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Abstract: Spartina alterniflora has extensively invaded the coastline of China, including in Maoyan
Island of Zhejiang Province. Ecological restoration has been conducted using non-native mangrove
Kandelia obovata to replace S. alterniflora in an attempt to restore the impacted intertidal zones.
To illustrate the ecological effectiveness of the restoration projects, macrobenthos communities
were studied among different habitats within the restored areas, including one non-restored S.
alterniflora marsh (SA) and three differently-aged restored K. obovata stands planted in 2003, 2009,
and 2011 respectively (KF14, KF8, and KF6). Besides, one unvegetated mudflat (MF) adjacent to
the non-restored S. alterniflora marsh and one K. obovata forest transplanted in 2006 (RKF) at a
previously barren mudflat without invasion history of S. alterniflora were set as reference sites. A
total of 69 species of macrobenthos were collected from Maoyan Island, and the species richness
was dominated by gastropoda (23 species), polychaeta (18 species), and malacostraca (16 species).
There was no significant difference between the six sites in terms of the abundance of macrobenthos,
with the average values of abundance peaking in KF6 (734.7 ind m−2) and being lowest in RKF
(341.3 ind m−2). The six sites had significant differences in terms of the biomass of macrobenthos.
The KF8 site contained the highest average biomass (168.3 g m−2), whereas the MF site had the lowest
(54.3 g m−2). The Shannon-Wiener diversity index and Pielou’s evenness index of the macrobenthos
did not exhibit significant differences among the six sites. However, the results of permutational
multivariate analysis of variance (PERMANOVA) revealed significant spatial differences in the
macrobenthos community structure between the sites. Since KF14 shared a similar macrobenthos
community structure with RKF, while representing a strikingly different structure from SA, we infer
that ecological restoration using K. obovata can restore the macrobenthos community to resemble to a
normally planted K. obovata forest about 15 years after restoration.

Keywords: coastal wetland 1; Kandelia obovata 2; Spartina alterniflora invasion 3; macrobenthos
community 4; mangrove restoration 5

1. Introduction

Biological invasion is a pervasive environmental issue globally, threating the biodiver-
sity and functions of native ecosystems and even human well-being [1]. Coastal wetland
ecosystems are fragile and are heavily infested with invasive plants around the world [2,3].
Spartina alterniflora is considered to be one of the most harmful invasive plants in coastal
China and has caused serious ecological consequences, such as changing seascape, out-
competing native plants, and reducing local biodiversity [4]. Invasive Spartina alter the
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recipient systems by changing vegetation structure, sediment properties, and hydrological
conditions, and further erode indigenous macrobenthos diversity [5,6].

To address these issues, several methods have been used to control and prevent
the expansion of S. alterniflora, such as burning, cutting, digging, waterflooding, and
herbicide usage [7–9]. However, these traditional measures have limited effectiveness, as
they are resource-demanding and [10,11], in the case of herbicides, may cause chemical
pollution [11]. This has led to a search for better control methods. Biological control
through releasing the invasive species’ natural enemy has proven to be an economical and
effective method of control of widespread invasive plants. For example, the introduction of
planthopper Prokelisia marginata reduced S. alterniflora biomass by 50% and seed viability
by 90% in Willapa Bay and Puget Sound (the USA) [12]. However, classical biological
control methods usually have the risk of the introduced biocontrol agents having negative
consequences on local ecosystems. The introduction of a biocontrol agent proceeds only
after fully demonstrating its high level of host specificity and after ruling out the possibility
that it could vector a disease [12]. Considering ethical concerns and legal risks of classical
biological controls, these methods have not been experimented with so far in China [10].

In China, a new biocontrol method—replacement control—has obtained much at-
tention and has been used widely. This approach is based on the rules of interspecies
competition and plant community succession. It uses a more valuable species (whether
native or non-native) to replace a detrimental plant species and implement the goal of
ecological restoration at a higher level [13]. Replacement control seems to have advan-
tages over conventional biocontrol methods, such as better efficacy, higher safety, and
longer-lasting control [13]. However, just like the selection of conventional biocontrol
agents, care is especially needed in choosing exotic replacement species, which must be
proved to be non-harmful to native species and non-invasive to native ecosystems after
long-term growth.

Mangrove Kandelia obovata has been shown to inhibit S. alterniflora [14,15]. It is a
cold-resistant eurytopic species and distributes in all of the coastal provinces of native man-
groves distribution, with its northern boundary extending to ~27◦20′ N (the northernmost
distribution of China’s natural mangroves) [16,17]. This species was originally introduced
in 1957 to Ximen Island in Zhejiang Province (~28◦20′ N) for mangrove restoration from
Fuqing County in Fujian Province (~25◦41′ N); before that, there were no mangroves in
Zhejiang [18]. After several decades of restoration, owing to high tolerance to low tem-
perature, K. obovata forests have been successfully established in many regions, currently
covering a total area of around 400 ha in Zhejiang. Because low temperature stress can
strongly inhibit the natural reproductive capacity of K. obovata, which often inhibits the
development of the K. obovata community, K. obovata exhibits no invasiveness 60 years
after its introduction to Ximen Island. In addition, contrary to the notorious S. alterniflora,
K. obovata has provided great ecological and economic benefits to native ecosystems and
the local community [19]. Thus, the proper physiological characteristics and high service
values of K. obovata enable it to be the best ecological restoration species in Zhejiang [19].

To illustrate the effectiveness of ecological restoration, it is necessary to conduct re-
search on macrobenthos communities in the coastal areas that have been flagged for restora-
tion. Macrobenthos communities are ubiquitous and functionally important components
in coastal wetlands. These organisms play key ecological roles in shaping the structure and
function of ecosystem through their engineering activities, such as burrow construction and
maintenance, seed burial, propagule predation, and litter processing [20–22]. Macroben-
thos communities are accepted as valid indicators for changes in functions and ecological
status of coastal ecosystems [23], owing to the fact that macrobenthos are not only of unique
biological characteristics (e.g., sedentary life-style, long life span, species-specific response
to environmental stresses), but also can respond rapidly to both natural and anthropogenic
stresses [24].

A previous study has been conducted to show the effects of replacing S. alterniflora
with native K. obovata on macrobenthos communities in Dazhou Island (Fujian) [14]. The
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plantation of K. obovata after S. alterniflora was eliminated successfully inhibited the spread
of S. alterniflora and also restored the typical benthic food wed of mature mangrove ecosys-
tems [14]. In Zhejiang, some such studies have been conducted on those restoration projects
using non-native K. obovata. In the Shupaisha wetland, 2-year-old K. obovata forests which
were established in areas previously occupied by S. alterniflora exhibited much higher di-
versity of macrobenthos communities than non-restored S. alterniflora marshes [25]. In the
Aojiang Estuary, almost no S. alterniflora individuals were found in the 3-year-old K. obovata
plantation, whereas lower macrobenthos diversity was observed in the K. obovata plantation
relative to S. alterniflora marsh [26].

Here we explore the changes in macrobenthos communities during the S. alterniflora
invasion and the subsequent restoration adopting non-native K. obovata in Maoyan Island
(Zhejiang, China). Specifically, we: (1) compare the impacts of non-indigenous K. obovata
and S. alterniflora on the macrobenthos communities; (2) elucidate if the use of non-native
K. obovata for the replacement of invasive S. alterniflora can result in the restoration of the
macrobenthos communities; and (3) apply macrobenthos as indicators to assess the benthic
ecological status of associated habitats.

2. Materials and Methods
2.1. Study Area

This study was carried out on Maoyan Island, Zhejiang, China (Figure 1). Maoyan
Island is located in the inner part of Yueqing Bay. This island covers a land area of 4.74 km2

and a mudflat area of 2.45 km2, which makes it the second biggest island in Yueqing Bay.
This region has a subtropical marine monsoon climate. According to the data from the
local meteorological station, the perennial mean air temperature of this region is 17.1 ◦C,
the perennial mean precipitation of this region is 1460.3 mm, and the perennial mean
sunshine is 1850.5 h. It experiences a semidiurnal tide with an average range of 5.15 m and
a maximal range of 8.34 m (http://www.yuhuan.gov.cn/ accessed on 21 July 2021).
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Figure 1. Location of Maoyan Island and the sampling sites. YB: Yueqing Bay, ECS: East China Sea, MI: Maoyan Island.
MF: unvegetated mudflat, SA: S. alterniflora marsh, KF6: 6-year-old restored K. obovata forest, KF8: 8-year-old restored
K. obovata forest, KF14: 14-year-old restored K. obovata forest, RKF: 11-year-old reference K. obovata forest.

S. alterniflora expanded to Maoyan Island in 1996, following its earlier introduction
to Zhejiang with the objectives of tidal land reclamation and wetland restoration in 1983.
The rampant spread of S. alterniflora to the coast has since ensued, with the majority of

http://www.yuhuan.gov.cn/
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the intertidal mudflat occupied by this invader. For the sake of S. alterniflora control and
ecological restoration, local residents and government have planted K. obovata over the
years since 2003, resulting in an estimated K. obovata area of about 100 ha on Maoyan
Island at present. Most such plantations were conducted in areas previously colonized by
S. alterniflora, with the removal of S. alterniflora conducted prior to restoration, while there
are also some K. obovata forests being planted in previously unvegetated areas. All of the
projects were reviewed and approved by the People’s Government of Zhejiang Province,
and carried out under the current law of the People’s Republic of China.

In the areas of K. obovata restoration after S. alterniflora elimination, one non-restored
S. alterniflora marsh (SA) and three differently-aged restored K. obovata stands planted in
2003 (KF14), 2009 (KF8), and 2011 (KF6) respectively, were selected. One unvegetated
mudflat (MF) adjacent to the non-restored S. alterniflora marsh, and one reference K. obovata
forest (RKF) transplanted in 2006 at a previously barren mudflat without invasion history
of S. alterniflora, were selected as references to assess the effects of S. alterniflora invasion
and mangrove restoration on the macrobenthos communities.

2.2. Macrobenthos Sampling and Laboratory Procedures

Seasonal samplings of macrobenthos at each of the above sites were undertaken in
October 2018, December 2018, March 2019, and July 2019 to represent the autumn, winter,
spring, and summer seasons, respectively. At each sampling time and site, triplicate
sediment samples of 25 cm × 25 cm × 30 cm were randomly collected. A metal frame of
the designated volume was pushed down into sediment prior to shoveling. The sediment
samples collected were then sieved by a 0.5 mm mesh to retrieve the macrobenthos. All
the macrobenthos specimens were preserved in 5% formalin, and the organisms were
identified at the lowest taxonomic level possible under the Stemi508 (ZEISS), and then
were counted and weighed (fresh weights) to the nearest 0.0001 on a precision electronic
laboratory balance.

2.3. Data Analyses

Data analysis was based on an appropriate synthesis of statistical techniques. For each
sample, the Shannon-Wiener diversity index (H’, (log 2)), Pielou’s evenness index (J), total
abundance, and total biomass were calculated and the different significance among the
sampling seasons and sampling sites were tested using the two-way ANOVA statistical
technique. For the macrobenthos community featured in this study, the four groups,
including gastropoda, polychaeta, malacostraca, and phascolosomatidea, were relatively
important, because together they accounted for 89.14% of the total abundance and 93.16%
of the total biomass. Therefore, the abundance and biomass of each important group were
also examined using the two-way ANOVA. The Tukey HSD method was then applied for
pairwise comparisons if any significant differences were found in the ANOVA test. The
dominant species for each site were determined by the relative importance index (IRI):

IRI = (N + W)× F (1)

where N is the abundance percent of the species; W is the biomass percent of the species;
F is the frequency of occurrence percentage of the species [27]. A species with IRI > 750
would be considered to be the dominant species. The calculations and statistical analyses
were conducted using the software Excel 2019 and MATLAB 2019b.

Multivariate analyses were performed using PRIMER 7.0. The seasonal and spatial
variations in the macrobenthos community structure were explored using principal co-
ordinates scaling ordination (PCO) analysis and hierarchical agglomerative clustering
analysis with the group-average linking method. The significantly different groups of the
cluster analysis were detected using the similarity profile (SIMPROF) test. The Bray-Curtis
similarity matrices were constructed based on the square root transformed abundance data
before the analyses. In order to reduce the impacts of rare species, species that contributed
less than 1% of the total abundance were eliminated, and then species that accounted for
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more than 3% abundance of each sample were included again. A permutational multi-
variate analysis of variance (PERMANOVA) with “season” and “site” as fixed factors was
employed to assess the statistical significance of differences between sampling seasons and
sampling sites [28,29].

AZTI’s Marine Biotic Index (AMBI) and its multivariate extension (M-AMBI) were ap-
plied to assess the benthic ecological status of the study area, using the software v6.0 avail-
able on AZTI’s web page (https://www.azti.es/ accessed on 21 July 2021) with the updated
species list of December 2020 [24,30,31]. The boundaries of AMBI and M-AMBI were used
to define five ecological quality status classifications (high/undisturbed, good/slightly dis-
turbed, moderate/meanly disturbed, poor/heavily disturbed, bad/extremely disturbed)
according to Luo et al. (2014) [32].

3. Results
3.1. Species Composition and Biodiversity

Over the four seasons considered, a total of 69 macrobenthos species were identi-
fied. Gastropoda (33.3%, 23 species), polychaeta (26.1%, 18 species), and malacostraca
(23.2%, 16 species) dominated the community species richness, followed by bivalvia (8.7%,
6 species), actinopterygii (2.9%, 2 species), phascolosomatidea (1.4%, 1 species), anthozoa
(1.4%, 1 species), thecostraca (1.4%, 1 species), and nemertea (1.4%, 1 species).

The implementation of the two-way ANOVA revealed that the sampling season
only significantly influenced the malacostracans biomass and total biomass (all p < 0.05).
In contrast, the sampling site significantly affected the total biomass, the abundance of
all of the four important groups, and the biomass of gastropods, malacostracans, and
phascolosomatids (all p < 0.05). The interaction between season and site did not significantly
affect the abundance and the biomass of any taxonomic group or the whole community
(p > 0.05). The abundance and biomass data during all seasons could therefore be pooled
together to analyze spatial differences between sites. The results of LSD’s post-hoc tests for
these analyses are shown in Figure 2. Compared with the mudflat, S. alterniflora and 6- and
8-year-old K. obovata forests obviously increased the abundance and biomass of gastropods,
but the 14-year-old K. obovata forests and the reference K. obovata forest largely decreased
the abundance of gastropods relative to the mudflat. The malacostracans abundance in
the 6-year-old K. obovata forest was significantly higher than that of all other sites, while
the 6- and 8-year-old K. obovata forests and reference K. obovata forest had much higher
malacostracans biomass than all other sites. The 14-year-old K. obovata forest and the
reference K. obovata forest demonstrated significantly higher abundance and biomass of
phascolosomatids in comparison to all other habitats. The polychaetes abundance was
significantly higher at the mudflat, when compared to all vegetated habitats.

The two-way ANOVA indicated that the season significantly affected the H’ of mac-
robenthos (p < 0.05). However, neither H’ nor J was significantly affected by the site and
the interaction between season and site (p > 0.05), so we pooled the data from different
sites for further analyses. The results of LSD’s post-hoc tests showed that the H’ value of
macrobenthos was significantly higher in the summer than that of all the other seasons
(Figure 3).

https://www.azti.es/
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Figure 3. Shannon-Wiener diversity index (H’) and Pielous’s evenness index (J) of the macrobenthos
community at each season. Data in each season were pooled across six sites. The letters above bars
(a and b) indicate differences between seasons (p < 0.05), NS indicates no significant.

The species with the top three highest IRI values of the macrobenthos community
are shown in Table 1. The IRI values of the species changed strongly among the sites,
indicating a considerable difference in the macrobenthos community. For example, the
highest dominance of Optediceros breviculum was in the mudflat, S. alterniflora marsh,
and 6- and 8-year-old K. obovata forests, compared to a distinct dominance of Phascoloso-
matids in 14-year-old K. obovata forest and reference K. obovata forest. Tubuca arcuata was
found to be a dominant species in the 6-year-old K. obovata forests and reference K. obovata
forest, while this species was not dominant at other sites.
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Table 1. Species with high IRI values of the macrobenthos community at each site. N is the abundance percentage of
the species; W is the biomass percentage of the species. Gray cells are species considered to be a dominant species (with
IRI > 750).

Species MF SA KF6 KF8 KF14 RKF

N W IRI N W IRI N W IRI N W IRI N W IRI N W IRI

Cl 0.8 2.9 31.3 8.4 17.3 714.8 5.6 1.4 155.1 14.0 13.0 825.9 5.8 7.2 323.7 7.0 5.4 241.3
Ml 9.5 0.8 258.4 27.1 2.2 896.4 4.2 0.3 87.9 10.3 0.3 265.3 1.5 0.1 22.1 1.6 0.0 13.2
Ob 23.3 19.9 841.2 26.6 11.5 1271.5 36.3 3.9 1340.7 35.0 9.2 1349.4 14.9 4.3 479.9 10.5 1.4 265.8
Ta 1.4 17.1 308.6 0.5 7.7 45.5 6.2 28.9 876.9 6.3 33.8 668.5 3.6 12.5 224.0 6.6 23.4 750.2
Pa 0 0 0 1.2 1.8 25.1 3.4 5.9 129.2 0.4 1.3 4.9 46.5 42.9 2733.3 33.6 24.5 1775.8

Cl: Cerithideopsis largillierti; Ml: Mainwaringia leithii; Ob: Optediceros breviculum; Ta: Tubuca arcuata; Pa: Phascolosoma arcuatum. MF:
unvegetated mudflat, SA: S. alterniflora marsh, KF6: 6-year-old restored K. obovata forest, KF8: 8-year-old restored K. obovata forest, KF14:
14-year-old restored K. obovata forest, RKF: 11-year-old reference K. obovata forest.

3.2. Macrobenthos Community Structure

The cluster and PCO analyses visualized the seasonal and spatial variation in the
macrobenthos community structure. Cluster analysis showed considerable differences
between sites and the SIMPROF test identified three significant groups (significance level:
5%) based on the sites. Group A was composed of samples from the mudflat; group B
was composed of samples from the 6- and 8-year-old K. obovata forests and S. alterniflora
marsh; and group C was composed of samples from the 14-year-old K. obovata forest and
reference K. obovata forest (Figure 4a). The results of PCO testing for spatial variation were
consistent with those of the cluster analysis (Figure 4b). Three parts were mainly separated
in the PCO plot, and each part was composed of samples that were classified into the same
significant group during the cluster analysis. The first two axes of PCO explained 46.3% of
the total variation. Seasonal variation was not visually identifiable in both cluster and PCO
plots (Figure 4a,c).

The main test of PERMANOVA analysis revealed significant seasonal and spatial
variability in the macrobenthos community structure (Table 2a). Season and site signifi-
cantly affected the macrobenthos community (p < 0.05), but the interaction between the two
factors had no significant effects (p > 0.05). Pairwise comparisons showed that significant
differences existed in all pairwise combinations of seasons and sites except between the
summer seasons, between autumn and winter, and between the of 14-year-old K. obovata
forest site and the reference K. obovata forest site (Table 2b,c).
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Table 2. The test of PERMANOVA. (a) The main test of PERMANOVA analysis with “season”
and “site” as fixed factors. (b) Pairwise comparisons between pairwise combinations of seasons.
(c) Pairwise comparisons between pairwise combinations of sites.

(a)

Source df SS MS Pseudo-
F P (perm) U. perms

Sites 5 50,824 10,165 5.7172 0.001 999
Seasons 3 10,396 3465.5 1.9492 0.001 998

Sites × Seasons 15 28,458 1897.2 1.0671 0.302 998
Res 48 85,341 1777.9

Total 71 1.75 × 105

(b)

Seasons Spring Summer Autumn Winter

Spring 28.38% 0.001 0.004 0.046
Summer 68.62% 37.74% 0.022 0.091
Autumn 69.87% 64.38% 35.16% 0.428
Winter 73.11% 68.48% 68.64% 27.14%

Values on the diagonal are percent similarity within season (PERMANOVA analysis); values
below the diagonal are percent dissimilarity between seasons (PERMANOVA analysis).

(c)

Sites/
Habitats MF SA KF6 KF8 KF14 RKF

MF 28.52% 0.001 0.001 0.001 0.001 0.001
SA 73.05% 46.30% 0.001 0.037 0.002 0.001
KF6 74.21% 61.61% 46.61% 0.002 0.001 0.001
KF8 73.62% 58.11% 62.78% 41.56% 0.001 0.001

KF14 83.14% 69.05% 69.81% 70.95% 38.71% 0.247
RKF 83.85% 72.57% 67.79% 79.18% 60.68% 41.31%

Values on the diagonal are percentage of similarity within habitat (PERMANOVA analysis);
values below the diagonal are percent dissimilarity between habitats (PERMANOVA analysis).
MF: unvegetated mudflat, SA: S. alterniflora marsh, KF6: 6-year-old restored K. obovata forest, KF8:
8-year-old restored K. obovata forest, KF14: 14-year-old restored K. obovata forest, RKF: 11-year-old
reference K. obovata forest.

3.3. AMBI and M-AMBI

In the mudflat, S. alterniflora marsh, and 6- and 8-year-old K. obovata forests, the
interpretations of ecological status were globally consistent between the AMBI and M-AMBI
and classified all samples as having “good” quality status during the four seasons, except
that the ecological status of S. alterniflora marsh in the spring and the 8-year-old K. obovata
forest in the winter as assessed by the AMBI was “high”, and that of the 6-year-old K. obovata
forest in the summer was also “high”, as assessed by the M-AMBI (Figure 5a,b). These
results meant that the benthic environment of these four sites suffered slight disturbance.

However, in the case of the 14-year-old K. obovata forest and reference K. obovata forest,
the interpretations of the ecological status provided by AMBI and M-AMBI were different,
with the relative overestimation of AMBI. According to AMBI, the ecological status of
the two sites was “high” during the four seasons, while based on M-AMBI, the status
conditions were “good” (Figure 5a,b).
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4. Discussion
4.1. Seasonality in Macrobenthos Community

Seasonality exerted a strong influence on the biodiversity of the macrobenthos com-
munities in Maoyan Island, where the diversity (H’) of the macrobenthos community was
highest during the summer, coinciding with a higher rainfall intensity. Salinity acts as a
limiting factor in the distribution of intertidal organisms [33]. In the Yueqing Bay (charac-
terized by a subtropical monsoon climate), the rainfall usually peaks during the summer
and concurrently reduces the sediment and surface water salinity, which is conducive to
diversifying macrobenthos communities [34].

4.2. Influence of Non-Indigenous Mangrove and Spartina on Macrobenthos Communities

Changes in vegetation structure and sediment characteristics of coastal wetlands, in as-
sociation with the colonization of alien plants, may have cascading influences on the species
composition and occurrence pattern of native macrobenthos communities. Our results
support the correctness of previous generalizations; three distinct macrobenthos assem-
blages based on community structure and dominant species were distinguished between
the mudflat and S. alterniflora marsh and reference K. obovata forest, indicating whether the
invasion of Spartina or the plantation of non-native mangrove species intensively affected
the intertidal macrobenthos communities in Maoyan Island.

Compared to the mudflat and reference K. obovata forest, gastropods inhabiting
the S. alterniflora marsh had markedly higher abundance and biomass, with gastropods
O. breviculum and M. leithii being the dominant species in the S. alterniflora marsh, demon-
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strating that it is a more hospitable habitat for gastropods than the other two sites. Com-
pared with unvegetated mudflat, the facilitative roles of Spartina marsh on the development
of epifaunal gastropods are related to the vegetation structures, contributing habitat com-
plexity [35], increasing food availability [36], creating cooler and wetter conditions [35],
and acting as shelters that protect gastropods against predators and baffle currents and
waves away from gastropods [37]. Although mangrove trees appear to function similarly
to S. alterniflora plants, the S. alterniflora leaves seem to be more palatable for macrobenthos
than that of mangroves, because of lower concentrations of tannin and phenol, combined
with higher nutritional quality (lower C/N ratio) [38].

The variations in polychaetes assemblage among different habitats were very different
than those for gastropods. Both invasive S. alterniflora and planted K. obovata decreased
the abundance of polychaetes in comparison to mudflat to an extreme degree. This result
differed from existing paradigms regarding the positive effects of vegetation on poly-
chaetes [39,40]. However, tidal level is another determinant for polychaetes distribution
on intertidal zones [40]. The lower tidal sediment is moister and looser than upper tidal
zone as a result of lengthened periods of submergence, facilitating populations of intertidal
polychaetes [41]. Importantly, the zones with more frequent inundation have a greater
potential for polychaetes larvae to receive and survive, and consequently the recruitment
of polychaetes [41]. Thus, the scarcity of polychaetes in the two vegetated habitats might
be attributed to the higher tidal level despite the presence of vegetation.

In contrast to the mudflat and S. alterniflora marsh, malacostracans showed a signifi-
cantly higher biomass in the reference K. obovata forest, where the much higher dominance
of a burrower crab T. arcuata was observed. A complex burrow is of great importance
for these intertidal crabs to live, because animal burrows function as cooling space and
a water reservoir for intertidal organisms [42], reducing the threat of high temperatures
and desiccation. Within coastal wetlands, mangrove roots with intermediate density offer
construction units for crab burrows and encourage crabs to build more complicated bor-
rows, and in turn the over-dense root systems of S. alterniflora may impede the burrowing
activities of crabs severely [43]. The reference K. obovata forest had a providential density
of root systems, encouraging crab colonization.

The mangrove habitat has a low degree of environmental profitableness, due to
the poor nutritive value of the mangrove organic matter, sediment hypersalinity and
hypoxia [21], and high concentrations of tannins [44]. Therefore, species that are able to
endure these environmental conditions, such as p. arcuatum (the sole species in the Phascolo-
somatidea group in our study), may dominate mangrove macrobenthos assemblages [21].
This species is a typical osmoconformer that has a great tolerance to environmental stresses.
With a mud-filled gut as buffer, it can maintain a stable osmosis state against external salin-
ity changes [45]. In addition, p. arcuatum can detoxify sulfide in anaerobic conditions [46],
and synthesize polyunsaturated fatty acids from simpler precursors [47]. Such unique
physiological functions may explain the presently observed preponderance of p. arcuatum
in reference K. obovata forest.

4.3. Influence of Mangrove Restoration on Macrobenthos Communities

Mangrove forests in different successional stages usually support different macroben-
thos communities. During the restoration process, changes to local vegetation greatly
affect the shade condition, organic matter input, and physical structure of mangrove
habitat, which are key factors influencing macrobenthos organisms [48,49]. It follows
that macrobenthos communities are likely to change with forest development following
mangrove restoration.

In this study, mangrove forests had positive impacts on gastropods assemblage during
the early stages of restoration. Notably, we found a higher abundance of gastropods
inhabiting 6- and 8-year-old K. obovata forests, relative to those inhabiting the mudflat.
Gastropod O. breviculum, which was the most dominant species of all in the mudflat,
S. alterniflora marsh, and 6- and 8-year-old K. obovata forests, had increased dominance in
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the two mangrove stands. Mangrove habitats are believed to provide similarly attractive
living conditions to gastropods as the Spartina marsh does [50,51]. However, 14-year-old
K. obovata forest had much lower abundance and dominance of gastropods compared to
the younger ones. Mangrove gastropods are efficient consumers of benthic microalgae
(e.g., microphytobenthos and phytoplankton) [50,52], suggesting that their distribution and
abundance are largely determined by the availability of microalgae in surface sediment.
The younger K. obovata forests had more open flats, perhaps leading to more sufficient
light penetration for active growth of microalgae [53] and therefore larger abundance of
gastropods; in contrast, the old K. obovata forest with denser canopy might be less suitable
for algal growth [48].

In the present study, mangrove restoration appeared to have considerable effects on
the spatial distribution of the malacostracans assemblage. T. arcuata was the most common
malacostracan species throughout the entire sampling period. Significant difference in
dominance of this crab was observed among the restored K. obovata forests, with high
dominance in 6-year-old stand, probably because the semi-open habitat with moderate
light penetration is known to favor T. arcuata [23]. Moreover, since fiddler crabs usually
communicate by visual signaling or waving and the vegetation structure of mangroves
may hinder visibility [54–56], these crabs may tend to avoid the old K. obovata forests with
more complex structures.

During the restoration of K. obovata forests, p. arcuatum was found with distinct
dominance in the 14-year-old stand, but it was not yet dominant in the 6- and 8-year-old
stands. It could be inferred that p. arcuatum developed with the maturity of restored
mangrove forest. p. arcuatum is greatly responsive to the contents of soil organic matter,
which is one of the important food sources of this species [54]. Younger mangroves are not
capable of producing adequate organic matter in the soil due to the low productivity [57],
and these mangroves with undeveloped root systems cannot trap the same amount of
fallen detritus as old mangroves retain [58].

4.4. Assessment of the Ecological Effectiveness of Replacement Control

The replacement of invasive S. alterniflora with non-native mangrove species has
been proved to be feasible and effective in controlling the spread of S. alterniflora while
restoring mangrove wetlands, and it is shown to have more advantages (e.g., saving time
and money, having higher safety and avoiding pollution, longer-lasting control) than other
control measures [13,59]. In our study area, it was observed that S. alterniflora has almost
completely retreated from K. obovata communities, though it has still occupied the fringes
of K. obovata plantations. The efforts made in replacement control have basically met the
goals of achieving S. alterniflora control and mangrove restoration.

For successful restoration, it is critical to establish an ecosystem with similar ecological
functions to the undegraded ones. The community structure of macrobenthos offers an
insight through which to reflect the functionality and status of mangrove forest [23,60].
Our multivariate analyses showed that the macrobenthos community composition differed
between habitats of different restoration histories, with the divergence in community
structure between the non-restored S. alterniflora marsh and restored mangrove stands
increasing with mangrove stand age, to be substantially different for the stand stored
14 years ago. In addition, macrobenthos assemblages of the 14-year-old restored mangrove
forest and reference planted mangrove forest showed a remarkable degree of similarity,
particularly in respect of the specific dominance of p. arcuatum; whereas 6- and 8-year-old
stands possessed distinct macrobenthos community structure from the reference forest. It is
logical to conclude that at Maoyan Island, even though the process may take over a decade,
the ecological restoration using non-native mangrove species in habitats previously altered
by invasive Spartina can result in the gradual creation of mangrove ecosystem functions,
when consider macrobenthos development. Nevertheless, additional research is needed to
determine whether these restored mangroves can become a provider of ecosystem functions
and services resemble to nature mangrove forests (and if they can, for how long).
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4.5. Assessment of Benthic Ecological Status

AMBI and M-AMBI have been proven to be ecologically powerful to assess the impact
of anthropogenic pressures on marine ecosystem quality [30]. In general, the mudflat,
S. alterniflora marsh, and 6- and 8-year-old K. obovata forests were found to be slightly
disturbed (had good ecological status) based on both AMBI and M-AMBI. The exploitation
of these sites for capturing economic species (e.g., mud crabs, peanut worms, mudskippers,
and octopus) could be responsible for this situation. During the course of the year, such
activities by local fishermen through digging holes and setting cages on muddy substrates
were taking place everywhere.

Low values of AMBI implied superior benthic ecological status of 14 years K. obovata
forest and reference K. obovata forest to those of other sites. Mangrove transplantation
of restored wetland has demonstrated an improvement in benthic quality status when
compared to non-restored S. alterniflora and mudflat [61]. Moreover, the two older man-
grove stands are included in the government conservation area, where fishing activities are
forbidden and thereby human-induced disturbances are less. However, the assessment of
M-AMBI was relatively underrated compared to the findings by AMBI in the two sites. It
could be ascribed to the fact that AMBI tends to overestimate the benthic quality when a
single species was too abundant in the macrobenthos community [32], just like the fact that
p. arcuatum dominated the 14-year-old K. obovata forest and reference K. obovata forest in
this study.

5. Conclusions

Our results demonstrated: (a) some striking dissimilarities among macrobenthos
communities in the two non-indigenous vegetated types and in pristine mudflat; and (b)
the succession of the macrobenthos communities driven by the ecological restoration of
invasive S. alterniflora using K. obovata. When investigated 14 years after restoration, the
macrobenthos community was found to have a disparate structure from the non-restored
S. alterniflora marsh and achieved a similar community structure as that of an 11-year-old
planted K. obovata forest. Accordingly, we conclude that the macrobenthos community
structure can be significantly altered by S. alterniflora invasion and K. obovata plantation;
and the macrobenthos community of restored K. obovata forest reaches similar development
to a normally planted K. obovata forest about 15 years after it has been planted. These
findings indicate that ecological restoration of S. alterniflora using K. obovata mangrove
can play a certain role in restoring benthic habitats in a region that is beyond the natural
northern limit of mangrove in China. However, further investigation should be conducted
to determine whether other ecosystem features (e.g., sediment property, water quality,
trophic structure, etc.) would be restored. Finally, this paper emphasizes that an exotic
species used for ecological restoration must have demonstrated safety and harmlessness
for native habitats.
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