediment environment, etc., and determine whether

they are suitable for mangrove growth. At present, the mudflat

suitable for afforestation in the reserve has been greatly reduced,

and the mangrove area has been slowly increased. On the one hand,

mangrove restoration participants should actively explore new ideas

for mangrove restoration, such as the policy of “returning ponds to

mangroves”; On the other hand, emphasis should be placed on

ecological restoration. In addition, the effectiveness of community-

based mangrove restoration management has been confirmed in

many studies. Managers can refer to the results of PRE and conduct

pilot work on villages with good persistence of restoration

effectiveness to establish successful mode.
4.3 Limitations and implications
for future work

The study represents a case study conducted within a single

reserve, yet it holds the potential for broader application across

multiple reserves on a larger scale. The index can encompass both

within and outside the reserve, in order to study the differences in

the mangrove restoration effectiveness inside and outside the

reserve, and to explore the impact of the establishment of reserve

on the mangrove restoration effectiveness. Moreover, three primary

approaches to mangrove restoration exist direct planting,

integration of coastal engineering techniques, and hydrological

connectivity restoration. Our research background is mangrove

planting activities, Therefore, The MREI model specifically

focuses on the most pronounced changes, namely mangrove area

and vegetation cover, before and after the restoration project based

on planting. We only considered the restoration status of mangrove

vegetation, ignoring the restoration of animal communities, habitat

conditions, the elimination of threatened organisms, and the

restoration of ecosystem functions.

During the United Nations Decade of Ecosystem Restoration

(2021-2030), countries worldwide are embarking on initiatives to

restore mangrove forests. In particular, China is actively engaged in

the Special Action Plan for Mangrove Protection and Restoration

(2020-2025), which plans to plant and restore 18800 ha of

mangrove forests by 2025. In Guangxi’s mangrove protection and

special restoration plan, it is planned to plant 1000 ha and restore

3500 ha of mangrove forests by 2025. Mangrove planting strategies

include planting on mudflat and returning ponds to mangroves. At

present, there are few mudflats suitable for afforestation. The

difficulty of mangrove planting and restoration lies in the

selection of suitable planting areas and the implementation of the

policy of returning ponds to mangroves (Wang et al., 2021). In the

future, multi-source remote sensing data, combined with drone and

SAR data, can be used to overcome the limitations of remote

sensing spatial resolution and weather, evaluate areas with high

potential for mangrove planting and restoration, and timely
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monitor the success rate of mangrove restoration from ponds and

the survival rate of mangrove planting.
5 Conclusion

In this study, we proposed a novel approach for assessing the

mangrove restoration effectiveness, which involves integrating

changes in mangrove areas and vegetation coverage (represented

as NDVI). Taking GSMNNR as a study case, new indices MREI and

PREI were constructed to quantitatively evaluate the mangrove

restoration effectiveness of each afforestation phase during 1990-

2022. Through the dynamic changes of MREI in a single

afforestation phase and multiple afforestation phases, combined

with land cover change, a method framework for evaluating the

effectiveness of mangrove restoration based on grid-scale and

village-scale was attempted to be explored.

Through the analysis of land cover and its mutual

transformation, we concluded that the mangrove area in the

reserve increased from 235.26 ha in 1990 to 873.27 ha in 2022,

and 84.59% of mangroves were converted from tidal flats. The

MREI we constructed can represent area and vegetation coverage of

mangroves, effectively evaluating the effectiveness of planting

restoration. The average value of MREI in the five evaluation

phases was 0.48, 0.24, 0.29, 0.17, and 0.72, respectively. The

results show that the NCSSCP is effective as a whole, and the first

phase of the project NCSSCP had the best restoration effectiveness.

There are fewer suitable tidal flats in the reserve now, the survival

rate of mangrove planting is low, and the effectiveness of the third

phase of the afforestation project is not as good as the first two

phases. Managers should seek new ideas for mangrove restoration,

such as “returning ponds to mangroves”. By analyzing the dynamic

changes of MREI over multiple phases, we have concluded that

5.42% of the areas within the reserve have poor persistence of

restoration effectiveness; 44.17% of the regions have excellent

persistence of restoration effectiveness. Sites with poor persistence

of restoration effectiveness should be given special attention. A

recovery demonstration area should be established for the sites with

excellent persistence of restoration effectiveness. From the

perspective of spatial distribution of PREI, the zones with poor to

excellent persistence of restoration effectiveness within the reserve

were as follows: A, E, J, G, C, H, I (D), F, B. The high value zones of

PREI were mainly distributed in the central of the Dandou Sea and

the northern part of the Yingluo Bay. The low value zones were

distributed in the northwest of the Dandou Sea.

This paper indicates that the MREI index and PREI index can

comprehensively evaluate the effectiveness of mangrove restoration

in terms of mangrove area, coverage changes, and long-term

persistence. We expect that the indices presented in this study

have great potential to be applied in broader regions as mangrove

restoration efforts have been carried out worldwide. The mangrove

restoration in GSMNNR has been carried out for nearly 40 years.

Although the overall restoration effectiveness is good, there are still

some areas with poor restoration effectiveness and persistence.
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With the reduction of mudflat suitable for afforestation and the

threat of S. alterniflora invasion, the afforestation of GSMNNR

mangroves is becoming more and more difficult, which is also a

problem that other regions in the world will face. In the future, in

addition to the restoration of mangrove area, we hope to focus on

improving the functionality of mangroves and develop remote

sensing methods to monitor changes in mangrove function.
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