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Abstract: Mangroves are important wetland ecosystems on tropical and subtropical coasts. There is
an urgent need to better understand how the spatial distribution of mangroves varies with climate
change factors. Species distribution models can be used to reveal the spatial change of mangroves;
however, global models typically have a horizontal resolution of hundreds of kilometers and more
than 1 km, even after downscaling. In the present study, a maximum entropy model was used
to predict suitable areas for the northernmost mangroves in China in the 2050s. An approach was
proposed to improve the resolution and credibility of suitability predictions by incorporating land-use
potential. Predictions were made based on two CMIP6 scenarios (i.e., SSP1-2.6 and SSP5-8.5). The
results show that the northern edge of the natural mangrove distribution in China would migrate
from 27.20◦ N to 27.39◦ N–28.15◦ N, and the total extent of suitable mangrove habitats would
expand. By integrating 30 m resolution land-use data to refine the model’s predictions, under the
SSP1-2.6 scenario, the suitable habitats of mangroves are predicted to be 13,435 ha, which would
increase by 33.9% compared with the current scenario. Under the SSP5-8.5 scenario, the suitable
area would be 23,120 ha, with an increased rate of 96.5%. Approximately 40–44% of the simulated
mangrove patches would be adjacent to aquacultural ponds, cultivated, and artificial land, which
may restrict mangrove expansion. Collectively, our results showed how climate change and land use
could influence mangrove distributions, providing a scientific basis for adaptive mangrove habitat
management despite climate change.

Keywords: mangrove; climate change; land use; Fujian Province; maximum entropy model (MaxEnt)

1. Introduction

Mangroves are ecologically important wetland ecosystems that provide habitats for
many species [1,2], store carbon [3], and support key ecosystem services for humans [4].
Mangroves protect tropical and subtropical coasts from erosion and storm damage [5];
however, they are degenerating at an alarming rate [6,7]. Climate change [8], sea level
rise [9], and anthropogenic activities, such as clearing mangrove forests for aquaculture or
agriculture [10–12], threaten this valuable ecosystem.

Records show that the global temperature was 1.09 ◦C higher in 2011–2020 than in
1850–1900 with larger increases over land (1.59 ◦C) than over the ocean (0.88 ◦C). In addition,
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the growing season of organisms has lengthened by up to 2 days per decade since the 1950s
in the extratropical Northern Hemisphere [13]. As tropical and subtropical vegetation,
the distribution of mangrove forests will be driven by changes in these environmental
conditions. In eastern Asia, the western Gulf of Mexico, and eastern North America,
mangrove distribution range limits are typically determined by winter air temperature
extremes [14]. Predictions of global mangrove distribution indicate that by 2080, mangroves
ranges would shift poleward by more than 2◦ of latitude and experience a gain or loss
of coastal habitat depending on the species [15]. Although warmer winter temperatures
are expected to facilitate the poleward expansion of mangroves, complex factors, such
as dispersal limitation, habitat availability constraints, and climate extremes, may hinder
mangrove expansion, especially near certain range limits [16,17].

China is located on the northern edge of the global mangrove forest distribution and
has one-third of the mangrove species [18,19]. From 1980 to 2019, China’s coastal sea
surface temperature increased by an average of 0.25 ◦C every decade, of which 2015–2019
was at a high level for five consecutive years [20]. Fujian Province is at the northern edge
of the natural distribution of mangrove forests throughout the country. In 2020, the annual
average temperature in Fujian exceeded the historical record by 1.1 ◦C; meanwhile, the
average temperature in winter was 1.9 ◦C higher than the historical record [20]. Therefore,
the areas suitable for mangroves in coastal China may extend northward beyond Fujian
Province as warming and lengthened growing seasons may provide more suitable habitats.
However, mangrove habitat availability is highly affected by coastal land-use patterns. In
China, 75% of the predicted suitable habitat for mangroves has been lost as a consequence
of coastal land-use change [11]. In 2020, China’s coastal sea level was 73 mm higher than
the average from 1993 to 2011 [21]. With intensive coastal land development, the mangrove
landward migration caused by sea level rise may also be blocked by concrete seawalls
or other constructions [22,23]. Therefore, to effectively implement mangrove protection
and restoration in China, predicting mangrove distribution shifts and formulating novel
strategies to fight extreme climatic scenarios are a necessity.

As one of the best and widely used species distribution models, the maximum en-
tropy model (MaxEnt) enables habitat suitability predictions based on machine learning
algorithms using species occurrence records and environmental data. It provides probable
species distribution according to the maximum entropy subjected to a set of constraints that
represent incomplete information about the target species distribution [24–26]. The model
can also project the species distribution under changing environmental factors based on
the training relationship under current conditions, thus evaluating whether the species will
shift their geography in response to global environmental change by contracting, expand-
ing, or fragmenting distribution ranges. So far, the model has been used to predict future
changes of terrestrial or marine species distribution on different temporal and spatial scales,
yielding reliable predictions [15–17,27].

Environmental variables derived from global change models (GCMs) are commonly
used for model predictions. The newly released edition of the Coupled Model Intercompar-
ison Project 6 (CMIP6) includes several global change scenarios, among which SSP1-2.6
represents a scenario in which societies would rapidly reduce emissions leading to a limit
warming, and SSP5-8.5 represents “business as usual” with very high emissions. CMIP6
has a higher climate sensitivity than previously used models [28]. However, these GCMs
typically have a horizontal resolution of hundreds of kilometers and more than 1 km
even after downscaling [15,29,30]. Therefore, previous predictions of mangrove spatial
distribution changes were made based on large resolution data [15,17] and considered only
natural environmental conditions, which can hardly identify mangrove patches and actual
habitat availability, causing distortion when focusing on regional scales. On the other hand,
the spatial availability of mangrove forests is mainly limited by the state of land use, and
land-use data products have reached a universal resolution of 30 m or higher. Therefore,
using high-resolution land-use data to refine climate model results is possible, and it could
improve the prediction accuracy and reveal actually available habitats. Recently, land-use
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potential has been included in the climate suitability evaluation approaches for particular
species to predict whether the study region has increasing or decreasing suitability for
adaptation recommendations [31]. Considering the land-use strategy under CMIP6, more
sensible possibilities of distribution prediction for plants can be performed [32].

Therefore, the aim of this study was to (1) predict suitable habitats for northernmost
mangroves in China in response to future climate change by the 2050s and map their shifts
under SSP1-2.6 and SSP5-8.5 scenarios; (2) explore the feasibility of using high-resolution
coastal land use to refine the outputs of the species distribution model to improve the
conclusion reliability; (3) estimate the potential impact of coastal land-use patterns on
mangrove habitat shifts under climate change.

2. Materials and Methods
2.1. Study Areas and Mangrove Occurrence Data Collection

Fujian Province is China’s northernmost mangrove natural distribution area (excluding
artificially introduced sites) with a 3300 km coastline (Figure 1). The terrain of Fujian
Province is dominated by mountains and hills lacking cultivated land and has a long
history of coastal reclamation and aquaculture [33]. Fujian Province has a subtropical
marine monsoon climate. During 1981 and 2010, the average annual temperature was
19.5 ◦C with an average winter temperature of 11.2 ◦C and summer temperature of 27 ◦C.
In Fujian’s coastal areas, February has the lowest temperature and August has the highest.
The average temperature during the coldest month is 8.4~12.9 ◦C. The average annual
precipitation is 1686 mm, and the majority of the precipitation occurs in May and June [34].
Within the study region, mangroves are scattered across various harbors or estuaries
(Figure 1) [33]. The richness in mangrove species gradually decreases from south to north,
with Kandelia candel distributed throughout the province [35]. Considering that mangrove
habitats may move northward under future scenarios, southern Zhejiang Province was also
included in the study area. The mangrove patches were visually interpreted from 2.5 m
resolution remote sensing images (2018 ESRI World Imagery) and were checked during
reconnaissance and sampling plot surveys in 2018 and 2019. The Fishnet method in ArcGIS
Pro 2.5 was then used to resample the mangrove patches into occurrence points. Finally, a
data set, including 319 occurrence points, was constructed.

2.2. Environmental Variables under Climate Change

Mangrove distributions along coastlines are influenced by both land and marine
environmental factors. Landscape setting, salinity, slope, sea level rise, precipitation regime
alternation, and temperature increase the impact on mangrove distribution [12,16,36–38]. A
total of 28 environmental factors, including bioclimatic, topographic, marine environmental,
and intertidal substrate cover, were used to build the mangrove distribution model under
SSP1-2.6 and SSP5-8.5 (Table 1).

The current and future bioclimatic data of CMIP6 were downloaded from the World-
Clim database with an original data resolution of 2.5 min [39,40]. The marine environ-
mental data layers were extracted from the Bio-ORACLE v2.2 data set with a resolu-
tion of 10 km [41,42]. The intertidal substrate cover data, at a resolution of 30 m, were
downloaded from http://www.geodata.cn (accessed on 2 August 2021) [12,43,44]. Topo-
graphic data, at a 2 km resolution, were obtained from NOAA ETOPO1 bathymetry data
(https://www.ngdc.noaa.gov/accessed on 28 July 2021). Sea level rise estimation was
based on the 2020 China Sea Level Bulletin, which estimated that in the next 30 years,
the coastal sea level would rise from 40 mm (SSP1-2.6) to 150 mm (SSP5-8.5) in the study
area. All current and future environmental variables were interpolated to a 1 km spatial
resolution using the change factor approach, low-pass filter, and mosaic methods for model
prediction and grid analysis [40]. All 28 factors were simultaneously entered in the mod-
els, because MaxEnt is based on machine learning methods and is not sensitive to factor
collinearity [25,45]. These environmental factors were integrated into a background area
within a −6–6 m elevation to assure the environmental data can cover the intertidal zone.

http://www.geodata.cn
https://www.ngdc.noaa.gov/accessed
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2.3. MaxEnt Modeling and Evaluation

MaxEnt (version 3.4.1) was used to predict potentially suitable mangrove habitats
under two scenarios: SSP1-2.6 and SSP5-8.5. To optimize the model, we fine-tuned it using
the ENMeval package in “R” software instead of using the default settings [46]. The setting
of regularization multiplier (RM) values between 0.5 and 4 (the increment was 0.5) and
seven feature class combinations: L (linear), LQ (linear, quadratic), LQH (linear, quadratic,
and hinge), LQHP (linear, quadratic, hinge, and product), LP (linear, product), LHPT
(linear, hinge, product, and threshold), and LQHPT (linear, quadratic, hinge, product, and
threshold) were evaluated [46,47]. Among the 56 tested models, the configuration that
yielded the lowest delta-AICc under the block cross-validation scheme was considered to
have the best predictive performance and was finally chosen [46]. The model reliability was
evaluated using the receiver operating characteristic curve of the jackknife method [24,48].
Binary habitat suitability maps were produced using the lowest presence threshold [49].
The variations of future suitable habitats under different scenarios were calculated and
analyzed using ArcGIS Pro 2.5 based on the model predictions.
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Table 1. Environmental factors used to predict current and future suitable habitats for mangroves in
Fujian Province.

Number Type Variable Units

1 Bioclimatic Annual mean temperature ◦C
2 Bioclimatic Mean diurnal range ◦C
3 Bioclimatic Isothermality unitless
4 Bioclimatic Temperature seasonality unitless
5 Bioclimatic Maximum temperature for warmest month ◦C
6 Bioclimatic Minimum temperature for coldest month ◦C
7 Bioclimatic Annual temperature range ◦C
8 Bioclimatic Mean temperature of wettest quarter ◦C
9 Bioclimatic Mean temperature of driest quarter ◦C
10 Bioclimatic Mean temperature of warmest quarter ◦C
11 Bioclimatic Mean temperature of coldest quarter ◦C
12 Bioclimatic Annual precipitation mm
13 Bioclimatic Precipitation of wettest month mm
14 Bioclimatic Precipitation of driest month mm
15 Bioclimatic Precipitation seasonality unitless
16 Bioclimatic Precipitation of wettest quarter mm
17 Bioclimatic Precipitation of driest quarter mm
18 Bioclimatic Precipitation of warmest quarter mm
19 Bioclimatic Precipitation of coldest quarter mm
20 Topographic Euclidean distance to coastline m
21 Topographic Compound topographic index unitless
22 Topographic Elevation m
23 Topographic Local deviation from global unitless
24 Marine Mean sea surface salinity PSS
25 Marine Sea surface salinity range PSS
26 Marine Mean sea surface temperature ◦C
27 Marine Minimum sea surface temperature ◦C
28 Substrate Intertidal substrate cover type

2.4. Refining Procedure with Land-Use Data

A refining process was proposed to quickly optimize the modeling results, improve the
resolution, and reveal the impact of land-use patterns on mangroves (Figure 2). The 2020
Globeland30 land cover data (http://www.globeland30.org/ accessed on 17 October 2021) [50]
and ASTER Global Digital Elevation Model V003 (http://earthdata.nasa.gov accessed on
17 October 2021) were used for the refining process. There are ten land cover types in the
Globeland30 data set. However, land cover types that were crucial to our study are not
listed in the original data set, for example, mangroves and aquaculture ponds. Therefore,
we reprocessed the Globeland30 data. The ten types were reclassified into four main types:
cultivated land, artificial surfaces, wetland, water, and sea, and others. The coastal aqua-
culture pond data [43] and modeled mangrove habitats were collected, where mangrove
patches were extracted at an elevation below 6 m according to the digital elevation model
(DEM) data. In the refining procedure, the above data sets were mosaicked according to
certain criteria to extract available mangrove habitats and to deduct those developed lands.
Considering the restrictive effect of developed land on mangroves, the order of mosaics
was set to prioritize aquaculture ponds, cultivated land, and artificial surfaces, followed
by potential mangrove habitats and other land types to ensure that it could reflect the
occupation of mangroves by development land. Finally, three 30 m resolution land-use
maps containing available mangrove habitats under the current and 2050 scenarios were
produced. To further evaluate the potential effects of land use on mangrove habitats,
mangrove patches adjacent to the developed land were extracted and calculated. The
raster maps were converted into polygons to obtain four classes of polygons: mangrove
habitats, aquaculture ponds, cultivated land, and artificial surfaces. The boundary touching
condition was set in ArcGIS Pro 2.5 to obtain the spatial relationship between mangrove
patches and developed land types, and the adjacent patches were filtered and counted.

http://www.globeland30.org/
http://earthdata.nasa.gov
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3. Results
3.1. Model Evaluation and Environmental Drivers

Among the 56 models, the model with RM = 0.5 and a feature combination (FC)
of LQH had a delta-AICc of 0; thus, it was selected as the best setting (Figure 3). With
the optimized setting, the average AUC test for the ten replicate runs of the models was
0.978 (±0.018), indicating a high model accuracy. The jackknife test of variable importance
showed that intertidal substrate cover, Euclidean distance to coastline, bathymetry, mean
diurnal range, the minimum temperature for the coldest month, and mean temperature
of the coldest quarter were the top drivers among the 28 environmental predictors. The
first three variables limit the physical conditions of mangrove distribution. The results
indicated that suitable habitats for mangroves are mainly located in tidal mudflats within
200 m offshore and wit a bathymetry of approximately 0 m. The latter three variables limit
the climatic suitability range of mangroves. In the study region, mangroves prefer climate
conditions with a mean diurnal range of 6.0–6.5 ◦C, a minimum temperature of 13–14 ◦C,
and a mean winter temperature beyond 16 ◦C (Figure 4).

3.2. Simulated Suitable Habitats and Their Shifts under Different Scenarios

The mangroves were predicted to experience habitat expansion and poleward shifts.
According to the results of the MaxEnt models (1 km resolution), the current potential
suitable area for mangroves was 581,848 ha. Under the SSP1-2.6 scenario, the suitable area
would be 767,501 ha, which is an increase of 24.2% compared with the current scenario.
Under the SSP5-8.5 scenario, the suitable area was 1,272,340 ha, with an increase of 118.7%
compared with the current scenario. In Sansha Bay and Shacheng Harbor of northern Fujian,
suitable areas would expand more than in other places. Currently, the northernmost natural
boundary of mangrove distribution in China is in Shacheng Harbor, Fujian (27.20◦ N).
According to the predicted results, the northernmost boundary would shift to Cangnan,
Zhejiang (27.39◦ N) under SSP1-2.6, while under SSP5-8.5, the boundary would probably
move to Yueqing, Zhejiang (28.15◦ N) (Figure 5a–c). Depending on different scenarios, the
northward moving distance ranged between 23 and 114 km.



Forests 2022, 13, 64 7 of 16

Forests 2022, 13, x FOR PEER REVIEW 7 of 17 
 

3. Results 
3.1. Model Evaluation and Environmental Drivers 

Among the 56 models, the model with RM = 0.5 and a feature combination (FC) of 
LQH had a delta-AICc of 0; thus, it was selected as the best setting (Figure 3). With the 
optimized setting, the average AUC test for the ten replicate runs of the models was 0.978 
(±0.018), indicating a high model accuracy. The jackknife test of variable importance 
showed that intertidal substrate cover, Euclidean distance to coastline, bathymetry, mean 
diurnal range, the minimum temperature for the coldest month, and mean temperature 
of the coldest quarter were the top drivers among the 28 environmental predictors. The 
first three variables limit the physical conditions of mangrove distribution. The results 
indicated that suitable habitats for mangroves are mainly located in tidal mudflats within 
200 m offshore and wit a bathymetry of approximately 0 m. The latter three variables limit 
the climatic suitability range of mangroves. In the study region, mangroves prefer climate 
conditions with a mean diurnal range of 6.0–6.5 °C, a minimum temperature of 13–14 °C, 
and a mean winter temperature beyond 16 °C (Figure 4). 

 
Figure 3. Delta-AICc values under different settings of the regularization multiplier (RM) and fea-
ture class combinations. 

Figure 3. Delta-AICc values under different settings of the regularization multiplier (RM) and feature
class combinations.

Forests 2022, 13, x FOR PEER REVIEW 8 of 17 
 

 
Figure 4. Contour map of three climate variables and habitat suitability. 

3.2. Simulated Suitable Habitats and Their Shifts under Different Scenarios 
The mangroves were predicted to experience habitat expansion and poleward shifts. 

According to the results of the MaxEnt models (1 km resolution), the current potential 
suitable area for mangroves was 581,848 ha. Under the SSP1-2.6 scenario, the suitable area 
would be 767,501 ha, which is an increase of 24.2% compared with the current scenario. 
Under the SSP5-8.5 scenario, the suitable area was 1,272,340 ha, with an increase of 118.7% 
compared with the current scenario. In Sansha Bay and Shacheng Harbor of northern Fu-
jian, suitable areas would expand more than in other places. Currently, the northernmost 
natural boundary of mangrove distribution in China is in Shacheng Harbor, Fujian (27.20° 
N). According to the predicted results, the northernmost boundary would shift to 
Cangnan, Zhejiang (27.39° N) under SSP1-2.6, while under SSP5-8.5, the boundary would 
probably move to Yueqing, Zhejiang (28.15° N) (Figure 5a–c). Depending on different sce-
narios, the northward moving distance ranged between 23 and 114 km. 

Figure 4. Contour map of three climate variables and habitat suitability.



Forests 2022, 13, 64 8 of 16Forests 2022, 13, x FOR PEER REVIEW 9 of 17 
 

 
Figure 5. Potential distributions of suitable mangrove habitats: (a) current; (b) SSP1-2.6 scenario; (c) 
SSP5-8.5 scenario; habitats’ spatial variation was based on 500 km2 hexagonal cells, and hexagonal 
cell color shading represents the change in 1 km grid numbers predicted to be mangrove habitats; 
(d) SSP1-2.6 scenario; (e) SSP5-8.5 scenario. 

To observe the mangrove habitat shifting more clearly, we mapped the change in 
predicted occupancy grids for mangroves under climate scenarios projected for the 2050s 
relative to the current fitted predicted occupancy within 500 km2 of hexagonal cells along 
the coast (Figure 5d,e). The results showed that under the SSP1-2.6 and SSP5-8.5 scenarios, 
mangroves were forecast to gain an area of suitable habitat in most coastal regions (within 
54–91% hexagonal grids). However, habitat loss would occur in a small number of hexag-
onal grids. We also observed changes in the habitat characteristics along the latitude gra-
dient. The suitable habitat areas of mangroves were larger in the south than in the north, 
with 69.6%, 77%, and 53.7% of suitable areas concentrated to the south of 25° N in the 
current, SSP1-2.6, and SSP5-8.5 scenarios, respectively (Figure 6a). This finding indicated 
that the habitat centroid would move northward. Under the SSP1-2.6 scenario, the ex-
panded habitats were mostly concentrated between 23.5° N and 24.5° N. Under the SSP5-
8.5 scenario, there would be a significant increase in mangrove suitable habitat distribu-
tion at 26–27° N. Habitat loss would be observed at 25° N in both climate change scenarios 
(Figure 6b). 

Figure 5. Potential distributions of suitable mangrove habitats: (a) current; (b) SSP1-2.6 scenario;
(c) SSP5-8.5 scenario; habitats’ spatial variation was based on 500 km2 hexagonal cells, and hexagonal
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To observe the mangrove habitat shifting more clearly, we mapped the change in
predicted occupancy grids for mangroves under climate scenarios projected for the 2050s
relative to the current fitted predicted occupancy within 500 km2 of hexagonal cells along
the coast (Figure 5d,e). The results showed that under the SSP1-2.6 and SSP5-8.5 scenarios,
mangroves were forecast to gain an area of suitable habitat in most coastal regions (within
54%–91% hexagonal grids). However, habitat loss would occur in a small number of
hexagonal grids. We also observed changes in the habitat characteristics along the latitude
gradient. The suitable habitat areas of mangroves were larger in the south than in the
north, with 69.6%, 77%, and 53.7% of suitable areas concentrated to the south of 25◦ N
in the current, SSP1-2.6, and SSP5-8.5 scenarios, respectively (Figure 6a). This finding
indicated that the habitat centroid would move northward. Under the SSP1-2.6 scenario,
the expanded habitats were mostly concentrated between 23.5◦ N and 24.5◦ N. Under
the SSP5-8.5 scenario, there would be a significant increase in mangrove suitable habitat
distribution at 26–27◦ N. Habitat loss would be observed at 25◦ N in both climate change
scenarios (Figure 6b).
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3.3. Refined Results and the Effect of Land Use on Mangrove Habitats

Comparing the refined results with the original MaxEnt outputs, lands unavailable for
mangroves were excluded. After the refining process, the potential mangrove distribution
area was 10,032 ha under the current scenario. Under the SSP1-2.6 and SSP5-8.5 scenarios,
the area was 13,435 ha and 23,120 ha, increasing by 33.9% and 96.5%, respectively, compared
to the current scenario. We found that in the original model’s results, only 15–26% of
potential habitats were available land. In the unavailable habitats, aquaculture ponds
accounted for 77.5%, 71.9%, and 59% and cultivated and artificial land accounted for 14.7%,
17.2%, and 25.9% in the current, SSP1-2.6, and SSP5-8.5 scenarios, respectively (Figure 7).
The results indicate that a large number of potentially suitable mangrove habitats might be
occupied by human activities in the present and future scenarios.
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For available habitats, many potential habitat patches were close to aquaculture ponds,
cultivated, and artificial land (Figure 8), which may limit the mangrove landward expan-
sion under climate change. According to the mosaic maps, 28.22% of habitat patches were
adjacent to cultivated and artificial land, and 17.51% were adjacent to aquaculture ponds.
Under SSP1-2.6, 27.46% of potential habitat patches would be adjacent to cultivated and
artificial land and 17.15% adjacent to aquaculture ponds. Under SSP5-8.5, 23.83% of poten-
tial habitat patches would be adjacent to cultivated and artificial land, and 16.19% adjacent
to aquaculture ponds. Therefore, along with the expansion of mangroves under climate
change, there may be consistent conflicts between land use and mangrove conservation.
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4. Discussion
4.1. Environmental Drivers of Mangrove Distribution Change

It has been acknowledged that changing marine and land factors, such as sea level rise,
increasing temperatures, and altered precipitation regimes, affect mangroves at regional
scales [38]. Our model predicted that topography and temperature were the main drivers
expectedly affecting mangroves in Fujian and Zhejiang provinces, China. The suitable vari-
able ranges indicated that mangroves were strictly distributed in the intertidal zone around
the coastline; therefore, they were sensitive to changes in water inundation duration and
frequency [51]. Global climate change has caused instability in the water–land boundary in
the coastal zone and has driven the increase or decline in coastal mangroves [52]. However,
mangroves have considerable resilience to land elevation changes caused by sea level rise.
There is evidence that mangrove forests have the capacity to adjust the seabed level at a
rate that matches sea level rise through their intrinsic biological feedback mechanisms [53].
For instance, vegetative structures, such as mangrove roots, can contribute to elevation
gain [54].

In addition to topographic changes, local temperature and precipitation also act as
critical drivers of mangrove distribution shifts [55]. Many mangrove distributions are
latitudinally confined by the minimum temperature of 16 ◦C at winter worldwide [56]. Our
study area is located at the northern edge of the global mangrove distribution. The model
predicted that the mangroves in this region are most suitable at habitats with a minimum
temperature of 13–14 ◦C, while physiological research showed that a winter temperature
of 10 ◦C was the critical biological temperature for mangroves in Fujian Province [57].
The declining frequency of severe cold winter events and warmer winters in the future
will likely cause migration to higher latitudes [58,59]; therefore, mangroves in this region
may benefit from the temperature increase and further expand northward. In summary,
mangroves in most of our study areas displayed a positive response when exclusively
considering environmental drivers.

4.2. Trend of Mangrove Habitat Shifts

Previous reviews have shown that mangroves are expanding in response to global
climate change at many studied sites [58–62]. Our study indicated that the extent of suitable
mangrove habitats at the northernmost distribution in China would also expand under
two climate change scenarios with a poleward shifting distance of ~1◦ in latitude by the
2050s, which is consistent with Record et al.’s (2013) model predictions in which mangroves
would continue to expand as temperature and atmospheric CO2 concentrations increase.
Furthermore, the habitat distribution range would shift poleward by 2◦ [15,61]. On the east
coast of Florida in North America, mangrove areas doubled at the northern end of the range
in the 1980s [59]. The mangroves in Tanzania are predicted to expand by more than 40% in
climate change scenarios [30]. However, this trend may vary across different geographic
regions. For example, the projected habitat suitability was reduced by 30% in Vietnam [29].
Our study also revealed varied trends at different sites on a smaller landscape scale. These
differences may be caused by diverse local constraints, including temperature increase,
seasonal variation in precipitation and temperature, sea level rise, and local anthropogenic
pressures and impacts [62,63].

In addition to habitat shifting, species composition may change, although this aspect
was not included in the present study. On a global scale, Central America and the Caribbean
are predicted to lose more mangrove species than other regions [15]. Historical records of
27 mangrove forest ecoregions indicated that the shift rate of mangrove species growing in
seaward habitat zones was higher than that in the intermediate and landward zones [55].
In our study region, there are seven mangrove species, among which only K. candel has
adapted to the mean temperature of the coldest month, which is less than 11 ◦C [64];
thus, it can show a habitat shift to northern Fujian. Since mangroves are thermophilic
plants, temperature warming profits the expansion of mangrove distribution, and more
species could show a habitat shift to Fujian Province [65]. In addition, modeling studies of
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mangroves in Hainan Province showed that the mangrove habitats would not suffer loss
at sea level rise rates of 4–16 mm yr−1; however, mangrove species zonation would alter
along the elevation gradient by moving from a lower intertidal zone to a higher intertidal
zone [9,66].

4.3. Coastal Land Usage Influence and Study Uncertainty

Considering climate change alone, mangroves are expected to increase in most areas.
However, mangroves in low-lying islands and constrained intertidal areas may disap-
pear [60]. Along the coastline, mangrove habitats may be squeezed between human land
use on the landward side and rising sea levels on the seaward side, which is one of their
major threats [67,68]. Unfortunately, due to the high population density in coastal areas,
extensive modifications have been adopted to accommodate anthropogenic activities, such
as aquaculture, cultivation, and urban development [10,69,70]. In China, due to the past
land resource shortages and economic development, coastal reclamation has caused a huge
loss of mangroves before 2000 [12].

Suitable habitats for mangroves in the future are mainly determined by the availability
of accommodation spaces. A global study indicated that if sufficient additional accom-
modation space can be created through careful coastal management and restricting the
building of anthropogenic infrastructure in the coastal zone, coastal wetland loss might
be avoidable [71]. In 2018, China’s State Council strengthened the protection of coastal
wetlands by introducing a strict policy to control reclamation [72]. In 2020, a special action
plan for mangrove protection and restoration (2020–2025) was ignited [73]. The present
study provides management directions for future mangrove conservation and restoration
by revealing the difficulty of mangroves moving landward in the future if the land-use
pattern is not optimized. Under SSP1-2.6 and SSP5-8.5, 40–44% of mangrove patches were
adjacent to aquaculture ponds as well as cultivated and artificial land. The limitations
of landward margins may result in waterlogging, eventually leading to the drowning
of existing mangrove forests [74]. To reduce mangrove ecosystem vulnerability in the
future, adaptation management can be improved by reducing non-climatic stressors in
coastal areas [75]. For instance, some developed lands that may hinder the expansion
of mangroves could be restored to natural wetlands, thereby creating available space for
mangrove migration.

In this study, we proposed a refining procedure using high-resolution land-use data to
improve MaxEnt predictions. We found that the results before and after refining differed,
indicating that low-resolution models may be effective in trend prediction. Still, the exact
area produced by them may not be meaningful. According to the 2005 forestry survey
records, the suitable mangrove habitats in Fujian were 13,145.6 ha [76]. Compared to the
overprediction of the original model output, the refined result better matches the field
investigation results, indicating the suitable performance of this approach. Nevertheless,
some uncertainty still taints the prediction of the actual habitat extent. First, the accuracy
of the prediction depends on the CMIP6 data set. Although, for now, it is the best data
we can obtain, and with the update of coupled model intercomparison project data in
the next decade, the predicted results may change. Second, we found that the species
distribution model at a 1 km resolution cannot accurately simulate the impact of sea level
rise. The underlying reason might be that the predicted sea level rise was only 40–150 mm
by 2050; thus, the impact on habitat may occur within a scale far less than 1 km. Combining
an independent sea level impact model at high resolution may help increase prediction
accuracy [29]. In addition, we conducted the refining process using 2020 land cover data,
assuming that the land-use pattern would be stable until the 2050s. Nonetheless, land-use
patterns could be dynamic because the coastal area is expected to develop and change.
Therefore, coupling land use and climate change could provide more reasonable prospects
for mangrove distribution and obtain more reliable simulations [77].
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5. Conclusions

Collectively, our study assessed the northernmost mangroves in China’s climate
change vulnerability and incorporated land-use types to refine potentially suitable area
predictions. In the study region, mangroves would expand under climate change with
northward moving distances of approximately 23 and 114 km under SSP1-2.6 and SSP5-8.5,
respectively. Suitable habitat expansion was concentrated between 23.5◦ N and 24.5◦ N.
However, aquaculture ponds, cultivated, and artificial land would possibly restrict man-
grove landward expansion. For areas where mangrove habitat degradation is predicted,
coastal wetland loss caused by development activities should be prevented, and climate
adaptation management should be emphasized. Our predictions could help future man-
grove restoration site selection and assess the ecological and economic benefits of man-
groves afforestation to alternative land uses [78].
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