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Abstract

The horizontal structure of mangrove forests is an important characteristic that reflects a significant signal for
coupling between mangroves and external drivers. While the loss and gain of mangroves has received much
attention, little information about how the horizontal structure of mangrove forests develops from the seedling
stage to maturity has been presented. Here, remote sensing images taken over approximately 15 years, UVA
images, nutrient elements, sediments, and Aegiceras corniculatum vegetation parameters of the ecological
quadrats along the Nanliu Delta, the largest delta of the northern Beibu Gulf in China, are analyzed to reveal
changes in the horizontal structure of mangroves and their associated driving factors. The results show that both
discrete structures and agglomerated structures can often be found in A. corniculatum seedlings and saplings.
However, the combination of seedlings growing into maturity and new seedlings filling in available gaps causes
the discrete structure of A. corniculatum to gradually vanish and the agglomerate structure to become stable. The
aggregated structure of seedlings, compared to the discrete structure, can enhance the elevation beneath
mangroves by trapping significantly more sediments, providing available spaces and conditions for seedlings to
continue growing. Furthermore, by catching fine sediments with enriched nutrients, the survival rate of A.
corniculatum seedlings in the agglomerated structure can be much higher than that in the discrete structure. Our
results highlight the significance of the agglomeration of A. corniculatum, which can be beneficial to coastal
mangrove restoration and management.
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1 Introduction

Mangroves grow in tropical and subtropical shorelines,
providing significant ecological, economic and societal benefits
to humans (Lovelock et al., 2015). However, mangroves have
been threatened with large-scale losses by anthropogenic drivers
and sea level rise (Mishra et al., 2021). Approximately 38 200 hm?
across the globe has disappeared in the last decade (FAO, 2020).
It is expected that mangroves could rapidly decreased in number
due to lasting human interference (Friess et al., 2019). While sea
level rise caused by global warming is a potential threat to man-
grove ecosystems (Lovelock et al., 2015), sufficient sediment sup-
ply from rivers enables mangrove forests to grow due to their nat-
ive biomorphodynamic features, which give them the capacity to
cope with sediment (Lovelock et al., 2017; Woodroffe et al., 2016).
Furthermore, the supply of fluvial suspended sediment, changes
in the local suspended sediment concentration, and the relation-

ship between estuarine hydrodynamics and mangrove forest
ecosystems will induce losses or gains in global mangrove forests.
When the local suspended sediment concentration remains al-
most unchanged with the decline in sediment discharge from up-
stream, mangrove forests can maintain seaward horizontal
growth (Long et al., 2021). Mangroves can accelerate tidal flat
silting by reducing waves and promoting sediment deposition.
During a catastrophic tsunami, a 100-m-wide belt of mangroves
with 30 trees per 100 m? can reduce flow pressure by 90%
(Danielsen et al., 2005), and a mild slope along mangrove tidal
flats can reduce wave energy by 93%-98% (Parvathy and Bhas-
karan, 2017). Clearly, the aboveground portion of mangroves can
directly dampen waves through their structural presence with
sediment stabilization over soil (Gedan et al., 2011). Sediment
carried by currents and waves provides important sediment ma-
terial for mangrove tidal flat deposition (Long et al., 2022). The
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attenuation difference is caused by the plant drag effect rather
than bottom friction, and the wave damping rate is determined
by the distance of the wave propagating along a mangrove band,
which can allow much sediment to settle, thus promoting man-
grove growth (Zhou et al., 2022). Moreover, some models have
indicated that the biomechanical or hydrodynamic conditions of
vegetation in mangroves can effectively dampen wave energy
(Vo-Luong and Massel, 2008). Therefore, understanding man-
grove biomorphodynamics is urgent for further ecosystem restor-
ation and nature-based coastal protection. However, little in-
formation is known about the change in vegetation structures in
mangroves, even though mangrove wetland dynamics have re-
ceived exceptional attention worldwide.

The habitat environment is an important factor for the surviv-
al of mangrove ecosystems. Some studies have indicated that
there are distinct characteristics in mangrove species composi-
tion, spatial structure, and distribution patterns of communities
due to impacts from temperature, salt tolerance, and soil pH
(Wang et al., 2021; Reyes, 2021; Qureshi et al., 2020). However,
the ecological structure of mangrove forests is also determined
by sediment grain size and heavy metal enrichment (Bhangle et
al., 2021). Recent work has further shown, via remote images,
that mangroves in Bangladesh have great ecological benefits to
communities due to their structure (Hossain et al., 2021). Mo-
reover, a recent study also revealed that plastic waste induced
changes in the species composition and structure of mangrove
forests in Jakarta (Rumondang et al., 2022). Surface elevation be-
neath mangroves can also be responsible for zonation of man-
grove flora and fauna (Ma et al., 2020). Wang et al. (2019) found
that there are close relations between mangrove community
structure and the dynamics of sediment organic carbon. More-
over, most work has shown that morphological differences in ve-
getation patterns widely occur in various ecosystems, such as
regular patch patterns (Klausmeier, 1999; Lejeune et al., 2002;
Kéfi et al., 2010), banded patterns (Rietkerk et al., 2004), and
complex maze or dot patterns (Eppinga et al., 2008; Casey et al.,
2015; Getzin et al., 2016). Notably, the agglomerated structure of
wetlands in coastal zones is a typical phenomenon, which can be
employed as a strategy for wetland resilience to environmental
stress (van de Koppel and Crain, 2006). Growth by agglomera-
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tion in wetland plants can greatly weaken the hydrodynamics
and promote the accumulation of sediments; this type of growth
is also beneficial to plant colonization, as nutrients that accumu-
late in sediments further enhance plant survival (Temmerman et
al., 2005; D’Alpaos, 2011; Belliard et al., 2016; FitzGerald and
Hughes, 2019; Hu et al., 2021). However, little work has been
done on the formation of mangrove community structure, espe-
cially on the horizontal structure characteristics of native man-
grove species in the northern Beibu Gulf of China.

We know that plants block water flow and dissipate wave en-
ergy through morphological resistance and stem movement
(Moller et al., 2014) to accelerate sediment deposition. Then, in
the process of silting into the sea, the muddy sediment layer of
the tidal flat gradually thickens (Yang et al., 2020), providing a
new living space for mangroves.

Aegiceras corniculatum, a pioneer species of mangroves, is
widely distributed along the northern Beibu Gulf of China (Long
et al.,, 2022) and is mainly composed of a simple community with
a single species or few species, such as Kandelia candel, Sonnera-
tia apetala and Acanthus ebracteatus (Fig. 1). Aegiceras cornicu-
latum, often used to restore mangrove wetlands in this region
due to its aboriginal features and survival rate, presents different
horizontal structures from seedlings to maturity. Therefore, the
horizontal structure of A. corniculatum in the Nanliu Delta, the
largest delta of the northern Beibu Gulf in China, was analyzed
via ecological quadrats. The main aims of this study were to (1)
examine the natural vegetation distribution of A. corniculatum
from seedling to adult, (2) diagnose the change process of the ho-
rizontal structure in A. corniculatum, and (3) discern the main
drivers affecting the horizontal structure of A. corniculatum.

2 Research area

The Nanliu Delta is the largest delta in the Beibu Gulf and
covers an area of 550 km? with over 45% of mangrove forests
along the northern Beibu Gulf; its estuary is divided into five
branches in the Lianzhou Bay (Fig. 1). The tides in this area are
irregular diurnal tides, with an average tidal range of approxim-
ately 2.5 m. Meanwhile, the dominant waves are northern and
southwestern in the winter half-year and summer half-year, re-
spectively. An average wave height of approximately 0.3 m is typ-
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Fig. 1. The study area and the experimental design, location of the study area (a), Nanliu Delta (b), the experimental site of Nanliu

Delta (c).
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ical year-round (Long et al., 2022). Aegiceras corniculatum, with
an area of 1 300 hm?, is the main mangrove species distributed in
the tidal flats of the five branches along the Nanliu Delta (Long et
al., 2022) (Fig. 1).

The study area is located at the tail tidal flat of Qixing Island,
which is between the Trunk Stream and the Mu’an Stream of the
Nanliu River. Approximately 10 hm? of A. corniculatum is distrib-
uted over Qixing Island. There is approximately 10 hm? of bare
beach in front of the mangrove forest, which is covered by sparse
one- or two-year-old seedlings of A. corniculatum. Moreover,
Cyperus alaccensis clusters are fragmentally scattered over the
beach (Fig. 1).

3 Experimental design

Qixing Island is the largest fluvial island of the Nanliu Delta
(Fig. 1b) and presents large-scale A. corniculatum from seedlings
to adults over a seaward tidal flat. Here, three experiments were
designed in the same wetland to analyze the formation of the ag-
glomerated structure of A. corniculatum as follows.

3.1 Decomposition of UAV orthophoto and remote sensing image

data

In July 2020, the tail tidal flat of Qixing Island was aerially
photographed by a composite wing vertical take-off and landing
drone equipped with a Sony 5100 camera. The flying height of the
UAV was 250 m with a course overlap rate of 80%, a side overlap
rate of 70%, and a ground resolution of 5 cm. Information about
the distributed area, vegetation structure, and species of man-
groves was interpreted by UAV images with validation of field ob-
servations (Fig. 1¢). Furthermore, field investigations, un-
manned aerial vehicles, and multiyear historical remote images
(from the Google historical images of LocaSpace 4.0, with a resol-
ution of 1.111 m) were combined to discern changes in man-
grove ecological structures between 2000 and 2020. Moreover, a
monitoring section was set with a field survey for investigating
vegetation status (e.g., mangrove ages, configuration) to exam-
ine changes in horizontal structures on a spatial scale.

3.2 Analysis of grain size in sediments and nutrient elements

To explore the deposition effect of agglomerated structure (G)
and discrete structure (D), the G and D quadrat comparative ex-
periments were designed with 5 replicates, and the quadrats
were distributed randomly on the bare beach in this study area to
ensure the credibility of the experimental results. On October 5,
2020, G and D quadrats with areas of 5 mx5 m (Fig. 2) were de-
signed on the bare intertidal zone of Qixing Island, separated
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Fig. 2. Artificial quadrats with two different mangrove structures
for the Aegiceras corniculatum population.

from the mangroves by a tidal creek (Fig. 1). The agglomerated
forest structure comprised mangroves for which the distance
between two adjacent plants was less than 1/10 of the height or
canopy diameter of the seedlings; the discrete forest structure
comprised mangroves for which this distance was greater than
1/10 of the height or canopy diameter of the seedlings. Then, 2-
year-old seedlings of A. corniculatum with 40 were planted in
these quadrats (Fig. 2).

Meanwhile, 500 g of surface sediment with a thickness of less
than 1 cm was collected at five points evenly distributed on the
diagonal of the quadrats on October 5, 2020 (Fig. 2). Subsequ-
ently, the corresponding surface sediment samples were collec-
ted again on January 8, 2022. Furthermore, 200 g sediment
samples were used for particle size analysis using a Malvin 3000,
and 300 g samples were used for laboratory analysis of nutrient
elements, including total nitrogen (TN), total phosphorus (TP),
and total potassium (TK), based on KJELTEC8400, UV 2600, and
FP6410, respectively. Moreover, average values of grain size
(Dx50), TN, TP, and TK in sediments at each point by five repeti-
tions of each quadrat were used to represent the complete char-
acteristics in deposition and nutrients of G and D.

3.3 Vegetation parameter collection of each quadrat

The height (H) and crown width (P) of each seedling in the
quadrat were measured on October 5, 2020 and January 8, 2022,
respectively. Meanwhile, the number of surviving plants was
counted. The mangrove Preservation Rate (PR) is the number of
surviving plants as a percentage of the number of originally
planted plants (Nurcahaya Khairany et al., 2022), in which PR is
defined as follows:

PR = N,/ N,, )]

where N, is the number of mangrove survivors for each repeti-
tion on January 8, 2022, and N, is the original mangrove number
of 40 on October 5, 2020.

Both the growth rate of height (GRH) and growth rate of
crown width (GRCW) for A. corniculatum from October 5, 2020 to
January 8, 2022 are defined, respectively, as:

GRH = H;/ H,, ©)

GRCW = P,/ P,, (3)

where H; and H, are the average heights of five repetitions in
each quadrat on October 5, 2020 and January 8, 2022, respect-
ively, and P; and P, are the average crown widths of five repeti-
tions in each quadrat on October 5, 2020 and January 8, 2022, re-
spectively.

4 Results

4.1 Changes in the horizontal structure of the A. corniculatum

forest

There were a few small clusters of A. corniculatum in this
study area in 2005 (Fig. 3a), where the largest cluster area was
1 276.30 m? and the smallest cluster area was 44.88 m?2. Mean-
while, there were some discrete seedlings of A. corniculatum ran-
domly distributed over the tidal flat. We found that the original
cluster area in 2005 peripherally expanded; by 2009, a number of
small clusters combined with seedlings and grown saplings with
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Fig. 3. Agglomeration formation process of Aegiceras corniculatum.

different sizes had grown by infilling sparse gaps among the pre-
vious clusters (Fig. 3b). Between 2009 and 2015, most grown
clusters of A. corniculatum were further combined into several
large agglomerations due to infilling from the expansion of grown
seedlings, where new seedlings formed in the sparse gaps and
sapling cluster structures again grew (Fig. 3c). Moreover, the or-
thographic image of the UAV in 2019 showed that the formed A.
corniculatum clusters with mixtures of different ages in 2015 had
been united into an adult ensemble with an oval configuration,
which had a total area of 10.92 hm?2. In addition, there were a
large number of A. corniculatum seedlings spread outside the
forest edge of this oval ensemble cluster (Fig. 3d).

Furthermore, while an evolutionary pattern from a discrete to
agglomerated structure of A. corniculatum by infillings can be
found from 2005 to 2019 (Fig. 3), similarly dramatic variations in
spatial scale also occurred in this study (Fig. 4). By analyzing four
5x5 m? quarters from sea to land along the set monitoring sec-
tion, a field survey in October 2021 and auxiliary interpretation of
UAV images in July 2020 (Figs 1 and 4a) found some discretely
distributed A. corniculatum seedlings of approximately one or
two years’ age over seaward area I, which is far from the center of
the large agglomerated clusters in area IV (Figs 4a, b-I). Area II
consisted mainly of clusters of two-year-old seedlings with epis-

odically discrete distribution, which had been randomly infilled
by one-year-old seedlings (Fig. 4b-II). However, there was a re-
lated sparse crown of A. corniculatum, which consisted mainly of
saplings ranging from 3-5 years with mosaics of one or two seed-
lings (Fig. 4b-III). In addition, landward area IV had A. cornicu-
latum over 5 years of age, which was almost fully occupied in
most parts by related stable agglomerated clusters and dense
forest forms (Fig. 4b-1V).

4.2 Vegetation growth in A. corniculatum quadrats

On October 5, 2020, 40 two-year seedlings of A. corniculatum
were planted in quadrats G and D with 5 repetitions. On January
8, 2022, 38 seedlings in the G quadrats remained (Table 1), with a
PR of 95.0% (Table 2), while 32 seedlings in the D quadrats re-
mained (Table 1), with a PR of 80% (Table 2), indicating that the
PR of the G quadrats was higher than that of the D quadrats.

Similarly, between October 2020 and January 2022, the aver-
age height of the G quadrats increased by 6.0 cm (Table 1), with a
GRH of 17.86% (Table 2). The average crown width increased by
9.7 cm, with a GRCW increase of 55.11% (Table 2). However, after
one year, the average height of seedlings in the D quadrats in-
creased by 2.4 cm, with a GRH of 6.38% (Table 2). The average
crown width increased by 15.5 cm, with a GRCW of 106.16% (Ta-

Fig. 4. Agglomerated structure development characteristics of Aegiceras corniculatum. a. Sections I-IV on the tidal flat of Qixing
Island; b. agglomerated structure development process of A. corniculatum.

Table 1. Comparison of plant growth between the G and D quadrats

G quadrats D quadrats
Number of plants Average plant height Average crown width Number of plants Average plant height  Average crown width
(N) (H)/cm (P)/cm (N) (H)/cm (P)/cm
2020-10-05 40 33.6 17.6 40 37.6 14.6
2022-01-08 38 39.6 273 32 40.0 30.1
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Table 2. Comparison of GR and PR between the G and D quadrats
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G quadrats D quadrats
Number of plants ~ Average plant height ~Average crown width ~ Number of plants  Average plant height ~Average crown width
) () ®) ) (H) (P)
GR/% 17.86 55.11 6.38 106.16
PR/% 95.0 80

ble 1). Clearly, the height growth in seedlings of G quadrats was
larger than that of D quadrats, while the crown width growth in
seedlings of G quadrats was less than that of D quadrats.

Furthermore, on January 8, 2022, most seedlings in the D
quadrats were entangled by Enteromorpha prolifera, while few
seedlings in the G quadrats were surrounded by it (Figs 5a, b).
The amount of E. prolifera in the G quadrats was smaller than
that in the D quadrats (Fig. 5). This difference indicates that the
seedlings grown in the G quadrats had stronger resistance to im-
pacts from E. prolifera than those grown in the D quadrats, and
seedling growth in the G quadrats was clearly better than that in
the D quadrats. Moreover, in January 2022, A. corniculatum in
the G quadrats again germinated new shoots, for which the
growth length reached 5 cm (Fig. 5¢), while the seedlings in the D
quadrats showed almost no change in growth (Fig. 5d).

4.3 Grain size characteristics and nutrients in sediments beneath

A. corniculatum quadrats

The mean grain sizes in the sediments of the G and D quad-
rats collected in October 2020 were 72.26 pm and 95.95 pm, re-
spectively. The mean grain sizes in sediments collected in Janu-
ary 2022 from the G and D quadrats were 68.02 pm and 76.47 pm,
respectively (Table 3). Clearly, the mean grain size in the sedi-
ments of these two quadrats after one year was much finer than
that in the last year. Furthermore, the mean grain size in the sedi-
ment of the G quadrats was also finer than that of the D quadrats.

The ¢ test shows that P,=0.002, while P,;=0.001. Hence, there
was a significant difference between the D, (50) of sediment in
the G and D quadrats in both 2020 and 2021. However, the stand-
ard error (0) of the mean was 4.10 and 1.25 in the G and D quad-
rats in 2021, respectively, indicating that the sediment was more

homogeneous in 2021 in the G quadrats than in the D quadrats.

In comparison with those in the previous year, the TN and TP
contents decreased clearly, while TK increased slightly in the
sediment beneath A. corniculatum in the G and D quadrats (Ta-
ble 4). In particular, TN decreased by approximately 0.015 g/kg in
the G quadrat, while it decreased by 0.003 g/kg in only the D
quadrat from 2020 to 2021. The TP content of the two quadrats
decreased by approximately 0.01 g/kg (Table 4).

A t test showed that there was no significant difference
between the TN, TP and TK contents in the G and D quadrats in
both 2020 and 2021. However, the standard error (6) of TN in
2020 was larger than that in 2021, while the standard error () of
TP and TK in 2020 was smaller than that in 2021.

5 Discussion

5.1 Impact of sedimentary dynamics

Some studies have indicated that mangroves can accelerate
the deposition of suspended sediment in water bodies by slow-
ing hydrodynamic forces and further promoting tidal flat silta-
tion (Shih and Cheng, 2022). Conversely, the promoted elevation
of the tidal flat can benefit seedlings grown by increasing survival
rates due to the actions of wave-tidal energy. In this study, the
mean grain size in sediments beneath seedlings of A. cornicu-
latum with D quadrats and G quadrats exhibited an increase in
fine sediments from October 2020 to January 2022, indicating
that seedlings subjected to the suspended sediment rapidly
settled (Table 3). However, the mean grain size in sediments in
quadrat D was much larger than that in quadrat G (Table 3), in-
dicating that the ability of seedlings in quadrat G to promote el-
evation with fine suspended sediment deposition was much bet-

Fig. 5. Vegetation growth between agglomerated and discrete ecological quadrats, quadrat G in October 2020 (a), quadrat D in 2020
(b), quadrat G in January 2022 (c), quadrat D in January 2022 (d). Photos a and b taken on October 5, 2020, Photos c and d taken on

January 8, 2022.



Wang Riming et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 7, P. 116-123 121

Table 3. Comparison of the mean grain size of the sediment
between quadrats G and D

G quadrats/pm D quadrats/pm
2020-10-05 72.26+5.13 95.95+3.89
2022-01-08 68.02+1.56 76.47+2.04

ter than that in quadrat D.

In other words, an agglomerated structure for mangroves
(e.g., G type) can effectively slow wave-current energy with rapid
settling of suspended sediment, which can promote the eleva-
tion of tidal flats and benefit seedling survival. Meanwhile, the
promoted tidal flat elevation can provide sufficient space for pro-
pagule implantation. The agglomerated structure can be further
agglomerated with propagule growth, which will spread over the
tidal flat in the future due to the intensive resilience of their struc-
tures against wave-current actions.

5.2 Changes in nutrient contents in sediments

Compared with 2020, in 2021, the TK contents in sediments of
both D quadrats and G quadrats increased noticeably (Table 4),
demonstrating that the A. corniculatum forest can promote the
enrichment of TK via absorption of fine particulate matter.
Meanwhile, the sediments are finer and the TK contents are
higher in the G quadrats than in the D quadrats. This difference
could be attributed to the fact that relatively fine sediment can
absorb much more TK, and the agglomerated clusters can depos-
it much finer sediment than the discrete structure. Thereafter,
higher contents of TK in sediments of G quadrats are more bene-
ficial to seedling growth than those of D quadrats. Our results,
which showed that the mangrove preservation rate in agglomer-
ated quadrats is much higher than that in discrete quadrats, also
further demonstrate the significance of agglomeration for man-
grove survival.

In contrast, the TN and TP contents of the sediment in these
two quadrats in 2021 were lower than those in the previous year
(Table 4). At the same time, the TN and TP contents of the sedi-
ment in the G quadrats decreased more than those in the D
quadrats. N mostly exists in water in the form of NH} and NOj;
and adheres to microparticles (Chiban et al., 2016), while P is

formed by soluble phosphorus (DP), iron-bound phosphorus
(Fe-P), aluminum-bound phosphorus (Al-P), calcium-bound
phosphorus (Ca-P) and organic phosphorus (OP) (Ma et al.,
2022).

Furthermore, while NHZ’ in surface sediments is volatilized,
NOj can infiltrate into the soil with water after the ebb tide peri-
od. This means that N does not easily accumulate within surface
sediments. Moreover, the A. corniculatum seedlings vigorously
grew in summer and autumn, consuming a large amount of N.
The more vigorously the seedlings grew, the more N element they
consumed. In brief, the A. corniculatum seedlings that grew to-
gether within G quadrats were better than those within D quad-
rats, and they consumed more N than those within D quadrats.
Therefore, the TN content decreased in the G quadrats more than
in the D quadrats. Additionally, P infiltrates the water during ebb
tide, and P is absorbed by seedlings during the growing season,
which might be the primary cause of the decrease in TP from
2020 to 2021.

Overall, the A. corniculatum forest can accelerate the process
of microparticle deposition by slowing hydrodynamic forces,
promoting the enrichment of nutrient elements in sediments for
plant growth. Moreover, the ecological function of the agglomer-
ated structure was stronger than that of the discrete structure,
which further promoted the development of forest structure.

5.3 Evolution patterns of horizontal structure for the A. cornicu-
latum population

The horizontal structure of mangroves is affected by multiple
factors (FitzGerald and Hughes, 2019), which could be mainly
determined by the growth rate of mangrove seedlings (Kusmana
and Azizah, 2022). Here, based on an image interpreted by UAV
(Fig. 4b-1V) in combination with a field survey, the basic evolu-
tion patterns of the horizontal structure for the A. corniculatum
population in the Nanliu River estuary can be summarized as fol-
lows (Fig. 6).

According to the age of each plant in quadrat IV (Fig. 4b-1V),
the distribution status of A. corniculatum in each year can be in-
verted. There were only 4 current-year viviparous seedlings dis-
tributed discretely in quadrat IV in 2007 (Fig. 6a). By 2010, we

Table 4. Comparison of the nutritive element contents of the sediment between the G and D quadrats

G quadrats D quadrats
TN content/(g-kg™!) TP content/(g-kg!) TK content/(g-kg!) TN content/(g-kgt) TP content/(g-kg™!) TK content/(g-kg™)
2020-10-08 0.081+0.051 0.046+0.001 0.908+0.039 0.065+0.005 0.045+0.002 0.856+0.055
2021-10-11 0.066+0.008 0.034+0.07 1.049+0.030 0.062+0.007 0.035+0.004 0.998+0.074
{
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Fig. 6. Evolution patterns for the aggregated structure of Aegiceras corniculatum.
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found that the original 4 seedlings gradually grew after 3 years of
growth and development, and new current-year seedlings filled.
The number of plants in quadrat IV increased, but the distribu-
tion was still discrete (Fig. 6b). By 2013, the previous 2007 seed-
lings had grown to 6 years old, and the previous 2010 seedlings
had grown to 3 years old. Subsequently, the new seedlings were
filled in 2013, while the previous seedlings in 2007 and 2010 had
grown. The number of plants in quadrat IV increased, but the
distribution of A. corniculatum was still discrete (Fig. 6¢). Simil-
arly, from 2013 to 2016, the plants were persistently grown, new
plants were sustainably filled, and small agglomerations were
formed (Fig. 6d). Meanwhile, it occurred again in 2019, and the
agglomerated structure was built in quadrat IV (Fig. 6e).

Taken together, the developing law of A. corniculatum forest
in quadrat IV showed that with increasing age, the plants grew
and new seedlings filled continuously, and the discrete structure
of A. corniculatum in the early stage gradually developed into an
agglomerated structure (Figs 6a-e).

Furthermore, based on the abovementioned developmental
law of mangroves from a discrete structure to an agglomerated
structure between 2007 and 2019, we can infer the possible status
of seedlings in quadrat I in the future (Fig. 4b-I). The discrete
seedlings in 2020 will grow and develop (Fig. 6f), and new seed-
lings will fill in continuously between plants in 2023 (Fig. 6g), so
the seedlings will aggregate gradually into small clusters in 2026
(Fig. 6h). With further growth and filling, the small clusters ag-
gregate into large clusters in 2029 (Fig. 6i).

5.4 Prospective

Aegiceras corniculatum grows at the front of the tidal flat,
which can be washed by frequent tides or episodic storm surges.
The scattered plants were gradually eliminated due to long-term
impacts from harsh environments (Ghazian et al., 2021).
However, the ecological quadrat monitoring of the two struc-
tures revealed that the agglomerated structure was more condu-
cive to plant growth and community development. The preserva-
tion rate and growth potential of plants in the agglomerated
structure were much higher than those in the discrete structure
(Fig. 5). In this experiment, the increment of crown width of the
discrete structure was larger than that of the agglomerated struc-
ture (Fig. 5). The greater distance between discrete structure
plants gives the plants more room to develop and benefits branch
relaxation (Ghazian et al., 2021). This growth also shows that the
discrete structure was developing toward the agglomerated
structure for A. corniculatum. Clearly, agglomerated structures
should be preferentially selected for mangrove restoration, as
they can enhance the resistance of mangroves to external stress
and greatly improve their survival rate.

6 Conclusions

A reasonable horizontal structure plays an important role in
mangrove conservation and ecological restoration. In this study,
the horizontal structure of the A. corniculatum population was
investigated based on the natural mangrove population in the
tidal flat of the Nanliu Delta, and artificially agglomerated and
discrete ecological quadrats were set up to interpret the driving
mechanism of agglomerated structure formation. The main con-
clusions are as follows:

(1) Agglomerated and discrete structures occurred in the A.
corniculatum forest. These two structures can be found in seed-
lings and saplings of A. corniculatum, while agglomerated struc-
tures are mainly found in adult A. corniculatum. The discrete
structure of A. corniculatum will evolve into an agglomerated

structure due to the impacts of complicated natural forcing.

(2) Agglomerated structures can weaken the hydrodynamic
force, attenuate the grain size of sediments and accelerate depos-
ition, which is beneficial for promoting the elevation of tidal flats
by providing favorable conditions for the landing of A. cornicu-
latum embryos.

(3) Compared with the discrete structure, the agglomerated
structure is conducive to the accumulation of nutrients such as
TN, TP and TK, which provide nutritional guarantees for plant
growth and population development. It can be expected that ag-
glomerated structures designed for seedling planting will greatly
benefit mangrove restoration.
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