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W N e

Abstract: Laguncularia racemosa is widely planted in coastal mudflats as a pioneer species of mangrove
afforestation in China; however, whether it exhibits invasiveness as an exotic species has been a
topic of debate. In this study, we investigated the distribution, community structure, and population
characteristics of L. racemosa on Hainan Island, China, to discuss its potential invasiveness. The
results showed that Hainan Island has become an important distribution area for L. racemosa in China,
covering a total area of 64.90 ha. In this investigation, a total of 11 true mangrove species, belonging to
six families and 11 genera, were discovered in the L. racemosa community throughout Hainan Island.
Furthermore, L. racemosa exhibited a strong adaptive range to seawater salinity and demonstrated a
high capacity for natural dispersion. L. racemosa exhibited high importance values in the tree, shrub,
and seedling layers of this artificial community, indicating its dominance and potential exclusion
of other mangrove species. Over time, the importance values of L. racemosa in the tree and shrub
layers initially decreased and then increased, while the opposite trend was observed in the seedling
layer. Overall, the diversity indexes, including the Simpson index, Shannon-Wiener index, and
Pielou community evenness index, were low in the planted L. racemosa forest on Hainan Island,
suggesting a relatively simple species composition within the L. racemosa community. Additionally,
based on the height levels of the L. racemosa population, we found that it mainly belonged to the first
level, characterized by a large number of seedlings on Hainan Island. The number of L. racemosa
seedlings gradually decreased in subsequent levels, and higher height levels of L. racemosa appeared
with longer planting times, indicating a growing trend of potential invasiveness of L. racemosa on
Hainan Island over an extended period. We suggest that the government should be able to list
L. racemosa as an invasive species that can be harvested in the future. Based on this, this study
provides fundamental data and theoretical references for the sustainable prevention, control, and
management of the exotic species L. racemosa on Hainan Island, and also in other mangrove wetlands
in China.

Keywords: mangrove forest; natural dispersion; biodiversity; invasive species

1. Introduction

Mangroves are particular wetland ecosystems that dominate along the intertidal estuaries
and shallow coasts in tropical and subtropical areas [1]. In a global context, mangrove
ecosystems occupy approximately 1.7 x 107 ha of coastline, which can cover 60%-75%
of tropical and subtropical seacoasts [2,3]. Mangrove forests possess four high properties,
including high productivity, a high restitution ratio, a high decomposition ratio, and high
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stress resistance [2,4]. Since mangrove forests own various large-scale ecosystem services,
they are generally considered as “green littoral guardians” [1,5]. To be specific, mangroves
themselves can spontaneously serve as a tremendous carbon sink worldwide, and they can
also offer indispensable support, for instance, nutrients and shelters, to intertidal living
organisms, such as fishes, shrimps, shells, etc. [6,7]. Moreover, for the daily life of human
beings, mangroves can form a coastal buffer zone against floods and tsunamis because of their
large coverage [8,9]. Therefore, mangrove forests play a vital role in effectively and sustainably
maintaining the development of intertidal and marine surroundings.

Globally, despite their huge economic and ecological values, mangrove ecosystems are
extremely liable to suffer continuous degradation and destruction due to manifold natural
and artificial threats, e.g., gales, temperature and precipitation fluctuations, sea level rising,
disease, insect pests, aquaculture, deforestation, pollution, urbanization, and so forth [10-12].
Specifically, Polidoro et al., (2010) and Goldberg et al., (2020) pointed out that mangrove
forests have lost more than 30% of their area over the last 50 years [13], and human activities
accounted for almost 62% of the total mangrove loss from 2000 to 2016 [14]. In China, the
National Investigation of Forest Resource reported that the initial mangrove area covered
around 2.5 x 10° ha; nevertheless, it sharply plunged to 4.2 x 10* ha in 1956 [15]. Even
worse, at the end of 1980s, Chinese mangrove forests declined to 2.1 x 10* ha and then to
1.5 x 10* ha after a decade because seaside residents carried out land reclamation from 1970
to 1980 [15]. In short, China’s mangrove reserves have decreased by approximately 50% from
1950 to 2001 via a sequence of natural and anthropogenic factors. China is thus one of the
countries with the highest reduction in mangrove forests worldwide [15,16]. Replanting is a
potentially available solution to prevent mangrove destruction. Indeed, taking China as an
example, it performed a decade of mangrove afforestation in the early 1990s, increasing the
area of its mangrove forests to 2.2 x 10* ha; unfortunately, more than 80% of these planted
mangroves belong to degraded secondary forests [15].

Biological invasion has posed a great threat to the biodiversity, functions, and sta-
bility of native ecosystems in recent decades [17]. Some essential components, such as
water, light, and nutrients, which should belong to native species, can be unscrupulously
despoiled by invaders’ severe interspecific competitions [18]. Given the characteristics of
fragmentation and vulnerability in wetland ecosystems, they are particularly susceptible
to invasion by exotic vegetation compared to other ecosystem types [19]. For instance, in
order to lessen littoral erosion, southern China purposefully introduced an exotic cord-
grass, Spartina alterniflora Loisel., from the USA in 1979 [20]. However, S. alterniflora has
overwhelmingly occupied and expanded native mangrove habitats and ruined the storage
of soil organic matter in marshes on a large scale, fixed via two native mangrove species,
Kandelia obovata Sheue, H.Y. Liu and J. Yong. and Avicennia marina (Forssk.) Vierh., which
directly posed a great threat to the blue carbon storage and biogeochemical cycle of car-
bon in mangrove ecosystems [21]. Meanwhile, it is worth noting that replanting a large
number of introduced mangrove species must be a new challenge in terms of indigenous
mangroves and their environmental rehabilitation. Fourqurean et al., (2010) reported that
the crazy invasiveness of Indo-Pacific mangrove plants in South Florida, such as Bruguiera
gymmnorrhiza (L.) Lam. and Lumnitzera racemosa Willd., caused severe harm to the survival
of tropical Atlantic mangrove forests, including L. racemosa, Rhizophora mangle L., and
Avicennia germinan (L.) L. [22]. In addition, the growth and livability of the seedlings of
two native mangrove trees, K. obovata and Rhizophora stylosa Griff., in Leizhou Bay, China,
were found to be negatively influenced by the planting density of the exotic mangrove
species Sonneratia apetala Buch.-Ham. [23]. To sum up, performing intensive research to
evaluate the potential invasiveness of exotic species in mangrove wetlands plays a key role
in the growth and health of the native mangrove forests.

Laguncularia racemosa (L.) C.F. Gaertn, which belongs to a white mangrove, is natu-
rally distributed along the Atlantic coastline of the Americas (from Bermuda to Brazil,
including Florida, the Bahamas, Mexico, and the Caribbean south), the Pacific coastline
of the Americas (from Mexico to northwestern Peru), and the west coast of Africa (from
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Senegal to Cameroon) [24]. Laguncularia racemosa usually acts as a pioneer species in the
gaps of disturbed forests or newly created mangrove species, and then overwhelmingly
forms a pure stand [25]. In China, L. racemosa was first introduced into Dongzhai Harbor
Mangrove Natural Reserve, Hainan Province, from La Paz, Mexico, in 1999, which was
mainly used to accelerate afforestation in the mangrove ecosystem of southern China as
it was reclaimed unscrupulously at the end of the 20th century [26,27]. Since then, based
on L. racemosa’s specific characteristics, such as quick propagation, fast growth, wide dis-
tribution, and strong environmental stress resistance, it has been widely well liked and
cultivated in the estuarine and coastal regions of Hainan, Guangxi, Guangdong, and Fujian
for mangrove remediation [27]. However, these properties of L. racemosa have two sides,
which simultaneously bring powerful competition with native mangrove trees and increase
L. racemosa’s invasion risk [28,29]. Hence, a better assessment of the entire distribution and
potential invasiveness of L. racemosa would largely maintain the health of native mangrove
ecosystems.

In the present work, we aimed to evaluate the distribution status, community structure,
and population characteristics of the exotic mangrove species L. racemosa across Hainan
Island, China, and we also discussed its potential invasiveness with accompanying ecologi-
cal problems. This study, as a typical case, can provide theoretical references for reasonable
management of exotic mangrove species and protection and restoration of native mangrove
forests in the future.

2. Materials and Methods
2.1. Research Area

This study was conducted across the entire Hainan Island, China, spanning from 18°8' N
to0 20°10" N and from 108°36’ E to 111°3’ E (Figure 1) during the growing seasons of 2022.
Hainan Province, the second largest island in China, is situated at the southernmost tip
of the country and is separated from Guangdong Province by the Qiongzhou Strait to the
north. Covering an area of approximately 3.39 x 10° ha, Hainan Island experiences a typical
tropical monsoon climate. The terrain of the island is predominantly low and flat, with
mountainous areas in the central region. The western part of Hainan Island has an annual
precipitation of 1.0-2.0 x 10°> mm, with an average of 1600 mm, while the eastern part
experiences rainfall of 2.0-2.4 x 103 mm [30]. With its suitable combination of annual average
precipitation and temperature (22-27 °C), Hainan Island boasts abundant forest resources,
maintaining a year-round stable forest cover of over 60%, and possesses one of the most
favorable ecotopes in China. The island’s coastline stretches approximately 1823 km and
is dotted with numerous rivers and streams that flow into the sea, creating a rich network
of estuary deltas and providing an ideal environment for the growth and reproduction of
mangrove forests. Consequently, Hainan Island stands out as one of the regions in China with
the widest distribution, the greatest variety, and the richest biodiversity of mangroves [31].

This study was conducted in 8 regions on Hainan Island, and the specific information
for our investigated locations is as follows (Table 1).

2.2. Experimental Design

Firstly, the large space, absence of animal interference, and dominance of L. racemosa
as the primary mangrove tree in the study area were the basic criteria for selecting the
sample quadrats for our ecological investigations [32]. We completed 57 quadrat surveys
in 8 regions. Since the mangrove trees and shrubs were sparsely distributed within each
quadrat, we established a size of 10 x 10 m? for the tree layer and 5 x 5 m? for the shrub
layer. The distance between two adjacent sampling quadrats ranged from 0.5 to 1.0 km. The
survey was carried out on each arbor and shrub with heights >50 cm in all the well-setting
quadrats [33]. The following details were noted during the ecological investigation at each
sample site:

(1) Plant species, abundance, height, diameter at breast height, and ground diameter;
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(2) To comprehensively understand the distribution of L. racemosa on Hainan Island,
China, we meticulously recorded detailed information regarding its distribution,
accurate positioning, acreage, habitat characteristics, origin, sediment type, planting
years, mangrove species, and salinity. Salinity was measured in the field using
a salinometer (SSG 1000). The planting years and species were known from the
government department that grew the mangroves.
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Figure 1. A combination figure showing the geographical research area of the forests of L. racemosa
on Hainan Island, China. D Distribution of L. racemosa in Dongzhai Harbor; ) distribution of L.
racemosa in Caiqiao Conservation Area; (3) distribution of L. racermosa in Miangin Bay; 3 distribution
of L. racemosa in Nangang River; & distribution of L. racemosa in Qingmei Harbor; ® distribution of L.
racemosa in Tielu Harbor; 7) distribution of L. racemosa in Haitang Bay; ) distribution of L. racermosa
in Xincun Harbor.

2.3. Calculations of Several Related Ecological Indices

As a quantitative ecological index, the importance value reflects the status and function
of a particular species within a community [34]. The important values were calculated for all
mangrove species. The importance value is calculated using the following formula [35,36]:

relative density + relative frequency + relative dominance
3

)

Importance value =
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where relative density is the density of one species (the density of all species x 100%),
relative frequency is the frequency of one species (the frequency of all species x 100%), and
relative dominance is the coverage of one species (the dominance of all species x 100%).

Table 1. A table showing the sampled site information of L. racermosa forests on Hainan Island, China.

Main Planted Mangrove

Distribution Coordinate Planted Years .
Species
. . 110°34' N-19°58' E-
Haikou Dongzhai Harbor 110°35' N-19°57' E 2010 L. racemosa, S. apetala
. . . 109°58’ N-18°25" E~ )
Lingshui Xincun Harbor 110°0' N-18°26' E 2015-2016 L. racemosa, R. stylosa, A. marina
Tielu Harbor 109°42’ N-18°15' E / L. racemosa
Sanya Qingmei Harbor 109°36’ N-18°13' E 2009 L. racemosa, S. apetala
. 109°42' N-18°17' E-
Haitang Bay 108°38' N-19°12' E 2010-2011 L. racemosa, S. apetala
. . ongq/ _190°19/
Dongfang Miangian Bay 108°38" N-19°12" E 2014 L. racemosa, S. apetala
Nangang River 108°41' N-18°45' E / L. racemosa
Lingao Caigiao Conservation Area 109°32' N-19°52" E 2009 L. racemosa, R. stylosa,

A. corniculatum

To assess mangrove species diversity in this study, we also calculated the Simpson
index (D), Shannon-Wiener index (H'), and Pielou community evenness index (Jsw). These
indices were computed as follows:

a\ 2
D= 1—2(11\\?) ()
o= 2(X)e(3)
H’ Ni I}
W= s T LN s @

where N is the total number of plant individuals in each plot, Ni is the number of individuals
of a species in each plot, and S is the number of species in each community.

Moreover, the height class of individuals can reflect the dynamic characteristics of the
population [37]. According to Zan et al., (2001), we divided the height of the population of
L. racemosa into 6 levels based on its growth characteristics in this study (Table 2) [37].

Table 2. The definition of height class of the L. racemosa population on Hainan Island, China.

Height Range Level

H<05m 1
0.5m<H<30m
30m<H<50m
50m<H<10.0m
10.0m <H<15.0m
15.0m <H<20.0m

N Ul = W IN

2.4. Description of Statistical Analysis

All the obtained data were handled via Excel (version 2010), and all the figures in
this work were drawn via OriginPro (version 2018). Scatter plots were drawn with Excel
(version 2010), treating the importance values of L. racemosa in its tree, shrub, and seedling
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layers as dependent variables. We derived fitted equations that correlate these values with
planting years.

3. Results
3.1. Basic Information and Distribution Status of L. racemosa on Hainan Island, China

In total, we investigated 11 species from six families and 11 genera, all of which were
true mangrove plants. The mangrove species present in the L. racemosa community on
Hainan Island included L. racemosa, Sonneratia alba Sm., Excoecaria agallocha L., K. obovata,
L. racemosa (Willd.), S. apetala, and Rhizophora apiculata Blume. in the tree layer, L. racemosa,
S. apetala, A. marina, S. alba, E. agallocha, R. stylosa, L. racemosa (Willd.), B. gymnorhiza, and
Scyphiphora hydrophyllacea C. F. Gaertn. in the shrub layer, and L. racemosa, A. marina,
R. stylosa, B. gymnorhiza, S. hydrophylacea, and K. obovata in the seedling layer (Appendix A).
The total area covered by L. racemosa was approximately 64.89 ha, with the main distribution
areas being Haikou, Lingshui, Sanya, and Dongfang cities on Hainan Island, China (Table 3).

Table 3. Basic information and distribution status of L. racemosa on Hainan Island, China.

e Acreage Habitat . . Salinity
Distribution (ha) Characteristics Origin (%)
Haikou Dongzhai Harbor 7.29 Mudflat, Silt Artificial Planting 17.0
Lingshui Xincun Harbor 36.59 Lagoon, Silt Artificial Planting 30.4
Tielu Harbor 2.31 Lagoon, Silt Natural Spread 29.5
Sanya Qingmei Harbor 2.79 Riverway, Silt Artificial Planting 32.2
Haitang Bay 5.65 Riverway, Silt Artificial Planting 25.0
Donefan Miangian Bay 7.43 Mudflat, Sand Artificial Planting 32.0
lang Nangang River 0.68 Sea Outfall, Sand Natural Spread 15.0
Lingao Caigiao Conservation Area 2.15 Mudflat, Sand Artificial Planting 22.5

In addition, the habitat characteristics of L. racemosa on Hainan Island were classified
into mudflat, lagoon, riverway, and sea outfall. The sediment in these areas consisted
mainly of silt or sand due to the species’ low living requirements (Table 3). All L. racemosa
forests were artificially planted in 2009-2016, except for cases of natural spread observed
in Tielu Harbor (Lingshui) and Nangang River (Dongfang), indicating the species’ strong
capacity for autonomous migration (Table 2). The highest salinity value was recorded in
Qingmei Harbor (Sanya) at 32.2%, while the lowest value was found in Nangang River
(Dongfang) at 15.0% (Table 3).

3.2. Importance Values of L. racemosa on Hainan Island, China

In the case of Hainan Island, where L. racemosa and S. apetala are two exotic mangrove
species, we selected Xinghui Village, Qingmei Harbor, and Haitang Harbor as examples to
compare their importance values and assess their current growth statuses. Additionally,
Xincun Harbor, known for its diverse native mangrove species, was included as a typical
case for importance value research.

As shown in Table 4, it is evident that L. racemosa dominates the community structure
of mangroves on Hainan Island. The accompanying woody species in these communities
are also mangroves, with S. apetala from Xinghui Village, Qingmei Harbor, and Haitang
Harbor being the main exotic tree species (Table 4). In contrast, Xincun Harbor only
showed a small presence of other mangrove species, such as A. marina, R. stylosa, K. obovata,
and B. gymnorhiza (Table 4). The importance values of L. racemosa were both 100% in the
seedling layer of Haitang Harbor and the tree layer of Xincun Harbor, indicating that
L. racemosa trees dominated these specific communities (Table 4). Interestingly, the impor-
tance values of accompanying mangrove species in L. racemosa communities were relatively
low, suggesting that L. racemosa occupies the main ecological niche in all investigated re-
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gions on Hainan Island, China (Table 4). Another important finding is that the importance
values of L. racemosa in its seedling layer were significant, indicating a potential long-term
trend of increasing invasiveness on Hainan Island, China (Table 4).

Table 4. The importance values of mangroves in each layer of Dongzhai Harbor, Qingmei Harbor,
Haitang Bay, and Xincun Village, Hainan Island, China.

Region Layer Species Relative Density Relative Relative Importance
(%) Frequency (%) Dominance (%) Value (%)
Tree L. racemosa 85.93 58.62 82.41 75.65
S. apetala 12.59 37.93 17.48 22.67
Xinghui Village Shrub L. racemosa 7.33 21.43 19.34 16.03
de S. apetala 1.11 7.14 37.72 15.33
Seedling L. racemosa 81.13 63.64 / 72.38
L. racemosa 98.81 77.14 99.67 91.87
Qingmei Harbor Tree S. apetala 0.22 5.71 0.14 2.03
Shrub L. racemosa 71.16 57.89 57.76 62.27
Seedling L. racemosa 51.83 40.91 / 46.37
Tree L. racemosa 90.57 72.73 76.05 79.78
Haitang Harbor S. apetala 7.55 18.18 23.09 16.27
Shrub L. racemosa 95.05 66.67 93.35 85.02
Seedling L. racemosa 100.00 100.00 / 100.00
Tree L. racemosa 100.00 100.00 100.00 100.00
L. racemosa 94.60 4231 97.37 78.09
A. marina 2.84 25.27 1.26 9.79
. Shrub R. stylosa 222 24.73 1.26 9.40
Xincun Harbor K. obovata 0.24 3.85 0.06 1.38
B. gymnorhiza 0.10 3.85 0.06 1.33
Seedling L. racemosa 99.94 98.75 / 99.35
B. gymnorhiza 0.06 1.25 / 0.65

By treating the importance values of L. racemosa in its tree, shrub, and seedling layers as
dependent variables, we derived fitted equations that correlate these values with planting
years (Figure 2). The importance value of L. racemosa in the tree layer initially decreased
and then increased with planting years, maintaining a consistently high level without
showing a downward trend (Figure 2a). The relationship between the importance values of
L. racemosa in the shrub layer and planting years had a relatively weak correlation, with
the values declining initially and then increasing (Figure 2b). Conversely, the importance
values of L. racemosa in the seedling layer exhibited a clear pattern of initially increasing
and then decreasing with planting years (Figure 2c). Moreover, the longer the planting
time, the more pronounced the decline in importance values of the L. racemosa seedling
layer (Figure 2c). Once the planting year reached the 10th year, the importance values of
L. racemosa in its seedling layer declined rapidly (Figure 2c).

3.3. Biodiversity Indexes of L. racemosa Community on Hainan Island, China

Overall, the D values in the tree layer of the L. racemosa community were significantly
higher compared to the H' and Jsw values (Figure 3a). However, no clear patterns were
observed in the shrub and seedling layers of the L. racemosa community (Figure 3b,c).
Additionally, in the Nangang River, which consisted of a pure planted forest of L. racemosa,
the values of D, H', and Jsw were all integrated as 1, 0, and 0, respectively (Figure 3). The H’
and Jsw values were relatively high in Xinghui Village, Qingmei Harbor, and Tielu Harbor,
indicating a rich species diversity and relatively uniform distribution of individual species,
while the D index values were low, suggesting that the dominance of L. racemosa was not
prominent in these regions (Figure 3). On the other hand, in the Nangang River and Xincun
Harbor, the H' and Jsw values were low, while the D index values were high, indicating the
dominance of L. racemosa with other species also occupying a significant proportion of the
ecological niche (Figure 3). Moreover, the shrub layer exhibited higher H' and Jsw values
compared to both the tree layer and seedling layer, while the D index values showed the
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opposite trend (Figure 3). In the seedling layer, only L. racemosa seedlings were found, and
no other mangrove species’ seedlings were present in Xincun Harbor, Haitang Bay Inner
River, Mianqgian Bay, and Nangang River (Figure 3c).
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Figure 2. The relationship between importance values and planting years of L. racemosa in terms of

layers of trees (a), shrubs (b), and seedlings (c) on Hainan Island, China. Each dark spot indicates a

value of three replicates. The curved line in each figure stands for a fitted equation that correlates

important values with planting years for L. racemosa.
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Figure 3. The Simpson, Shannon, and Pielou diversity indexes of L. racemosa in terms of layers of
trees (a), shrubs (b), and seedlings (c) on Hainan Island, China. Each column indicates a value of
three replicates.

3.4. Population Characteristics of L. racemosa on Hainan Island, China

As depicted in Figure 4, the height levels of the L. racemosa population in this study
were categorized into five classes. The majority of L. racemosa individuals on Hainan Island
belonged to level 1, with fewer individuals at levels 4 and 5 (Figure 4). Specifically, in
Xincun Harbor, Nangang River, Caiqgiao Conservation Area, and Tielu Harbor, the height
levels were primarily composed of level 1, with a smaller proportion in level 2 (Figure 4).
On the other hand, Miangian Bay had the highest representation of different height levels,
with a decreasing trend as the levels increased (Figure 4). Qingmei Harbor and Haitang
Bay exhibited levels 4 and 5 in the height distribution of L. racemosa, accompanied by the
highest number for level 1 and the lowest number for level 3 (Figure 4). Xinghui Village
had the highest value for level 1 in the height levels of L. racemosa, with level 4 being
more prevalent than level 2 and level 3 (Figure 4). Notably, Qingmei Harbor, Haitang Bay,
and Xinghui Village, where L. racemosa had been planted for a longer period artificially,
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showed the presence of level 5, and the value of level 1 in Qingmei Harbor, which had the
longest planting time, was the lowest (Figure 4). Conversely, Tielu Harbor, characterized by
natural diffusion, had the highest value for level 1 (Figure 4). The densities of L. racemosa
populations in Xincun Harbor, Nangang River, and Tielu Harbor were significantly higher,
with values of 130.81 individuals (ind)/ m2, 68.42 ind/m?, and 66.29 ind/m?, respectively,
compared to other regions (Figure 4).
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Figure 4. The height levels of L. racemosa population on Hainan Island, China. Each column indicates

a value of three replicates.

4. Discussion

There is no doubt that mangrove forests play a critical role in coastal wetland ecosys-
tems in tropical and subtropical regions worldwide, such as coastal protection and mainte-
nance of wetland ecological functions [38]. However, the phenomenon of exotic invasion
emerges in an endless stream while cultivating introduced mangrove trees [22,23]. In this
study, we investigated the current status and tried to evaluate the potential invasiveness
of an exotic mangrove species, L. racemosa, on the entire Hainan Island, China. This work
may allow us to better understand how to manage exotic mangrove species reasonably
and protect and restore native mangrove forests sustainably. At present, the invasive
L. racemosa has not received enough attention in China, and the government has not real-
ized the impact of L. racemosa on local species and ecosystems. We hope that L. racemosa
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can be classified as an invasive species and can be harvested reasonably and legally in
the future. For China, L. racemosa is a typical exotic mangrove species artificially culti-
vated on Hainan Island in 1999 [26]. In this research, we first found that after 24 years of
artificial afforestation and natural diffusion, the target exotic mangrove tree, L. racemosa,
was distributed widely across the whole of Hainan Island, China (Figure 1). Meanwhile,
L. racemosa could settle in mudflats, lagoons, estuaries, and bays with a large range of salin-
ity resistance (15.0%-32.2%, Table 3). These results indicated that L. racemosa has a strong
adaptability to various types of environments and possesses the abilities of strong natural
diffusion and potential invasiveness. Indeed, a previous study from Lang et al., (2022) on
the cold adaptation of L. racemosa reported that its seeds would not germinate at a relatively
low temperature, such as 5 °C; however, they could recover themselves and germinate
after transferring to a suitable temperature (25 °C), implying that it could also endure low
temperatures (5 °C) and tolerate cold winters; hence, through ocean current shifting and
invasiveness, its tens of thousands of seeds could settle spontaneously in coastal regions at
high latitudes in China, such as northeastern Fujian and southeastern Zhejiang, and replace
native mangrove plant species, thereby breaking the ecological structures and functions of
local mangrove ecosystems [29].

Another finding from this research via the investigation of L. racemosa community
structures was that the importance values of L. racemosa in its community were the highest
despite the layers of trees, shrubs, and seedlings (Table 4), suggesting that the reserve of
L. racemosa was overwhelmingly higher than that of any other accompanying species. In-
deed, a previous study reported that L. racemosa was widely considered a typical pioneer
species found in the interior of mangroves and the transition to restinga forests [39]. This
result was roughly identical to our latest study reporting that the importance values of the
planted K. obovata and S. caseolaris were significantly higher than those of their accompa-
nying species, such as S. apetala and B. gymnorrhiza, in the Pearl River Estuary, China [40].
Interestingly, the importance values of L. racemosa in terms of its tree and shrub layers
first decreased and then increased with the increase in planting years; however, the dy-
namic result was the opposite in its seedling layer, which implied that with the increase in
planting years, L. racemosa grew into shrubs and trees and dominated in their layers, while
L. racemosa decreased gradually with the increase in planting years in the seedling layer
since it was a light-loving species and not shade tolerant (Figure 2). Indeed, a low tempera-
ture (5 °C) inhibited the net photosynthetic rate, water use efficiency, transpiration rate, and
stomatal conductance in seedlings of L. racemosa, whose leaves elicited an obvious symp-
tom of wilting at the same time, and, surprisingly, these abovementioned photosynthetic
parameters exhibited a self-restoring performance immediately when these L. racemosa
seedlings were transferred to an appropriate temperature [29], which could account for our
findings in the present study.

Through the research on biodiversity indexes of the L. racermosa community, overall,
we found that the values of D, H’, and Jsw from the L. racemosa community were relatively
low (Figure 3). This result was mainly because L. racemosa had a stronger invasive potential,
and it then occupied widespread natural habitats and an ecological niche, resulting in
intense competition with other native mangrove species, especially for water and nutrients,
which was strongly consistent with the theory proposed by Alexandra and Peter [41]. For
starters, L. racemosa displayed stronger advantages in growth, dispersion, and tolerance
to environmental stresses compared to native mangrove species [28,29]. Moreover, one of
the previous studies from Li et al., (2019) held an ecological comparison analysis between
L. racemosa and S. apetala (another exotic mangrove species in China), which revealed that
L. racemosa possessed a wider ground diameter circumference, taller tree height, and lower
leaf construction cost than S. apetala, indicative of a higher capacity of invasiveness from
L. racemosa [42]. However, we also discovered that Xinghui Village, Qingmei Harbor, and
Xincun Harbor exhibited higher biodiversity indexes of L. racemosa communities than other
places (Figure 3), which was mainly because these three areas were close to the Mangrove
Natural Reserve, where there were more provenances in the native mangroves surrounding,
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and the probability of seeds and seedlings drifting into the L. racemosa communities was
relatively greater.

In various regions of Hainan Island, the height levels of the L. racemosa population
belonged to level 1 seedlings, and it elicited a trend of the number of L. racemosa seedlings
gradually decreasing (Figure 4). In addition, levels 4 and 5 appeared in the regions with a
longer planting time (Figure 4). Indeed, the regeneration of the plant community depended
first on the availability and quantity of plant propagules, especially seeds [43], whereas
in wetland ecosystems, the availability and quantity of seedlings in the seedling layer
played key roles in the regeneration of the mangrove forests [44]. Combining our findings
and evidence, we assert that a growing tendency of potential invasiveness of L. racemosa
on Hainan Island, China, would exist persistently without disappearing anytime soon.
Therefore, how to limit the strong capacity of potential invasiveness from L. racemosa and its
spread for the protection and management of native mangrove plants needs to be handled
first in future research. However, at least at this stage, this work will be quite a challenge.

5. Conclusions

L. racemosa has been introduced in China for over 20 years, and its planting area has
been gradually expanding. It has become one of the primary mangrove afforestation trees
in China’s coastal shelterbelts. In our study, we discovered a total of 11 true mangrove
species belonging to six families and 11 genera during the investigation of the L. racemosa
community on Hainan Island, China. The background investigation, community structure
analysis, and population characteristics assessment of L. racemosa on Hainan Island revealed
its wide salt-tolerant range and strong natural diffusion ability. As it grows, the importance
values of L. racemosa in the tree, shrub, and seedling layers were significantly higher
than those of other species, indicating its strong dominance. The importance values of
L. racemosa in terms of its tree and shrub layers first decreased and then increased with the
increase in planting years; however, the dynamic result was the opposite in its seedling
layer. Overall, the biodiversity indexes of the L. racemosa community on Hainan Island
were low, indicating that the species in the L. racemosa community were relatively simple.
L. racemosa appears to be very invasive, and it has crowded out the growth space of other
planted mangrove trees in the same period. Moreover, from the analysis of population
characteristics of L. racemosa, we found that the high levels of the L. racemosa population
was mainly in the stage of level 1 with a large number of seedlings; it elicited a trend of the
number of L. racemosa seedlings gradually decreasing, and levels 4 and 5 appeared with a
longer planting time, which showed that an increasing trend of potential invasiveness of
L. racemosa would exist persistently with a long period of time on Hainan Island, China.
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Appendix A

Table Al. The importance values of all the species mangroves in each layer of Dongzhai Harbor,

Qingmei Harbor, Haitang Bay, and Xincun Village, Hainan Island, China.

Region Laver Species Relative Relative Relative Importance
8 Y P Density (5%) Frequency (5%) Dominance (5%) Value (5%)
Tree L. racemosa 85.93% 58.62% 82.41% 75.65%
S. apetala 12.59% 37.93% 17.48% 22.67%
K. obovata 1.48% 3.45% 0.11% 1.68%
Shrub R. stylosa 87.78% 50.00% 40.38% 59.39%
Xinghui Village K. obovata 7.78% 21.43% 8.56% 12.59%
L. racemosa (Willd) 3.33% 21.43% 13.34% 12.70%
S. apetala 1.11% 7.14% 37.72% 15.33%
Seedling L. racemosa 81.13% 63.64% - 72.38%
R. stylosa 18.87% 36.36% - 27.62%
Tree L. racemosa 100.00% 100.00% 100.00% 100.00%
Shrub L. racemosa 94.60% 42.31% 97.37% 78.09%
A. marina 2.84% 25.27% 1.26% 9.79%
. R. stylosa 2.22% 24.73% 1.26% 9.40%
Xincun Harbor K. obovata 0.24% 3.85% 0.06% 138%
B. gymnorrhiza 0.10% 3.85% 0.06% 1.33%
Seedling L. racemosa 99.94% 98.75% - 99.35%
B. gymnorrhiza 0.06% 1.25% - 0.65%
Tree L. racemosa 92.59% 71.43% 97.84% 87.29%
S. apetala 5.56% 14.29% 1.78% 7.21%
S. alba 1.85% 14.29% 0.38% 5.51%
Shrub L. racemosa 83.05% 45.71% 49.68% 59.48%
A. marina 13.17% 25.71% 47.59% 28.82%
. K. obovata 3.01% 17.14% 2.57% 7.57%
Tielu Harbor S. alba 0.49% 5.71% 0.05% 2.08%
S. apetala 0.21% 2.86% 0.08% 1.05%
B. gymnorrhiza 0.07% 2.86% 0.04% 0.99%
Seedling L. racemosa 97.03% 84.21% - 90.62%
A. marina 2.87% 10.53% - 6.70%
K. obovata 0.09% 5.26% - 2.68%
Tree L. racemosa 98.81% 77.14% 99.67% 91.87%
K. obovata 0.67% 8.57% 0.03% 3.09%
S. apetala 0.22% 5.71% 0.14% 2.03%
L. racemosa (Willd) 0.15% 2.86% 0.02% 1.01%
E. agallocha 0.07% 2.86% 0.13% 1.02%
R. apiculata 0.07% 2.86% 0.02% 0.98%
Qingmei Harbor Shrub L. racemosa 71.16% 57.89% 57.76% 62.27%
K. obovata 25.34% 31.58% 36.51% 31.14%
S. hydrophyllacea 3.45% 7.89% 5.40% 5.58%
E. agallocha 0.06% 2.63% 0.33% 1.01%
Seedling L. racemosa 51.83% 40.91% - 46.37%
S.hydrophyllacea 5.96% 9.09% - 7.53%
K. obovata 42.20% 50.00% - 46.10%
Tree L. racemosa 90.57% 72.73% 76.05% 79.78%
A. marina 1.89% 9.09% 0.86% 3.95%
Haitang Harbor S. apetala 7.55% 18.18% 23.09% 16.27%
Shrub L. racemosa 95.05% 66.67% 93.35% 85.02%
A. marina 4.95% 33.33% 6.65% 14.98%
Seedling L. racemosa 100.00% 100.00% - 100.00%
Tree L. racemosa 93.88% 84.62% 99.60% 92.70%
A. marina 6.12% 15.38% 0.40% 7.30%
Miangian Bay Shrub L. racemosa 82.62% 50.00% 90.46% 74.36%
A. marina 16.67% 42.86% 8.87% 22.80%
R. stylosa 0.72% 7.14% 0.67% 2.84%
Seedling L. racemosa 100.00% 100.00% 100.00% 100.00%
Tree L. racemosa 100.00% 100.00% 100.00% 100.00%
Nangang River Shrub L. racemosa 100.00% 100.00% 100.00% 100.00%
Seedling L. racemosa 100.00% 100.00% 100.00% 100.00%
Tree L. racemosa 100.00% 100.00% 100.00% 100.00%
Shrub L. racemosa 93.12% 41.30% 96.33% 76.92%
A. marina 5.50% 34.78% 2.75% 14.34%
Caigiao Conservation Area R. stylosa 0.71% 17.39% 0.09% 6.06%
L. racemose (Willd) 0.67% 6.52% 0.83% 2.68%
Seedling L. racemosa 99.19% 88.00% - 93.59%
R. stylosa 0.68% 8.00% - 4.34%
A. marina 0.14% 4.00% - 2.07%




Forests 2023, 14, 2036 14 of 15

References

1. Brander, L.M.; Wagtendonk, A.].; Hussain, S.S.; McVittie, A.; Verburg, P.H.; de Groot, R.S.; van der Ploeg, S. Ecosystem service
values for mangroves in Southeast Asia: A meta-analysis and value transfer application. Ecosyst. Serv. 2012, 1, 62-69. [CrossRef]

2. Lacerda, L.D. Mangrove Ecosystems: Function and Management; Springer: Berlin/Heidelberg, Germany, 2002.

3. Gargouri, B.; Mhiri, N.; Karray, E; Aloui, F; Sayadi, S. Isolation and characterization of hydrocarbon-degrading yeast strains from
petroleum contaminated industrial wastewater. Biomed Res. Int. 2015, 2015, 929424. [CrossRef] [PubMed]

4. Wang, Y.S. Molecular Ecology of Mangroves; Science Publishing Press: Beijing, China, 2019.

5. Bayen, S. Occurrence, bioavailability and toxic effects of trace metals and organic contaminants in mangrove ecosystems: A
review. Environ. Int. 2012, 48, 84-101. [CrossRef]

6. Alongi, D.M. Present state and future of the world’s mangrove forests. Environ. Conserv. 2002, 29, 331-349. [CrossRef]

7. Nagelkerken, I.; Blaber, S.; Bouillon, S.; Green, P.; Haywood, M.; Kirton, L.; Meynecke, ].O.; Pawlik, J.; Penrose, H.; Sasekumar, A.
The habitat function of mangroves for terrestrial and marine fauna: A review. Aquat. Bot. 2008, 89, 155-185. [CrossRef]

8. Dahdouh-Guebas, F.; Jayatissa, L.P; Di Nitto, D.; Bosire, ].O.; Seen, D.L.; Koedam, N. How effective were mangroves as a defence
against the recent tsunami? Curr. Biol. 2005, 15, 443-447. [CrossRef]

9.  Tamin, N.M.; Zakaria, R.; Hashim, R.; Yin, Y. Establishment of Avicennia marina mangroves on accreting coastline at Sungai Haji
Dorani, Selangor, Malaysia. Estuar. Coast. Shelf Sci. 2011, 94, 334-342. [CrossRef]

10. Arshad, M.; Eid, E.M.; Hasan, M. Mangrove health along the hyper-arid southern Red Sea coast of Saudi Arabia. Environ. Monit.
Assess. 2020, 192, 189. [CrossRef]

11. Romarfiach, S.S.; DeAngelis, D.L.; Koh, H.L.; Li, Y,; Teh, S.Y.; Barizan, R.S.R.; Zhai, L. Conservation and restoration of mangroves:
Global status, perspectives, and prognosis. Ocean Coast Manag. 2018, 154, 72-82. [CrossRef]

12.  Jia, M.; Wang, Z.; Mao, D.; Ren, C.; Song, K.; Zhao, C.; Wang, C.; Xiao, X.; Wang, Y. Mapping global distribution of mangrove
forests at 10-m resolution. Sci. Bull. 2023, 68, 1306-1316. [CrossRef]

13.  Polidoro, B.A.; Carpenter, K.E.; Collins, L.; Duke, N.C; Ellison, A.M.; Ellison, J.C.; Farnsworth, E.J.; Fernando, E.S.; Kathiresan, K.;
Koedam, N.E. The loss of species: Mangrove extinction risk and geographic areas of global concern. PLoS ONE 2010, 5, e10095.
[CrossRef]

14. Goldberg, L.; Lagomasino, D.; Thomas, N.; Fatoyinbo, T. Global decline in human-driven mangrove loss. Glob. Change Biol. 2020,
26, 5844-5855. [CrossRef] [PubMed]

15.  Wang, W.; Wang, M. The Mangroves of China; Science Press: Beijing, China, 2007.

16. Fu, X.; Tang, H.; Liu, Y;; Zhang, M,; Jiang, S.; Yang, F.; Li, X.; Wang, C. Resource status and protection strategies of mangroves in
China. J. Coast. Conserv. 2021, 25, 42. [CrossRef]

17.  Liu, M,; Yu, Z; Yu, X,; Xue, Y.; Huang, B.; Yang, J. Invasion by cordgrass increases microbial diversity and alters community
composition in a mangrove nature reserve. Front. Microbiol. 2017, 8, 2503. [CrossRef] [PubMed]

18.  Zhang, Y.; Meng, H.; Wang, Y.; He, Q. Herbivory enhances the resistance of mangrove forest to cordgrass invasion. Ecology 2018,
99, 1382-1390. [CrossRef] [PubMed]

19. Grosholz, E. Ecological and evolutionary consequences of coastal invasions. Trends Ecol. Evol. 2002, 17, 22-27. [CrossRef]

20. Liu, W.; Maung-Douglass, K.; Strong, D.R.; Pennings, S.C.; Zhang, Y. Geographical variation in vegetative growth and sexual
reproduction of the invasive Spartina alterniflora in China. J. Ecol. 2016, 104, 173-181. [CrossRef]

21. Xia, S.; Wang, W.; Song, Z.; Kuzyakov, Y.; Guo, L.; Van Zwieten, L.; Li, Q.; Hartley, L.P; Yang, Y.; Wang, Y.; et al. Spartina alterniflora
invasion controls organic carbon stocks in coastal marsh and mangrove soils across tropics and subtropics. Glob. Change Biol.
2021, 27, 1627-1644. [CrossRef] [PubMed]

22.  Fourqurean, ] W,; Smith, T.J.; Possley, J.; Collins, T.M.; Lee, D.; Namoff, S. Are mangroves in the tropical Atlantic ripe for invasion?
Exotic mangrove trees in the forests of South Florida. Biol. Invasions 2010, 12, 2509-2522. [CrossRef]

23. Ren, H;Jian, S.; Lu, H.; Zhang, Q.; Shen, W.; Han, W.; Yin, Z.; Guo, Q. Restoration of mangrove plantations and colonisation by
native species in Leizhou bay, South China. Ecol. Res. 2008, 23, 401-407. [CrossRef]

24. Flechtmann, C.H.W.; Santos-Mendonga, I.V.; Almeida-cortez, J.S. A new species of Brachendus (Acari: Eriophyidae) associated
with the white mangrove, Laguncularia racemosa (L.) Gaertn (Combretaceae), in Brazil. Int. J. Acarol. 2007, 33, 195-198. [CrossRef]

25. Fromard, F; Puig, H.; Mougin, E.; Marty, G.; Betoulle, J.L.; Cadamuro, L. Structure, above-ground biomass and dynamics of
mangrove ecosystems: New data from French Guiana. Oecologia 1998, 115, 39-53. [CrossRef] [PubMed]

26. Chen, L.; Wang, W.; Zhang, Y.; Lin, G. Recent progresses in mangrove conservation, restoration and research in China. J. Plant
Ecol. 2009, 2, 45-54. [CrossRef]

27. Wang, B,; Yang, S.; Liu, Q.; Zhong, C.; Gul, J.; He, F; Yang, Y. Artificial planting and natural spread of exotic mangrove species
Sonneratia apetala and Laguncularia racemosa in Dongzhai Harbor, Hainan. Chin. J. Ecol. 2020, 39, 1778-1786.

28. Wang, X,; Lu, C; Zhou, L. Allelopathic effects of exotic mangrove species Langucularia racemosa on Bruguiera gymnorhiza. ]. Xiamen
Univ. 2017, 56, 239-245.

29. Lang, T.; Tang, Y.; Tam, N.F.-y;; Gan, K.; Wu, J.;, Wu, W,; Fu, Y;; Li, M.; Hu, Z; Li, F. Microcosm study on cold adaptation and
recovery of an exotic mangrove plant, Laguncularia racemosa in China. Mar. Environ. Res. 2022, 176, 105611. [CrossRef] [PubMed]

30. Hsieh, C.M.; Zhong, G.F. Hainan-The island of South Sea. A new province in China. Geosci. J. 1990, 20, 385-391.

31. Li,M.S;; Lee, S.Y. Mangroves of China: A brief review. For. Ecol. Manag. 1997, 3, 241-259. [CrossRef]


https://doi.org/10.1016/j.ecoser.2012.06.003
https://doi.org/10.1155/2015/929424
https://www.ncbi.nlm.nih.gov/pubmed/26339653
https://doi.org/10.1016/j.envint.2012.07.008
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1016/j.aquabot.2007.12.007
https://doi.org/10.1016/j.cub.2005.06.008
https://doi.org/10.1016/j.ecss.2011.07.009
https://doi.org/10.1007/s10661-020-8140-6
https://doi.org/10.1016/j.ocecoaman.2018.01.009
https://doi.org/10.1016/j.scib.2023.05.004
https://doi.org/10.1371/journal.pone.0010095
https://doi.org/10.1111/gcb.15275
https://www.ncbi.nlm.nih.gov/pubmed/32654309
https://doi.org/10.1007/s11852-021-00800-z
https://doi.org/10.3389/fmicb.2017.02503
https://www.ncbi.nlm.nih.gov/pubmed/29326666
https://doi.org/10.1002/ecy.2233
https://www.ncbi.nlm.nih.gov/pubmed/29607492
https://doi.org/10.1016/S0169-5347(01)02358-8
https://doi.org/10.1111/1365-2745.12487
https://doi.org/10.1111/gcb.15516
https://www.ncbi.nlm.nih.gov/pubmed/33432697
https://doi.org/10.1007/s10530-009-9660-8
https://doi.org/10.1007/s11284-007-0393-9
https://doi.org/10.1080/01647950708684524
https://doi.org/10.1007/s004420050489
https://www.ncbi.nlm.nih.gov/pubmed/28308466
https://doi.org/10.1093/jpe/rtp009
https://doi.org/10.1016/j.marenvres.2022.105611
https://www.ncbi.nlm.nih.gov/pubmed/35344783
https://doi.org/10.1016/S0378-1127(97)00054-6

Forests 2023, 14, 2036 15 of 15

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.
44.

Lang, T,; Pan, L.; Liu, B.; Guo, T.; Hou, X. Vegetation characteristics and response to the soil properties of three medicinal plant
communities in Altay Prefecture, China. Sustainability 2020, 12, 10306. [CrossRef]

Wang, B.; Yu, S. Handbook of Plant Community Experiments; Guangdong Education Press: Guangzhou, China, 1996.

Kuramato, R.T.; Bliss, L.C. Ecology of subalpine meadows in the Olympic mountain, Washington. Ecol. Monogr. 1970, 40, 317-347.
[CrossRef]

Ismail, M.H.; Zaki, PH.; Fuad, M.F.A.; Jemali, N.J.N. Density, and Importance Value Index of mangroves in the Segara Anakan
lagoon and its surrounding area, Cilacap Regency, Indonesia. IOP Conf. Ser. Earth Environ. Sci. 2021, 744, 012034. [CrossRef]
Nicolau, D.K.; Macamo, C.C.; Bandeira, S.O.; Taju, A.; Mabilana, H. Mangrove change detection, structure, and condition in
aprotected area of eastern Africa: The case of Quirimbas National Park, Mozambique. WIO |. Mar. Sci. 2017, 16, 47-60.

Zan, Q.].; Wang, Y.J.; Wang, B.S. The ecological effects of Sonneratia apetala + S. caseolaris mangrove plantations in Futian, Shenzhen.
Acta Sci. Nat. Univ. Sunyatseni 2001, 40, 72-76, (In Chinese with English abstract).

Wang, Y.; Gu, J. Ecological responses, adaptation and mechanisms of mangrove wetland ecosystem to global climate change and
anthropogenic activities. Int. Biodeterior. Biodegrad. 2021, 162, 105248. [CrossRef]

Pimentel, V.C.; Silva dos Santos, M.; Cordeiro Dias, A.; Silvério Pena Bento, J.P.; dos Santos Ferreira, B.H.; da Costa Souza, M.;
Kato Simas, N.; do Carmo de Oliveira Arruda, R. Laguncularia racemosa leaves indicate the presence of potentially toxic elements
in mangroves. Sci. Rep. 2023, 13, 4845. [CrossRef] [PubMed]

Lang, T.; Wei, PP; Li, S.; Zhu, H.L,; Fu, YJ.; Gan, K.Y;; Xu, S.J.-L.; Lee, EW.-F; Li, EL.; Jiang, M.G.; et al. Lessons from a
degradation of planted Kandelia obovata mangrove forest in the Pearl River Estuary, China. Forests 2023, 14, 532. [CrossRef]
Weigelt, A.; Jolliffe, P. Indices of plant competition. J. Ecol. 2003, 91, 707-720. [CrossRef]

Li, F; Zhong, L.; Cheung, S.; Wong, Y.; Shin, P; Lei, A.; Zhou, H.; Song, X.; Tam, N. Is Laguncularia racemosa more invasive than
Sonneratia apetala in northern Fujian, China in terms of leaf energetic cost? Mar. Pollut. Bull. 2020, 152, 110897. [CrossRef]
Frederic, E.C. Scientific Books: Plant Succession. An analysis of the development of vegetation. Science 1916, 45, 339-341.

Hu, Z.; Borsje, BW.; Belzen, ].V.; Willemsen, PW.J.M.; Wang, H.; Peng, Y.; Yuan, L.; Dominicis, M.D.; Wolf, J.; Temmerman, S.;
et al. Mechanistic Modeling of marsh seedling establishment provides a positive outlook for coastal wetland restoration under
global climate change. Geophys. Res. Lett. 2021, 48, €2021GL095596. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/su122410306
https://doi.org/10.2307/1942286
https://doi.org/10.1088/1755-1315/744/1/012034
https://doi.org/10.1016/j.ibiod.2021.105248
https://doi.org/10.1038/s41598-023-31986-x
https://www.ncbi.nlm.nih.gov/pubmed/36964211
https://doi.org/10.3390/f14030532
https://doi.org/10.1046/j.1365-2745.2003.00805.x
https://doi.org/10.1016/j.marpolbul.2020.110897
https://doi.org/10.1029/2021GL095596

	Introduction 
	Materials and Methods 
	Research Area 
	Experimental Design 
	Calculations of Several Related Ecological Indices 
	Description of Statistical Analysis 

	Results 
	Basic Information and Distribution Status of L. racemosa on Hainan Island, China 
	Importance Values of L. racemosa on Hainan Island, China 
	Biodiversity Indexes of L. racemosa Community on Hainan Island, China 
	Population Characteristics of L. racemosa on Hainan Island, China 

	Discussion 
	Conclusions 
	Appendix A
	References

