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Abstract

To evaluate the early-stage effects of different mangrove species on macrobenthic com-
munities along the southern coast of Quanzhou Bay, this study examined restoration
sites dominated by K. obovata (Q), A. corniculatum (T), and A. marina (B), together with
an adjacent unvegetated mudflat (Y). Sediment physicochemical properties, species
composition, density, biomass, diversity indices, abundance-biomass comparison (ABC)
curves, and cluster/NMDS results were compared before mangrove planting and during
the spring and autumn after planting. The results showed that sediment backgrounds
were relatively similar among sites before planting. After planting, total carbon (TC)
and total nitrogen (TN) increased in autumn, and the number of macrobenthic species
increased from 13 before planting to 24 after planting. Species number, density, and
diversity were generally higher in autumn than in spring. Redundancy analysis (RDA)
further showed that the relationships between sediment environmental variables and
macrobenthic community metrics varied across restoration stages. Before planting, the
three original sites showed relatively weak separation along the environmental gradients.
After planting, the ordination pattern became more structured. In spring, biomass was
mainly associated with the A. marina site, whereas TC and TN were more closely related
to the K. obovata site. In autumn, TN and biomass were more closely associated with the
A. corniculatum and A. marina sites, while TC, TP, and salinity were more strongly related
to the K. obovata site. These results indicate that sediment carbon and nitrogen dynamics,
together with salinity and pH gradients, jointly shaped macrobenthic community recov-
ery during the early restoration stage. The A. corniculatum site had the highest density
and biomass in autumn and showed relatively high abundance-biomass comparison
(ABC)-based community stability, as indicated by positive W values and biomass curves
generally lying above abundance curves. The A. marina site had relatively high species
richness and diversity, whereas the recovery performance of the K. obovata site was
comparatively weaker. Overall, A. corniculatum and A. marina are more suitable as the
main species for mangrove restoration along the southern coast of Quanzhou Bay, while
K. obovata can be used as an auxiliary species in mixed planting.
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1. Introduction
Controlling invasive species is a crucial part of coastal wetland management [1]. The

invasion of S. alterniflora has drawn particular attention. S. alterniflora was artificially intro-
duced to China in 1979 [2] and can now be found in all coastal provinces of the country [3].
It is a highly invasive species in coastal wetlands, especially in China, where it can form
dense monocultures through rapid clonal expansion and tidal seed dispersal [4]. The dense
stems and root-rhizome mats of S. alterniflora can reduce near-bed flow velocity, trap fine
particles, promote sediment accretion, and alter sediment organic matter and nutrient
cycling. These changes may further modify sediment grain-size composition, oxygen pene-
tration, redox conditions, and food-resource availability, thereby reshaping benthic habitats
and affecting macrobenthic community composition [5,6]. Due to the strong dispersal
capacity and rapid spread of S. alterniflora, targeted prevention, control, and management
have become an urgent need in coastal wetland management. Therefore, several control
measures have been implemented, including mechanical removal, chemical control, and
mangrove planting [7,8]. Mechanical control methods commonly include mowing, repeated
cutting, tilling, excavation, and waterlogging, whereas chemical control usually involves
herbicide application [7]. Although these methods can reduce S. alterniflora biomass or
coverage over short periods, they may also disturb sediments, alter nutrient release, affect
macrobenthic fauna, require repeated management, or create potential environmental risks
associated with herbicide use [9,10]. In contrast, mangrove planting represents a habitat-
based restoration approach, but its effectiveness depends strongly on species selection, site
elevation, hydrodynamic conditions, and early seedling establishment [8].

Mangroves are salt-tolerant woody plant communities distributed in tropical and
subtropical intertidal zones. They provide multiple ecosystem services, including wave
attenuation, shoreline stabilization, biodiversity maintenance, and blue carbon sequestra-
tion, and represent one of the key habitats in global coastal ecosystems [11–13]. However,
in recent decades, mangrove forests have undergone continuous area loss and structural
degradation due to multiple pressures, including land reclamation, urban development,
aquaculture, and climate change. These changes have resulted in substantial risks to
mangrove-associated ecosystem services and biodiversity [13]. It is worth mentioning that
mangroves have a significant effect on suppressing S. alterniflora [8]. Therefore, mangrove
planting, as a natural conservation measure, can reduce the risks and vulnerabilities of
the coastal environment [14]. The suppressive effect of mangroves on S. alterniflora can be
partly explained by competitive exclusion. As mangrove seedlings establish and develop
into woody vegetation, their canopies can intercept light, while their root systems occupy
sediment space, stabilize the substrate, and modify local hydrodynamic conditions [15,16].
These changes may reduce light availability, belowground space, and resource access for
S. alterniflora. Under suitable intertidal conditions, increasing mangrove canopy cover
and root development may therefore limit the growth, regeneration, and recolonization of
S. alterniflora while simultaneously promoting native mangrove habitat formation [8].

At a broader scale, mangrove restoration is also increasingly linked to global blue
carbon initiatives. Blue carbon ecosystems, including mangroves, salt marshes, and
seagrass beds, are recognized as important nature-based solutions because they store
large amounts of carbon while providing co-benefits such as coastal protection, biodi-
versity conservation, and fisheries support [17]. Recent global assessments have further
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emphasized that mangrove reforestation and restoration can provide substantial blue
carbon benefits and that international cooperation is important for the sustainable devel-
opment of blue carbon resources [18,19]. Therefore, evaluating the suitability of different
mangrove species for restoration is not only important for local invasive species control
and biodiversity recovery, but also relevant to sediment carbon accumulation and coastal
blue carbon management.

Macrobenthic fauna are among the most important animal groups in mangrove wet-
lands, including annelids, mollusks, and crustaceans. Through feeding, burrowing, and
excretion, these organisms can substantially modify sediment structure and nutrient cycling,
playing important roles in organic matter decomposition, material and energy transfer, and
sediment reworking [20,21]. In addition to their effects on sediment processes, crabs and
some gastropods can also feed on mangrove propagules. By affecting propagule survival
and seedling recruitment, these organisms may influence species regeneration and, in
some cases, play an important role in shaping mangrove plant community structure [22].
These organisms serve as key links between mangrove primary production and higher
trophic levels and are also important food sources for migratory birds and coastal fishes.
Therefore, they are often considered sensitive indicators for assessing mangrove ecosystem
health and restoration effectiveness [23,24]. In addition to species richness, density, and
biomass, community stability can also be evaluated using abundance-biomass comparison
(ABC) curves. The ABC method compares the cumulative dominance patterns of species
abundance and biomass. In relatively undisturbed benthic communities, biomass is usu-
ally dominated by larger and longer-lived species, and the biomass curve generally lies
above the abundance curve. In contrast, under disturbed conditions, small opportunistic
species often dominate numerically, causing the abundance curve to approach or exceed
the biomass curve [25,26]. Therefore, ABC curves and the associated W statistic provide
useful information on community disturbance, size structure, and early recovery processes.
This method is particularly appropriate for the present study because S. alterniflora removal
and mangrove planting may alter not only species richness and density, but also dominance
structure and biomass allocation of macrobenthic fauna.

In recent years, increasing attention has been paid to the community structure and
environmental responses of macrobenthic fauna in mangrove ecosystems. Most studies
have shown that mangrove habitats and adjacent unvegetated mudflats differ in species
richness, diversity, density, and community structure. In some cases, mangrove habitats
support higher diversity or density and more stable community structures, although
substantial differences still exist among vegetation types, restoration approaches, and
successional stages [27–29]. Studies conducted in Hainan, Guangdong, and other coastal
regions of China have shown that sediment organic matter, nitrogen and phosphorus
contents, grain-size composition, and salinity gradients are key environmental factors
driving the spatial distribution and diversity of macrobenthic communities in mangrove
wetlands. These factors are also frequently used to evaluate the ecological effects of
mangrove restoration and “returning ponds to forests” projects [24,30,31].

Quanzhou Bay is a typical estuarine bay ecosystem along the coast of Fujian Province.
In recent decades, this region has been strongly affected by rapid urbanization, land
reclamation, aquaculture pond development, shoreline engineering, port construction, and
ecological restoration projects. These historical land-use changes have altered hydrological
connectivity, fragmented intertidal habitats, and reshaped wetland vegetation patterns.
Therefore, Quanzhou Bay represents a typical coastal system where baseline anthropogenic
disturbance, S. alterniflora invasion, and mangrove restoration coexist [32–35]. Previous
studies have systematically investigated macrobenthic communities in mangrove and salt
marsh wetlands across different intertidal areas of Quanzhou Bay, such as the Luoyangjiang
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Estuary, Baisha, and Xunpu. These studies revealed differences in species composition,
diversity, and functional group structure among habitats and confirmed that macrobenthic
fauna can effectively reflect regional environmental quality and the degree of anthropogenic
disturbance [36–38]. The ecological restoration work of planting mangroves to suppress
S. alterniflora in the Quanzhou Bay Estuary Wetland further highlights the importance of
assessing macrobenthic responses at a local scale [10,32].

However, existing studies have mainly focused on differences between mangroves
and mudflats, or between natural and planted mangrove forests. Few studies have simul-
taneously compared the early restoration effects of K. obovata, A. marina, and A. cornicula-
tum within the same restoration region after S. alterniflora removal. Different mangrove
species may create distinct benthic habitat conditions through species-specific root archi-
tecture, litter input, sediment trapping capacity, organic matter retention, and nutrient
cycling [27,28,39–42]. These habitat-engineering processes can influence sediment stability,
food-resource availability, pore-water conditions, and the colonization and burrowing
activities of macrobenthic fauna [20,21,27,28]. For example, mangrove roots and pneu-
matophores can increase sediment surface heterogeneity and provide microhabitats [43],
while litter and fine-root inputs can contribute to organic matter accumulation and sup-
port deposit-feeding organisms [40,44]. Based on these mechanisms, we hypothesized
that if different mangrove species exert similar early-stage restoration effects, sediment
physicochemical properties and macrobenthic community characteristics would not differ
significantly among the three mangrove restoration habitats and the adjacent unvegetated
mudflat. Conversely, if different mangrove species create distinct habitat conditions, then
spatial differences in sediment environmental parameters, macrobenthic density, biomass,
diversity, and ABC-based community stability would occur among sites. Therefore, this
study focused on an artificial mangrove planting area in Shishi City along the southern
coast of Quanzhou Bay. Three mangrove species zones, K. obovata (Q), A. marina (B), and
A. corniculatum (T), together with an adjacent unvegetated mudflat (Y), were selected. In
this study, the suitability of mangrove species for restoration was evaluated using four
ecological criteria: improvement or maintenance of sediment physicochemical conditions,
especially TC and TN accumulation; support for macrobenthic species richness, density,
biomass, and diversity; development of lower disturbance and higher community stability,
as indicated by ABC curves and W values; and potential to promote early-stage habitat
recovery after S. alterniflora removal while maintaining habitat heterogeneity. The goals
were: (1) to analyze differences in macrobenthic species composition, density, biomass,
diversity, and community stability under different mangrove species restoration condi-
tions; (2) to identify suitable mangrove species for restoration along the southern coast
of Quanzhou Bay by integrating sediment environmental conditions and macrobenthic
community responses.

2. Materials and Methods
2.1. Study Area and Sample Processing Methods

The study area is located in the northeastern part of Hanjiang Town, Shishi City, Fujian
Province, southeastern China (118◦35′ E–118◦48′ E, 24◦39′ N–24◦49′ N), along the southern
coast of Quanzhou Bay. Shishi City is surrounded by the sea on three sides, with Quanzhou
Bay to the north, Shenhu Bay to the south, the Taiwan Strait to the east, and Jinjiang City
to the west. The maximum east–west width is approximately 20.9 km, and the maximum
north–south length is approximately 16.8 km. The region represents a typical coastal urban
and estuarine bay complex ecosystem. The study site was selected because it represents a
typical restoration zone where coastal land-use change, S. alterniflora invasion, and man-
grove rehabilitation overlap. The surrounding coastal area of Shishi City and southern
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Quanzhou Bay has experienced shoreline modification, aquaculture and reclamation activi-
ties, and rapid urban expansion, while recent ecological restoration projects have promoted
the removal of S. alterniflora and the establishment of mangrove plantations [10,32,34].
Therefore, this site provides a suitable field setting for evaluating early sediment and
macrobenthic responses after invasive cordgrass removal and mangrove planting.

Prior to the initial baseline survey, the S. alterniflora community in the planned restora-
tion area had been removed between July and October 2022. The removal was conducted
using a marine excavator through deep excavation and deep tillage to destroy the root
systems of S. alterniflora. The coarse stems and roots were buried in situ at a depth of
approximately 80–100 cm, and the surface sediment was leveled before mangrove planting.
The preliminary survey in October 2023 was conducted after the completion of S. alterniflora
removal and before mangrove planting; therefore, it was used as regional baseline data to
characterize the pre-planting habitat conditions of the restoration area. To compare habitat
conditions before and after mangrove planting, a preliminary macrobenthic survey was
conducted in October 2023 before planting (up1–up3). The pre-planting sites up1–up3
were located within the same restoration area as the subsequent mangrove planting sites.
Although the sampling points were not strictly identical, they represented the general
sediment and macrobenthic background before restoration. After mangrove planting, mac-
robenthic species identification and quantitative sampling were conducted in April 2024
(spring) and October 2024 (autumn). According to the distribution of mangrove species
within the wetland, three restoration sites were established: K. obovata (Q), A. marina (B),
and A. corniculatum (T). An adjacent unvegetated mudflat was also selected as a control
site (Y), for a total of four sampling sites (Figure 1). Mangrove plants were established
using locally sourced two-year-old seedlings from Fujian Province. The detailed seedling
characteristics and planting parameters are presented in Table 1.

Table 1. Seedling characteristics and planting parameters.

Seedling Area (ha) Plant and Row
Spacing (m)

Planting
Density

(Plants/ha)
Biomass (g) Height (cm)

Ground
Diameter

(cm)

Crown
Width (cm)

K. obovata 3.49 0.6 × 0.6 27,780 9.17 ± 2.26 52.87 ± 3.59 1.24 ± 0.11 11.83 ± 2.17

A. marina 4.38 0.6 × 0.6 27,780 11.96 ± 5.87 38.72 ± 3.93 0.90 ± 0.15 17.89 ± 3.06

A. corniculatum 1.64 0.6 × 0.6 27,780 24.27 ± 6.36 41.53 ± 4.25 1.33 ± 0.09 14.11 ± 2.91

Three replicate quadrats were established at each site, each with an area of 25 cm × 25 cm.
The sampling design and procedures followed the national marine survey standard
(GB/T 12763.6-2007) [45]. Macrobenthic samples were collected within fixed-area quadrats.
The samples were washed through a 0.5-mm mesh sieve to retain the target organisms,
which were then transferred into bottles containing 75% ethanol and transported to the
laboratory for sorting, preservation, taxonomic identification, individual counting, and
biomass determination. All specimens were identified to the lowest possible taxonomic
level, generally to species or genus [46,47]. Prior to biomass measurement, organisms
were gently rinsed with clean water to remove adhering sediment and debris, and excess
surface moisture was blotted with absorbent paper. Wet biomass was then measured using
an electronic balance. To ensure comparability among samples, the biomass of mollusks
was measured as the whole individual, including the shell. For damaged specimens, only
complete or nearly complete individuals were included in biomass calculations to minimize
estimation errors. The core parameters obtained in this study included species composi-
tion, abundance, density, biomass, dominant species, and diversity indices. Density was
expressed as the number of individuals per unit area, with units of ind./m2. Biomass was
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standardized to the quadrat area and expressed as biomass per unit area, with units of
g/m2. The mean biomass and standard deviation for each sampling site were calculated
based on the measurements from three replicate quadrats.

Figure 1. Location and sampling sites in Quanzhou Bay, Fujian Province, China. (a) Geographic
location of Fujian Province in China; (b) location of Quanzhou Bay in Fujian Province; (c) distribution
of sampling sites in the study area; panels (d–f) show the planting areas of K. obovata, A. corniculatum,
and A. marina, respectively. (Q, T, B, and Y represent the K. obovata restoration site, A. corniculatum
restoration site, A. marina restoration site, and adjacent unvegetated mudflat, respectively. up1–up3
represent the pre-planting baseline sampling sites).

While collecting biological samples, surface sediment samples from the 0–20 cm layer
were collected using a PVC corer. At each sampling site, sediment cores were collected from
three replicate quadrats, placed in clean, sealed polyethylene bags, transported to the labo-
ratory, and processed promptly. After visible roots, shell fragments, stones, and large plant
residues were removed, the sediment samples were thoroughly homogenized. Subsamples
were then prepared for the determination of different physicochemical properties. Fresh
sediment subsamples were used for pH and salinity measurements, while the remaining
subsamples were oven-dried at 65 ◦C, ground, and passed through a 0.25 mm-mesh sieve
for the determination of total carbon (TC), total nitrogen (TN), and total phosphorus (TP).

Sediment pH and salinity were measured using a YSI ProQuatro multiparameter meter
(YSI Inc., Yellow Springs, OH, USA). According to the manufacturer’s instructions, the
instrument was calibrated using standard pH buffer solutions and conductivity standards
before measurement. The electrode probes were rinsed with deionized water between each
sample measurement. Total carbon (TC) and total nitrogen (TN) were determined using a
FLASHSMART elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA). For total
phosphorus (TP) determination, dried and ground sediment subsamples were digested with
a sulfuric acid–perchloric acid mixture (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), and TP concentrations were then measured using an iFIA7 automatic flow injection
analyzer (Beijing Titan Instruments Co., Ltd., Beijing, China).
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2.2. Data Calculation and Analysis
2.2.1. Data Calculation

Biodiversity indices, such as the Shannon Diversity Index (H′), the Margalef Species
Richness Index (D), and the Pielou Evenness Index (J′), are used to analyze macrobenthic
biodiversity. The formulas for each index are as follows:

Shannon-Wiener diversity index [48–50]:

H′ = −
S

∑
i=1

piln pi (1)

Margalef richness index [51]:

D = (S − 1)/ln N (2)

Pielou evenness index [52,53]:

J′ = H′/ ln S (3)

where pi is the proportion of the number of individuals of the i-th species to the total
number of individuals in the sample, N is the sum of the number of individuals of all
species in the sample, and S represents the total number of species appearing in the sample.

Dominant species in the macrobenthic community were identified using the index
of relative importance (IRI) [54]. A species was considered dominant when its IRI value
exceeded 1000. The formula was as follows:

IRI = (N + W) × F × 104 (4)

where N is the percentage of individuals of a given species relative to the total number of
individuals, W is the percentage of biomass of that species relative to total biomass, and
F is the percentage of sampling sites where that species occurred. This index integrates
numerical dominance, biomass contribution, and spatial occurrence, thereby providing a
useful measure of the ecological importance of species within the community.

2.2.2. Data Analysis

Multivariate analyses of macrobenthic community structure were performed using
PRIMER 6.0. Before multivariate analysis, species abundance data were square-root trans-
formed to reduce the influence of highly abundant species. A Bray–Curtis similarity matrix
was then calculated based on the transformed abundance data. Group-average cluster
analysis and non-metric multidimensional scaling (NMDS) were conducted using this
similarity matrix to reveal similarities and differences in community structure among sites
and seasons. Diversity indices were also calculated, and abundance-biomass comparison
(ABC) curves [25] were generated to evaluate the degree of community disturbance. IBM
SPSS 24.0 was used for statistical analyses, and Origin Pro 2024 was used for graphical pre-
sentation. Before statistical comparisons, data normality and homogeneity of variance were
examined using the Shapiro–Wilk test and Levene’s test, respectively. Differences among
sites within the same sampling period were tested using one-way analysis of variance
(ANOVA) followed by Tukey’s HSD post hoc test. When the assumptions of normality and
homogeneity of variance were not met, the Kruskal–Wallis test followed by Dunn’s multi-
ple comparison test was used. To evaluate seasonal differences after mangrove planting,
only the post-planting samples collected in April 2024 (spring) and October 2024 (autumn)
were included in the seasonal analysis. The pre-planting samples collected in October 2023
were used only as baseline reference data and were not included in the seasonal ANOVA.
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one-way ANOVA was performed using sampling season as the grouping factor to test
seasonal differences in macrobenthic density, biomass, and diversity indices. Differences
were considered significant at p < 0.05. Redundancy analysis (RDA) was performed using
standardized macrobenthic community metrics, including density, biomass, H′, D, and J′,
as response variables, and sediment physicochemical parameters as explanatory variables.
Detrended correspondence analysis (DCA) was first used to estimate gradient length; be-
cause the gradient length was shorter than 3.0, RDA was selected as a linear constrained
ordination method.

3. Results
3.1. Sediment Physicochemical Characteristics in Different Mangrove Restoration Sites

Prior to mangrove planting, the sedimentary physical properties of the study sites were
obtained and showed minimal differences. In October 2023, pH values at the three original
sites (up1–up3) ranged from 6.94 ± 0.17 to 7.29 ± 0.37, indicating weakly acidic to neutral
conditions. Salinity ranged from 3.08 ± 0.78 to 4.30 ± 0.70. TC, TN, and TP ranged from
8.47 ± 1.02 to 9.50 ± 0.87, 1.00 ± 0.07 to 1.06 ± 0.07, and 0.90 ± 0.03 to 0.92 ± 0.30, respec-
tively. These results indicate that sediment carbon, nitrogen, and phosphorus contents were
relatively similar among sites before mangrove planting.

After mangrove planting, sediment pH in spring ranged from 7.16 ± 0.11 to 7.38 ± 0.07
among sites. The highest pH was recorded at the unvegetated mudflat site (Y), while the
lowest value occurred at the A. marina site (B), with a significant difference between the
two sites (p < 0.05). The K. obovata (Q) and A. corniculatum (T) sites showed intermediate
values and did not differ significantly from the other sites. The salinity of each site varied
significantly in spring. The salinity of sites T (3.98 ± 0.19) and B (3.92 ± 0.14) was signif-
icantly higher than that of sites Q (3.36 ± 0.16) and Y (3.07 ± 0.14), while site Y had the
lowest salinity. In contrast, TC, TN, and TP did not differ significantly among sites in spring
(p > 0.05), with values ranging from 8.34 ± 0.53 to 8.82 ± 0.34, 1.10 ± 0.09 to 1.20 ± 0.03,
and 1.03 ± 0.01 to 1.22 ± 0.07, respectively.

In autumn, pH ranged from 7.18 ± 0.05 to 7.46 ± 0.12 among sites. The highest value
occurred at Y and the lowest at Q, with significant differences among sites (p < 0.05),
following the order Y > T, B > Q. Salinity was highest at Q (3.59 ± 0.23), significantly
higher than at T (2.98 ± 0.35), B (3.06 ± 0.13), and Y (2.55 ± 0.25), with Y showing the
lowest salinity. TC increased markedly in autumn compared with spring, ranging from
31.70 ± 5.22 to 39.36 ± 1.99. TC was relatively high at T and Q and lowest at B, with
significant differences between T/Q and B. TN also showed clear site-level variation, with
the highest value at T (2.22 ± 0.03), significantly higher than at B (1.20 ± 0.05) and Y
(1.59 ± 0.21), while Q showed an intermediate value. TP did not differ significantly among
sites in autumn, ranging from 0.92 ± 0.06 to 1.11 ± 0.12. The sediment physicochemical
properties at different sampling stages and sites are summarized in Table 2.

Table 2. Sediment physicochemical properties at different sampling stages and sites.

Sampling Period Sites pH Salinity (‰) TC (g/kg) TN (g/kg) TP (g/kg)

October 2023
up1 6.94 ± 0.17 3.08 ± 0.78 8.95 ± 1.61 1.04 ± 0.19 0.92 ± 0.30
up2 7.13 ± 0.22 4.30 ± 0.70 9.50 ± 0.87 1.06 ± 0.07 0.90 ± 0.09
up3 7.29 ± 0.37 3.13 ± 0.39 8.47 ± 1.02 1.00 ± 0.07 0.90 ± 0.03

April 2024

Q 7.32 ± 0.21 ab 3.36 ± 0.16 b 8.82 ± 0.34 a 1.19 ± 0.09 a 1.08 ± 0.15 a
T 7.34 ± 0.19 ab 3.98 ± 0.19 a 8.69 ± 0.14 a 1.20 ± 0.03 a 1.03 ± 0.01 a
B 7.16 ± 0.11 b 3.92 ± 0.14 a 8.34 ± 0.53 a 1.10 ± 0.09 a 1.22 ± 0.07 a
Y 7.38 ± 0.07 a 3.07 ± 0.14 c 8.79 ± 0.84 a 1.17 ± 0.09 a 1.18 ± 0.09 a
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Table 2. Cont.

Sampling Period Sites pH Salinity (‰) TC (g/kg) TN (g/kg) TP (g/kg)

October 2024

Q 7.18 ± 0.05 c 3.59 ± 0.23 a 38.86 ± 3.01 a 1.44 ± 0.20 ab 1.11 ± 0.12 a
T 7.33 ± 0.09 b 2.98 ± 0.35 b 39.36 ± 1.99 a 2.22 ± 0.03 a 0.96 ± 0.02 a
B 7.31 ± 0.10 b 3.06 ± 0.13 b 31.70 ± 5.22 b 1.20 ± 0.05 b 1.07 ± 0.06 a
Y 7.46 ± 0.12 a 2.55 ± 0.25 c 33.86 ± 3.65 ab 1.59 ± 0.21 b 0.92 ± 0.06 a

Note(s): Different lowercase letters in the table indicate significant differences among sites for the same variable
within the same season (p < 0.05).

3.2. Composition and Dominant Species of Macrobenthic Community

The taxonomic list of macrobenthic species is shown in Table 3. In October 2023, before
mangrove planting, 13 macrobenthic species were identified, belonging to 5 phyla, 7 fam-
ilies, and 10 genera. The community was dominated by mollusks (38%) and arthropods
(31%), followed by annelids (15%). In April and October 2024, after mangrove plant-
ing, a total of 24 macrobenthic species were recorded, belonging to 5 phyla, 16 families,
and 21 genera. Thirteen species were collected in April and 22 species in October, with
11 species shared between the two seasons. The post-planting community was dominated
by mollusks (38%) and annelids (33%), followed by arthropods (17%). In both April and
October, the highest species numbers were recorded at the T and B sites (Figure 2).

 
(a) (b) 

Figure 2. (a) Macrobenthic species number at different sampling sites during October 2023, April 2024,
and October 2024. (b) Composition and species richness of macrobenthic fauna at different sampling
sites in October 2023, April 2024, and October 2024.

Table 3. Species composition and occurrence of macrobenthic fauna at different sampling stages.

No. Phylum Class Family Scientific Name October 2023 April 2024 October 2024

1 Annelida Polychaeta Nephtyidae Nephtys oligobranchia
√ √

2 Annelida Polychaeta Nereididae Perinereis aibuhitensis
√ √ √

3 Annelida Polychaeta Nereididae Paraleonnates uschakovi
√ √ √

4 Annelida Polychaeta Goniadidae Goniada japonica
√

5 Annelida Polychaeta Glyceridae Glycera chirori
√ √

6 Annelida Polychaeta Capitellidae Mediomastus chinensis
√ √
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Table 3. Cont.

No. Phylum Class Family Scientific Name October 2023 April 2024 October 2024

7 Annelida Polychaeta Capitellidae Notomastus latericeus
√

8 Annelida Polychaeta Ampharetidae Ampharetidae sp.
√

9 Mollusca Gastropoda Potamididae Pirenella alata
√ √ √

10 Mollusca Gastropoda Potamididae Pirenella pupiformis
√

11 Mollusca Gastropoda Potamididae Pirenella incisa
√ √ √

12 Mollusca Gastropoda Potamididae Cerithidea microptera
√

13 Mollusca Gastropoda Potamididae Pirenella asiatica
√

14 Mollusca Gastropoda Assimineidae Optediceros breviculum
√

15 Mollusca Bivalvia Pharidae Sinonovacula constricta
√ √ √

16 Mollusca Bivalvia Glauconomidae Glauconome cf. chinensis
√

17 Mollusca Bivalvia Glauconomidae Glauconome primeana
√

18 Mollusca Bivalvia Noetiidae Estellarca olivacea
√

19 Mollusca Bivalvia Veneridae Cyclina sinensis
√

20 Arthropoda Malacostraca Ocypodidae Uca vocans borealis
√

21 Arthropoda Malacostraca Ocypodidae Uca lactea
√

22 Arthropoda Malacostraca Varunidae Metaplax longipes
√ √ √

23 Arthropoda Malacostraca Ocypodidae Tubuca arcuata
√ √

24 Arthropoda Malacostraca Macrophthalmidae Macrophthalmus banzai
√ √

25 Arthropoda Malacostraca Ocypodidae Ilyoplax tansuiensis
√

26 Chordata Actinopterygii Gobiidae Periophthalmus magnuspinnatus
√

27 Chordata Actinopterygii Gobiidae Boleophthalmus pectinirostris
√

28 Chordata Actinopterygii Gobiidae Amoya brevirostris
√

29 Sipuncula Phascolosomatidea Phascolosomatidae Phascolosoma arcuatum
√ √ √

Note(s): “
√

” indicates that the species was recorded during the corresponding sampling period; blank cells
indicate that the species was not recorded.

The index of relative importance (IRI) showed that before mangrove planting,
three dominant species were present in the coastal wetland along the southern coast of
Quanzhou Bay: Metaplax longipes (IRI = 2707), Pirenella incisa (IRI = 1940), and Perioph-
thalmus magnuspinnatus (IRI = 1520). After mangrove planting, the dominant species
were M. longipes (IRI = 3494), Perinereis aibuhitensis (IRI = 2387), and Nephtys oligobranchia
(IRI = 1390).

3.3. Density and Biomass of Macrobenthic Fauna

Before mangrove planting in October 2023, the mean macrobenthic density was
124.44 ± 11.10 ind./m2, and the mean biomass was 152.69 ± 36.27 g/m2.

In April 2024, mean density among sites followed the order Y (133.33 ± 85.83) > B
(101.33 ± 37.33) > T (80 ± 80.00) > Q (58.67 ± 5.33). Mean biomass followed the order B
(153.62 ± 28.92) > Q (82.59 ± 15.38) > T (69.57 ± 9.67) > Y (18.87 ± 7.68).In October 2024,
mean density followed the order T (373.33 ± 101.75) > B (240 ± 24.44) > Q (224 ± 64.66) > Y
(154.67 ± 60.10). Mean biomass followed the order T (179.29 ± 107.93) > B (108.24 ± 47.00)
> Y (32.04 ± 6.57) > Q (21.68 ± 4.29) (Figure 3). The results of the One-way ANOVA showed
that season had a highly significant effect on density (F = 12.552, p < 0.01) but no significant
effect on biomass.
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(a) (b) 

Figure 3. Macrobenthic density and biomass at different sampling sites during October 2023, April
2024, and October 2024: (a) density; (b) biomass.

3.4. Macrobenthic Diversity Indices

In October 2023, before mangrove planting, the Shannon-Wiener diversity index,
Margalef richness index, and Pielou evenness index of the macrobenthic community were
1.30 ± 0.20, 1.63 ± 0.34, and 0.91 ± 0.08, respectively.

After mangrove planting, in April 2024, the T site showed generally higher Shannon-
Wiener (1.02 ± 0.31), Margalef (1.33 ± 0.63), and Pielou (0.96 ± 0.04) indices than the Q,
B, and Y sites. In October 2024, the T and B sites showed relatively high Shannon-Wiener
indices (1.49 ± 0.18 and 1.53 ± 0.24, respectively) and Margalef indices (1.73 ± 0.32 and
1.98 ± 0.27, respectively), indicating that the A. corniculatum and A. marina restoration sites
supported relatively high species diversity and richness. Although the diversity indices
at the Y site increased in autumn compared with spring, they remained lower than those
at the T and B mangrove restoration sites (Figure 4). The One-way ANOVA showed that
season had significant effects on the diversity index H′ (F = 13.415, p < 0.01) and richness
index D (F = 10.482, p < 0.01), but had no significant effect on the evenness index J′.

(a) (b) (c) 

Figure 4. Macrobenthic diversity indices at different sampling sites during October 2023, April 2024,
and October 2024: (a) Shannon-Wiener index; (b) Margalef index; (c) Pielou index.

3.5. ABC Curve

The ABC curve results showed that before mangrove planting (Figure 5), the W values
of the three original sites were 0.266 for up1, −0.115 for up2, and 0.073 for up3. At up1 and
up3, the biomass curves were generally above the abundance curves, and the W values
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were positive, indicating relatively stable community structures and low disturbance levels.
In contrast, at up2, the abundance curve was above the biomass curve across most of the
species-ranking range, and the W value was negative, suggesting that the community at
this site was subject to some disturbance.

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k)  

Figure 5. Abundance-biomass comparison (ABC) curves of macrobenthic communities at different
sampling stages and sites: (a) up1 in October 2023; (b) up2 in October 2023; (c) up3 in October 2023;
(d) Q in April 2024; (e) T in April 2024; (f) B in April 2024; (g) Y in April 2024; (h) Q in October 2024;
(i) T in October 2024; (j) B in October 2024; (k) Y in October 2024.
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In April 2024, after mangrove planting, the T site had the highest W value (0.324),
with the biomass curve clearly above the abundance curve, indicating a relatively stable
macrobenthic community structure and low disturbance level. The Q, B, and Y sites had
W values of −0.097, −0.178, and −0.019, respectively, all of which were negative or close
to zero. The abundance and biomass curves crossed or the abundance curve was locally
above the biomass curve, suggesting that most sites were still subject to varying degrees of
disturbance in spring.

In October 2024, the W values of the Q, T, and B sites were 0.023, 0.205, and 0.244,
respectively, all of which were positive. At the T and B sites, the biomass curves were
generally above the abundance curves, indicating that the macrobenthic community struc-
tures in the mangrove restoration sites tended to stabilize in autumn and that disturbance
levels were lower than in spring. In contrast, the Y site had a W value of −0.242, with
the abundance curve generally above the biomass curve, indicating that the community
remained strongly disturbed and relatively unstable.

3.6. Cluster Analysis and MDS

Cluster analyses were used to demonstrate the grouping patterns of macrobenthic
communities. The groups were primarily determined by the sample site, together with
the sampling period (Figure 6). Based on macrobenthic species abundance data, a Bray–
Curtis similarity matrix was constructed after square-root transformation, followed by
group-average cluster analysis. The cluster analysis results showed that, at approximately
40% similarity, all samples could be broadly divided into four groups (Figure 6). The first
group consisted of the pre-planting sites up1, up2, and up3. The second group included the
mangrove restoration sites Q, T, and B sampled in April 2024. The third group consisted
of the T and B sites sampled in October 2024, which formed a separate cluster. The fourth
group included Y in April 2024, Y in October 2024, and Q in October 2024, with Q in
October 2024 showing relatively high similarity to Y in October 2024.

Figure 6. Cluster analysis of macrobenthic communities at different sampling stages and sites based
on Bray–Curtis similarity after square-root transformation.
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The NMDS ordination results were generally consistent with the cluster analysis. The
stress value was 0.11, indicating that the ordination adequately represented the similarity
relationships among samples (Figure 7).

Figure 7. NMDS ordination of macrobenthic communities at different sampling stages and sites
based on Bray–Curtis similarity after square-root transformation.

3.7. Redundancy Analysis Between Sediment Variables and Macrobenthic Community Metrics

Redundancy analysis (RDA) was performed to investigate the relationships between
sediment environmental variables and macrobenthic community metrics at different restora-
tion stages (Figure 8). At the pre-mangrove-planting stage, RDA1 and RDA2 accounted for
97.14% and 1.98% of the total ordination variation, respectively, with RDA1 representing the
dominant environmental-community gradient. Biomass and density showed opposite dis-
tribution patterns along RDA1 (positive and negative directions, respectively). TC and TN
clustered in the negative-RDA1 and negative-RDA2 quadrant, TP fell in the negative-RDA1
and positive-RDA2 quadrant, while pH and salinity oriented toward the positive-RDA1
and negative-RDA2 direction. The three original sites exhibited limited separation, in-
dicating relatively homogeneous sediment backgrounds and community-environment
associations before restoration.

In spring after mangrove planting, RDA1 and RDA2 explained 92.81% and 5.90%
of the variation, respectively. The four habitat types showed clearer separation along
environmental gradients compared with the pre-planting stage. Biomass aligned with
the positive RDA1 direction, matching the high-biomass pattern of the A. marina site (B).
Diversity indices (H′, D, J′) were distributed in the positive-RDA1 and negative-RDA2
region and were closer to mangrove restoration sites than the unvegetated mudflat (Y).
TC and TN were closely associated with the K. obovata site (Q) in the negative-RDA1 and
negative-RDA2 quadrant, whereas pH was linked to the mudflat site. Salinity oriented
toward the positive-RDA1 and negative-RDA2 region, contributing to the differentiation of
restored mangrove habitats in spring.

In autumn after planting, RDA1 and RDA2 accounted for 96.54% and 2.99% of the
variation, respectively. After one growing season, the linkages between sediment variables
and macrobenthic community metrics became more distinct. TN and biomass oriented
toward positive RDA1 and were closely associated with the A. corniculatum site (T) and
part of the A. marina site (B), indicating that higher TN supported greater macrobenthic
biomass in these habitats. By contrast, TC, TP, and salinity clustered in the negative-RDA1
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and positive-RDA2 direction, adjacent to the K. obovata site (Q), suggesting that carbon
accumulation and salinity conditions here did not directly translate into higher benthic
biomass. The pH vector separated from other environmental variables, representing an
independent sediment gradient.

(a) (b) (c) 

Figure 8. Redundancy analysis (RDA) ordination showing the relationships between sediment
environmental variables and macrobenthic community metrics at different restoration stages: (a) pre-
mangrove-planting background stage in October 2023; (b) spring post-planting stage in April 2024;
and (c) autumn post-planting stage in October 2024. Red arrows indicate sediment environmental
variables, including total carbon (TC), total nitrogen (TN), total phosphorus (TP), salinity, and
pH. Black arrows indicate macrobenthic community metrics, including density, biomass, Margalef
richness index (D), Shannon-Wiener diversity index (H′), and Pielou evenness index (J′). Q, T, B, and
Y represent the K. obovata restoration site, A. corniculatum restoration site, A. marina restoration site,
and adjacent unvegetated mudflat, respectively.

4. Discussion
4.1. Hypothesis Verification

Before mangrove planting, pH, salinity, TC, TN, and TP differed little among the
original sites, indicating that the study area had a relatively similar sediment background
before restoration. This pattern is consistent with the initial null hypothesis that, if differ-
ent mangrove species exerted similar effects during the early restoration stage, sediment
physicochemical properties and macrobenthic community characteristics would not dif-
fer markedly among restoration habitats. After mangrove planting, however, sediment
conditions began to show site-specific differentiation, especially in autumn. TC increased
markedly from spring to autumn, and relatively high TC values were recorded at the A.
corniculatum (T) and K. obovata (Q) sites, while TN was highest at the T site. These results
provide stronger support for the alternative hypothesis, suggesting that different mangrove
species initially contribute to different sedimentary conditions and biological responses in
the early stages of restoration.

4.2. Differences in Sediment Conditions and Their Ecological Implications

Before mangrove planting, pH, salinity, TC, TN, and TP differed little among the three
original sites (up1–up3), indicating that the study area had a relatively similar sediment
background before restoration. After planting, TC, TN, and TP did not show clear differen-
tiation among sites in spring. By autumn, however, TC had increased overall and remained
relatively high at the A. corniculatum (T) and K. obovata (Q) sites, while TN was highest at the
T site. This suggests that, with increasing time after mangrove establishment, the effects of
different vegetation types on sediment carbon and nitrogen accumulation began to emerge,
although these differences were still at an early restoration stage. The pronounced autumn
increase in TC likely reflected the combined effects of plant growth and seasonal sediment
processes. Autumn sampling followed a longer post-planting growing period, during
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which litter deposition and fine-root turnover may have increased organic carbon inputs
into the sediment. Tidal deposition could also have promoted the retention of external
particulate organic matter within the restoration area. In addition, residual roots, rhizomes,
and plant fragments of the mechanically removed S. alterniflora may have gradually decom-
posed and contributed to the sediment carbon pool, while seasonal hydrological conditions
may have further affected carbon retention in surface sediments.

The sources of organic matter and nutrients in mangrove sediments are complex,
including both tidal inputs of external particulate matter and internal inputs from mangrove
litter and fine-root turnover [39–41,55]. The colonization and persistence of macrobenthic
fauna are closely related to these sediment conditions. In particular, organic matter content,
nutrient supply, and sediment stability can influence feeding, habitat use, and bioturbation
processes [20,21,27]. In this study, the T site showed relatively high TC, TN, density, and
biomass in autumn, suggesting that the A. corniculatum restoration site may have developed
sediment conditions favorable for macrobenthic colonization during the early restoration
stage. Previous studies have shown that both mangrove leaf litter and fine roots contribute
to soil organic matter formation, with fine roots playing an important role in soil organic
matter accumulation [40]. Thus, the relatively high TC levels at the T and Q sites in autumn
may be associated with plant growth, root development, and increased organic matter
retention. Because litter production, root biomass, microbial activity, and carbon-source
composition were not directly measured in this study, these processes are discussed only
as possible mechanisms and are not treated as direct evidence explaining the observed
changes in sediment carbon and nitrogen.

However, sediment carbon content alone cannot explain the recovery of macrobenthic
fauna. For example, although the Q site had relatively high TC in autumn, its biomass was
only 21.68 ± 4.29 g/m2, lower than those at the T, B, and Y sites. The RDA ordination was
consistent with this pattern: autumn Q samples were positioned closer to the TC, TP, and
salinity vectors, but showed a weaker association with the biomass vector. This decoupling
between high TC and low biomass at the K. obovata site suggests that the quantity of
sediment carbon was not the sole factor controlling benthic biomass. The accumulated
carbon at the Q site may have included a substantial fraction of refractory plant residues,
buried S. alterniflora-derived material, or structurally complex mangrove detritus, which
may not be readily available as high-quality food for macrobenthic fauna. In addition, TN
did not increase in parallel with TC at Q, indicating that nitrogen availability may have
constrained biomass accumulation. The relatively high autumn salinity at Q may also have
limited some benthic taxa. Biomass is also strongly influenced by dominant species identity
and body size; therefore, a community dominated by smaller-bodied individuals may show
relatively low biomass even when density or carbon content is high. Future measurements
of sediment grain size, sulfide concentration, redox potential, and organic matter quality
would help clarify the relative importance of these factors.

Before planting, sediment pH in the study area was generally weakly acidic to
neutral. After planting, pH at all sites shifted toward weakly alkaline conditions in both
spring and autumn, with the Y site generally showing higher pH values. Sediment pH
in mangrove ecosystems is usually associated with salinity, organic carbon, dissolved
oxygen, and the bioavailability of nitrogen and phosphorus [56]. Sediment pH in man-
grove ecosystems is modulated by systemic factors. Although these baseline patterns are
established, seasonal temperature fluctuations may also influence the observed sediment
pH patterns by affecting microbial respiration and organic matter decomposition [57],
oxygen availability and redox-sensitive sediment biogeochemical pathways, including
denitrification [58], as well as carbonate equilibria and acid–base reactions [59]. There-
fore, the observed seasonal pH differences should be interpreted cautiously, because they
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may reflect both vegetation-related habitat changes and broader seasonal environmental
variation. It should be noted that the pH range observed in this study was relatively
narrow and remained close to neutral or weakly alkaline conditions. Therefore, pH
alone was unlikely to be the primary factor directly driving the observed differences in
macrobenthic community composition. Instead, the small but statistically significant
pH differences may reflect site-level differences in sediment biogeochemical conditions,
such as organic matter decomposition, salinity, redox status, and nutrient availability.
Thus, pH was interpreted as one component of the sediment environmental gradient
rather than as an independent limiting factor. In this study, the Y site had relatively high
pH, but its diversity and ABC-curve stability were not high, indicating that pH was not
a single limiting factor for macrobenthic recovery. In terms of salinity, the T and B sites
showed relatively high values in spring, whereas the Q site had the highest salinity and
the Y site the lowest in autumn. Salinity in estuarine wetlands is jointly affected by tides,
runoff, and rainfall, and salinity fluctuations themselves can also act as an important
disturbance factor for benthic communities [60]. Because only point-in-time salinity
measurements were taken in this study, the magnitude of salinity fluctuation cannot be
directly assessed. Nevertheless, the negative W value at the Y site in autumn suggests
that the macrobenthic community in the unvegetated habitat remained relatively un-
stable. In contrast, mangrove restoration sites may provide more stable microhabitats
for macrobenthic fauna by stabilizing sediment through root systems, reducing local
hydrodynamic disturbance, and enhancing organic matter retention.

The RDA results provided additional quantitative support for the link between sedi-
ment conditions and macrobenthic community responses. Before mangrove planting, the
three original sites showed relatively limited separation in the RDA ordination, which
was consistent with the relatively similar sediment background before restoration. After
planting, however, the ordination patterns became more structured, indicating that the
relationships between sediment variables and macrobenthic metrics gradually differed
among restoration habitats. In spring, biomass was more closely associated with the A. ma-
rina site, whereas TC and TN were more closely related to the K. obovata site. In autumn,
the K. obovata site was associated with TC, TP, and salinity, while TN and biomass were
more closely associated with the A. corniculatum site and part of the A. marina site. These
patterns suggest that sediment carbon accumulation alone was not sufficient to explain
macrobenthic recovery. Instead, nitrogen availability, salinity, pH, and vegetation-related
habitat structure jointly influenced macrobenthic density, biomass, and diversity.

4.3. Changes in Macrobenthic Communities and Seasonal Responses

A total of 13 macrobenthic species were recorded before mangrove planting, while
24 species were recorded after planting across spring and autumn. The number of species in
autumn reached 22, substantially higher than the 13 species recorded in spring. Community
composition shifted from a pre-planting pattern dominated by mollusks and arthropods to a
post-planting pattern dominated by mollusks and annelids. Dominant species also changed:
before planting, the dominant species were M. longipes, P. incisa, and P. magnuspinnatus;
after planting, the dominant species were M. longipes, P. aibuhitensis, and N. oligobranchia.
The increased dominance of polychaetes such as P. aibuhitensis and N. oligobranchia suggests
that sediment conditions after mangrove restoration gradually became more suitable for
burrowing or deposit-feeding taxa.

Macrobenthic fauna are important participants in material cycling in mangrove wet-
lands. Polychaetes, mollusks, and crustaceans can modify sediment structure and organic
matter transformation through feeding, burrowing, and bioturbation [20,61]. During
the early restoration stage, the increased dominance of polychaetes may be related to
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muddy sediment, organic detritus accumulation, and recolonization after habitat distur-
bance [62,63]. In this study, TC and TN increased in autumn, while macrobenthic species
number, density, and diversity indices were also higher than in spring. These patterns indi-
cate that, after one growing season, both sediment resource conditions and macrobenthic
communities showed signs of recovery.

Seasonal differences were an important feature of macrobenthic community dynamics
in this study. In spring, macrobenthic density was generally low in mangrove restoration
sites, while the Y site had the highest density but the lowest biomass. This “high density–
low biomass” pattern often indicates a community dominated by small individuals or
opportunistic taxa and does not necessarily indicate high habitat quality. In autumn,
macrobenthic density in all mangrove restoration sites exceeded that in the mudflat, with
the T site showing the highest density, reaching 373.33 ± 101.75 ind./m2. The T site also
had the highest biomass, at 179.29 ± 107.93 g/m2. Similar seasonal differences are common
in mangrove and estuarine wetlands and are generally associated with temperature, litter
decomposition, recruitment, tidal processes, and sediment stability [64,65]. In addition,
habitat structures formed by different mangrove species may also affect macrobenthic
abundance and composition [27,28,62].

The spring community pattern may also have been influenced by residual physical
effects of mechanical S. alterniflora removal. Mechanical removal can disturb the sediment
surface, destroy existing burrows, alter sediment compactness, resuspend fine particles,
and temporarily reduce habitat stability. Because the spring survey was conducted shortly
after S. alterniflora removal and mangrove planting, the macrobenthic community may still
have been responding to these physical disturbances. Therefore, the low or negative ABC
W values in spring should not be interpreted solely as a failure of mangrove planting, but
also as a possible signal of short-term post-removal disturbance. The improved community
indices and more positive W values in autumn may reflect both the longer recovery period
and the gradual development of mangrove habitat functions.

The cluster and NMDS results further showed that the macrobenthic communities
in the study area could not be simply divided into “mangrove” and “mudflat” groups.
Instead, they were jointly influenced by sampling period and vegetation type. Bray–Curtis
similarity is commonly used to analyze differences in community composition, while
NMDS represents community similarity through distances among samples [66,67]. At
approximately 40% similarity, samples were mainly divided into the pre-planting original
sites, the spring mangrove restoration sites, the autumn T/B sites, and the mudflat–autumn
Q group. The T and B sites showed relatively high similarity in both spring and autumn,
suggesting that the macrobenthic community compositions of the A. corniculatum and
A. marina restoration sites were relatively similar. In contrast, the Q site was close to
T and B in spring but closer to Y in autumn, indicating greater seasonal variability in
the K. obovata restoration site. This pattern was also consistent with the relatively low
biomass and only slightly positive ABC W value at the Q site in autumn, suggesting that
although macrobenthic colonization had occurred, community stability remained at an
early recovery stage.

4.4. Comparison of the Restoration Effects of the Three Mangrove Species on Macrobenthic Fauna
Along the Southern Coast of Quanzhou Bay

Based on density, biomass, diversity indices, ABC curves, cluster/NMDS results, and
RDA ordination, the T and B sites showed relatively better macrobenthic recovery. Previous
studies have shown that the effects of mangrove afforestation or restoration on macroben-
thic fauna do not always show a simple positive trend. Instead, they depend on vegetation
type, stand structure, sediment grain size, organic matter accumulation, and the responses
of epifaunal and infaunal taxa to habitat change [27,28,68]. Therefore, restoration effects
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of different mangrove species should be evaluated using multiple indicators, including
abundance, diversity, community stability, and sediment–community associations, rather
than a single metric.

The A. corniculatum site (T) showed relatively stable performance in this study. In
spring, the Shannon-Wiener, Margalef, and Pielou indices at the T site were higher than
those at the Q, B, and Y sites, and the ABC W value was 0.324, the highest among all spring
sites. In autumn, both density and biomass at the T site were the highest among all sites,
and the W value remained positive (0.205). In the cluster and NMDS analyses, the T site also
formed a relatively stable autumn group with the B site. The RDA results further supported
this pattern, as the T site was closely associated with TN and biomass in autumn, suggesting
that A. corniculatum may have developed sediment conditions more favorable for biomass
accumulation and benthic community development after one growing season. According
to the ABC curve method, when the biomass curve lies above the abundance curve and the
W value is positive, the community is generally considered to be less disturbed. In contrast,
when the abundance curve lies above the biomass curve and the W value is negative, the
community is often dominated by small opportunistic species and is considered more
disturbed [26]. Therefore, the T site showed relatively high community stability in both
spring and autumn, suggesting that A. corniculatum can rapidly improve benthic habitat
conditions during the early restoration stage and support relatively high abundance and
biomass accumulation.

The recovery process at the A. marina site (B) was more stage-dependent. In spring,
the B site had the highest biomass, but its ABC W value was −0.178, indicating that
the community structure remained unstable. This may have been related to early-stage
disturbance, large contributions from a few dominant individuals, or uneven species
distribution. The RDA results were consistent with this spring pattern, as the B site was
associated with biomass. By autumn, the Shannon-Wiener index (1.53 ± 0.24) and Margalef
index (1.98 ± 0.27) at the B site were both relatively high. The ABC W value increased
to 0.244, and the site clustered with T in the NMDS ordination, indicating improvements
in both diversity and stability. In the autumn RDA ordination, B was also located close
to T, suggesting that A. marina contributed to the development of suitable benthic habitat
conditions as restoration proceeded. A. marina has well-developed pneumatophores, which
can increase spatial heterogeneity at the sediment surface and influence macrobenthic
colonization and distribution by providing attachment substrates, microhabitats, and
potential refuge spaces [43,69]. For taxa such as polychaetes, small mollusks, and mobile
crustaceans, these structures may provide more heterogeneous feeding and sheltering
environments. Mangrove vegetation can also reduce tidal currents and wave energy,
promote fine-particle deposition, and enhance organic matter retention [42,70]. These
habitat-modifying effects may explain the relatively high species richness and community
stability observed at the B site in autumn.

The restoration effect at the K. obovata site (Q) was relatively moderate. In spring, the
Q site had the lowest density and a negative ABC W value (−0.097). In autumn, density
increased to 224 ± 64.66 ind./m2, and the W value became positive (0.023), indicating
some improvement in community stability. However, autumn biomass at the Q site was
only 21.68 ± 4.29 g/m2, lower than at the T, B, and Y sites. Cluster and NMDS results also
showed that the autumn community composition at Q was more similar to that at Y. The
RDA results further indicated that Q was more closely associated with TC, TP, and salinity in
autumn, but was not strongly associated with biomass or diversity indices. Combined with
the relatively high TC but lower TN at Q compared with T, these results suggest an apparent
decoupling between carbon accumulation and nitrogen dynamics at the Q restoration
site. This decoupling may occur because early-stage carbon accumulation can be driven
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by plant residues, root-derived organic matter, or retained refractory organic material,
whereas nitrogen accumulation may depend additionally on mineralization, microbial
transformation, tidal nutrient inputs, and nitrogen retention capacity. Therefore, K. obovata
may have contributed to organic carbon accumulation during the early restoration stage,
but this carbon accumulation did not directly translate into higher nitrogen enrichment,
macrobenthic biomass, or community stability. Its positive effects on macrobenthic biomass
and community stabilization may therefore require a longer recovery period to become
more evident.

The unvegetated mudflat Y served as a contrast to the three mangrove restoration
sites. In spring, the Y site had the highest density but the lowest biomass; in autumn, its
W value declined to −0.242, indicating that the community remained strongly disturbed
or unstable. Compared with mangrove restoration sites, the unvegetated mudflat lacks
root stabilization, structural shelter, and continuous litter input. As a result, its sediment
conditions and food resources are more susceptible to tidal, hydrodynamic, and seasonal
changes. Cluster and NMDS results also showed clear separation between Y and the better-
performing T and B sites. Stable isotope and food-web studies have shown that mangrove
litter and its derived organic matter can serve as important food sources for macrobenthic
fauna [44]. Therefore, compared with the mudflat, mangrove restoration sites are more
likely to enhance food-resource supply and habitat stability for macrobenthic communities.

4.5. Implications for Mangrove Ecological Restoration Along the Southern Coast of Quanzhou Bay

Mangrove restoration along the southern coast of Quanzhou Bay is closely linked to
the removal of S. alterniflora. The invasion of S. alterniflora can alter tidal-flat vegetation
structure, sediment conditions, and benthic community composition, while the removal
process itself may also cause short-term physical disturbance [9,71]. Lin et al. [10] reported
that, during S. alterniflora removal and mangrove restoration in Quanzhou Bay, the density,
biomass, and diversity of macrobenthos may initially decline after removal, but gradually
recover with mangrove planting and habitat restoration. This is consistent with the present
results, in which some sites had negative or near-zero W values in spring, while W values
at mangrove restoration sites generally became positive in autumn. These patterns suggest
that the benthic community in the study area may be undergoing an early recovery process
characterized by post-disturbance recolonization, mangrove habitat formation, and gradual
community stabilization.

From the perspective of species configuration, A. corniculatum can be considered one of
the priority species for artificial mangrove restoration along the southern coast of Quanzhou
Bay. Its advantage lies in its ability to maintain relatively high community stability during
the early restoration stage and to support high density and biomass in autumn. A. marina
appears more favorable for enhancing species richness and community diversity and
can serve as a main species for increasing habitat structural complexity. Although K.
obovata did not substantially increase biomass over the short term, its autumn density and
ABC W value both improved, and its TC content was relatively high, suggesting that it
still has restoration potential and can be used as an auxiliary species in mixed planting.
Previous studies have shown that S. alterniflora invasion can hinder the establishment
of native mangrove plants, and that controlling S. alterniflora while restoring mangrove
communities is an important strategy for coastal wetland restoration [8]. Therefore, future
restoration along the southern coast of Quanzhou Bay may consider using A. corniculatum
and A. marina as the main species, combined with K. obovata in mixed planting, to improve
habitat structural complexity and macrobenthic community stability.

At the same time, mangrove restoration should not be understood simply as maximiz-
ing mangrove cover. Although mangroves can suppress S. alterniflora, stabilize sediment,
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increase organic matter retention, and provide structurally complex habitats, open mudflats
also support specific intertidal taxa and provide feeding habitats for shorebirds and other
coastal organisms. Excessive conversion of open mudflats into closed mangrove stands
may reduce habitat heterogeneity and negatively affect mudflat-dependent biodiversity.
Previous studies have shown that macrobenthic communities can differ markedly between
mangroves and adjacent unvegetated mudflats, and that some taxa show clear habitat
preferences [28,72]. Therefore, while controlling the expansion of S. alterniflora, restoration
projects should retain an appropriate proportion of mudflat–mangrove ecotones and form
a multi-habitat mosaic. Such a strategy may better balance mangrove recovery, benthic
biodiversity conservation, and the maintenance of open intertidal habitat functions.

The findings of this study may provide useful guidance for other subtropical estuar-
ies where S. alterniflora control and mangrove restoration are conducted simultaneously.
However, extrapolation should be made cautiously. Estuaries differ in tidal range, hy-
drodynamic energy, sediment supply, salinity regime, freshwater input, nutrient loading,
and the historical intensity of invasion and disturbance. In estuaries with stronger tidal
currents or higher wave exposure, the sediment-stabilizing effect of mangroves and the
survival of newly planted seedlings may be more limited. In sheltered estuaries with
high fine-sediment deposition, mangrove planting may more rapidly promote organic
matter retention and benthic recolonization. Therefore, the species configuration proposed
here should be regarded as a site-specific reference rather than a universal prescription.
For other subtropical estuaries, local hydrodynamic conditions, sediment characteristics,
tidal inundation regime, and conservation targets should be evaluated before selecting
mangrove species and determining the proportion of mangrove–mudflat habitats.

This study represents an early-stage restoration assessment and covered only three
sampling periods: before planting, spring after planting, and autumn after planting. Both
mangrove habitat formation and macrobenthic community recovery involve time lags,
and the present results are therefore more suitable for interpreting short-term responses
than long-term restoration trajectories. Future studies should conduct multi-year and
multi-season monitoring and include additional variables, such as sediment grain size,
organic matter, redox potential, inundation duration, and functional feeding groups, to
further clarify the long-term mechanisms by which different mangrove species influence
macrobenthic community recovery.

5. Conclusions
Early mangrove restoration on the southern shore of Quanzhou Bay led to gradual

differentiation in sediment conditions and macrobenthic community structure. Before
planting, the sedimentary background at each sampling site was relatively similar. After
planting, both environmental parameters and biological data showed spatial heterogeneity
at the sampling sites. Species richness, density, and diversity of the autumn community
were generally higher than those of the spring community.

During the short monitoring period after S. alterniflora removal and mangrove planting,
no obvious re-expansion of S. alterniflora was observed within the planted plots. This pattern
suggests a preliminary suppression effect during the early restoration stage. However,
because the monitoring period was limited to one year, this result should not be interpreted
as evidence of long-term control. Multi-year monitoring is still needed to determine
whether the observed suppression effect can be sustained. Furthermore, the regional
environmental parameters and biological structures of the three mangrove species showed
varying restoration effects. Overall, A. corniculatum and A. marina are more suitable as the
main restoration species for promoting macrobenthic recovery in Quanzhou Bay, while
K. obovata can be used as an auxiliary species in mixed planting. Future restoration should
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retain appropriate mudflat–mangrove ecotones to maintain habitat heterogeneity and
intertidal biodiversity.
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