
Vol.:(0123456789)1 3

Ocean Science Journal (2021) 56:395–405 
https://doi.org/10.1007/s12601-021-00037-9

ARTICLE

Changes of the Macrobenthos Community with Non‑native Mangrove 
Rehabilitation (Kandelia obovata) and Salt Marsh Invasion (Spartina 
alterniflora) in Ximen Island, Zhejiang, China

Qiuxuan Wang1 · Li Song1 · Susana Agusti2 · Carlos Duarte2 · George Christakos1,3 · Jiaping Wu1 

Received: 30 April 2021 / Revised: 29 July 2021 / Accepted: 5 August 2021 / Published online: 25 October 2021 
© The Author(s), under exclusive licence to Korea Institute of Ocean Science & Technology (KIOST) and the Korean Society of Oceanography (KSO) and 
Springer Nature B.V. 2021

Abstract
Macrobenthos organisms are vital ecological components of intertidal wetlands. This work studied effects of non-native 
mangrove rehabilitation (Kandelia obovata) and salt marsh invasion (Spartina alterniflora) on macrobenthos communities 
in Ximen Island (Zhejiang, China). The macrobenthos communities were compared between rehabilitated K. obovata forests 
of five different stand ages (2-, 8-, 11-, 16-, and 60-year-old) and adjacent S. alterniflora marsh and non-vegetated mudflat. 
Compared to the mudflat, S. alterniflora increased the abundance, Shannon–Wiener diversity index (H’), and Margalef's 
richness index (d’) of macrobenthos. Gastropoda abundance was high in the S. alterniflora marsh, whereas, malacostraca bio-
mass was low. Within mangrove forests, macrobenthos abundance was positively correlated with the stand age of mangroves 
(Spearman Correlation, P < 0.05), but the corresponding H’, d’ and Pielou's evenness index (J’) showed negative correlations. 
Gastropoda dominated over macrobenthos in the younger stands (2–11 years in age), whereas, phascolosomatidea and bival-
via were more abundant in the older stands (16 and 60 years in age). Noticeably, the highest biomass for malacostraca was 
recorded from the 11-year-old stand. Macrobenthos communities differed among habitats, with the divergence in community 
structure between the S. alterniflora marsh and mangrove stands increasing with mangrove stand age, to be significantly 
different for stands planted over 16 years ago. Since the 16-year-old stand exhibited similar macrobenthos features to the 
60-year-old stand, we speculated that, in the case of macrobenthos, a rehabilitated K. obovata forest can reach its maturity 
level at a time period of about 15 years in Ximen Island.

Keywords  Kandelia obovata · Macrobenthos community · Mangrove rehabilitation · Stand age · Spartina alterniflora 
invasion

1  Introduction

Mangrove ecosystems are widely considered to be among 
the most productive and biodiverse ecosystems on the 
planet, providing a wide range of benefits to humans (Ellison 
et al. 2020). However, human population growth and coastal 

development have induced a substantial loss of mangroves 
globally (Romañach et al. 2018), impacting on coastal eco-
systems and human livelihoods (Duke et al. 2007). Grow-
ing awareness of the importance of mangroves has led to 
increased mangrove conservation and restoration projects 
around the world, including China (Chu et al. 2015; Elli-
son et al. 2020; Romañach et al. 2018). Recent assessments 
based on remote sensing, indicates that mangroves in China 
have recovered from 18,702 ha in 2000 to 22,419 ha in 2015 
(Jia et al. 2018).

Spartina alterniflora, a cordgrass native to North Amer-
ica, is among the most successful invasive plants in China 
(An et al. 2007). This aggressive invader has spread to all 
mangrove locations in coastal China (Zuo et al. 2012), and 
covers vast areas of previously bare mudflats around man-
groves as well as gaps within mangrove forests (Zhang et al. 
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2012). The expansion of the invasive S. alterniflora threatens 
native mangrove habitats (Chen et al. 2014), including pre-
venting the establishment of mangrove seedlings, especially 
in areas under strong human disturbance, which facilitate S. 
alterniflora’ growth (Zhang et al. 2012). Additional negative 
consequences of the expansion of the invasive S. alterni-
flora have been reported, including reduction of local bio-
diversity, competitive exclusion of native intertidal plants, 
modifications of coastal landscapes, and impacts on mudflat 
aquaculture (Mao et al. 2019; Wan et al. 2009). To address 
these issues, mangrove plantation has been proved efficient 
in preventing the spread of S. alterniflora while restoring 
mangrove stands (Chen et al. 2014; Feng et al. 2014; Zhou 
et al. 2015).

Macrobenthos play key roles in regulating ecological 
processes in coastal ecosystems. For example, they mediate 
the turnover and exportation of organic matter, facilitate the 
flow of energy and materials recycling, and act as links in 
coastal food webs (Lee 2008). Changes in coastal vegetation 
may cause changes in the associated macrobenthos assem-
blages (Fondo and Martens 1998; Neira et al. 2005). Hence, 
mangrove restoration to control S. alterniflora invasions also 
need recover biodiversity (e.g. abundance, diversity, rich-
ness, evenness) and community structure of macrobenthos 
to recover all its functional properties. Thus, assessment of 
macrobenthos community help assess the effectiveness of 
restoration efforts (Ashton et al. 2003; Koo et al. 2011), and 

can be applied to assess the outcome of mangrove restora-
tion to control S. alterniflora invasion in Chinese coastal 
areas.

Yueqing Bay, Zhejiang Province, China, has experienced 
severe S. alterniflora invasions since 1990s. Ximen Island, 
the biggest island in Yueqing Bay, is the northern boundary 
of mangrove distribution in China. In fact, no natural man-
groves were found in Zhejiang Province. The mangrove spe-
cies Kandelia obovata, a cold-resistant species with broad 
environmental tolerance, was introduced to Ximen Island 
in 1957 from Fujian Province. Successive K. obovata plan-
tations have since been conducted in the island, but most 
of them were subsequently destroyed by human activities. 
Several rehabilitation projects of K. obovata forests were 
conducted since 2000 to compensate for the destroyed man-
groves and to mitigate S. alterniflora invasion, resulting in 
an estimated K. obovata area of ≈ 30 ha in Ximen Island at 
present.

Here, we compare the macrobenthos communities in dif-
ferent aged stands rehabilitated K. obovata, areas invaded 
by S. alterniflora and unvegetated mudflats in Ximen Island. 
Specifically, we (1) examined changes in the macroben-
thos community with S. alterniflora invasion; (2) elucidate 
changes of the macrobenthos communities with stand age 
of rehabilitated mangrove forests; and (3) estimate the time 
required for a rehabilitated mangrove forest of non-native 
species to develop to maturity status.

Fig. 1   Location of Ximen 
Island and the sampling sites. 
YB Yueqing Bay. XI Ximen 
Island
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2 � Materials and Methods

2.1 � Sampling Sites Descriptions

This study was conducted in Ximen Island (28°33′N, 
121°18′E) (Fig. 1), Yueqing Bay, Zhejiang Province, China. 
Ximen Island covers a land area of 6.98 km2 and a mudflat 
area of 15.11 km2. This region has a humid subtropical cli-
mate. The mean (over the past 30 years) annual air tempera-
ture is 18.3 °C, the mean annual precipitation is 1595.7 mm, 
and the mean annual sunshine duration is 1714.6 h per year. 
Tides are regular semi-diurnal with a maximum range of 
8.34 m and an average range of 4.54 m (http://​www.​yueqi​
ng.​gov.​cn/).

To achieve our goals seven sampling sites were selected 
(Fig. 1). To examine the influence of invasive S. alterniflora 
on intertidal macrobenthos communities, one S. alterniflora 
marsh (denoted as SA) and one bare mudflat were selected 
(denoted as MF). In addition, five rehabilitated K. obovata 
stands, being planted in 1957, 2001, 2006, 2009, and 2015, 
respectively (denoted as KO60, KO16, KO11, KO8, KO2, 
respectively), were selected to understand the changes in 
macrobenthos communities at different successional stages 
of the mangrove forest.

2.2 � Sampling

Seasonal samplings of macrobenthos at each one of above 
sites were undertaken in October 2018, December 2018, 
March 2019 and July 2019 to represent the autumn, win-
ter, 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 sedi-
ment prior to shoveling. The collected sediment samples 
were then sieved by a 0.5 mm mesh to retrieve the macrob-
enthos. All the macrobenthos specimens were preserved into 
5% formalin, and the organisms were identified at the lowest 
taxonomic level possible under the Stemi508 (ZEISS), were 
counted and their fresh weighted to the nearest 0.0001 g on 
a precision electronic laboratory balance.

2.3 � Data Analyses

The following parameters were calculated to summarize 
the macrobenthos community structure for each sample: 
Shannon–Wiener diversity index (H’; log e based), Mar-
galef' s richness index (d), Pielou' s evenness index (J’), the 
total abundance, and the total biomass. Two-way ANOVA 
was applied to test for contributions of seasonal and spa-
tial changes to the variance in these parameters. Kolmog-
orov–Smirnov test was performed for the normality and 

Levene’s test for the homogeneity of variances. Because of 
the presence of heteroscedasticity, all parameters were ana-
lyzed by the Kruskal–Wallis test. The Mann–Whitney U test 
was then applied for pairwise comparisons if any significant 
differences were found in the Kruskal–Wallis test. The linear 
relationship between mangrove stand age and the parameters 
was tested using Spearman correlation analysis. The Excel 
2019 and MATLAB 2019a software were employed for the 
analyses.

Multivariate analyses were performed using PRIMER 
7.0. The seasonal and spatial variations of the macroben-
thos community structure were evaluated using non-metric 
multidimensional scaling (n-MDS) ordination in combina-
tion with hierarchical cluster analysis (group-average link-
ing) (Anderson et al. 2016). The Bray–Curtis dissimilarity 
matrix was constructed based on the square root transformed 
abundance data. To reduce the impacts of rare species, spe-
cies that contributed less than 1% of the total abundance 
were eliminated, and then species that accounted for more 
than 3% abundance of each sample were included again. 
Two-way analysis of similarities (ANOSIM) was employed 
to determine the statistical significance of differences among 
seasons and sites (Anderson et al. 2016).

The ABC curve (Abundance Biomass Comparison 
curve) was implemented to detect the stability of macrob-
enthos communities. When the biomass curve is above the 
abundance curve, the macrobenthos community can be 
considered undisturbed exhibiting high stability; when the 
two curves intersect or overlap with each other, the mac-
robenthos community is considered mediately disturbed 
exhibiting low stability; when the biomass curve is below 
the abundance curve, the macrobenthos community is con-
sidered heavily disturbed (Warwick 2008). This analysis 
was performed using the R software of the R package “ABC 
analysis”.

3 � Results

3.1 � Species Composition and Biodiversity

Over the four seasons considered, a total of 62 macrobenthos 
species were identified (Table S1). Gastropoda (40.32%, 25 
species), polychaeta (20.97%, 13 species), and malacostraca 
(19.35%, 12 species) dominated the community species rich-
ness, followed by bivalvia (9.68%, 6 species), actinopterygii 
(6.45%, 4 species), phascolosomatidea (1.61%, 1 species), 
and nemertea (1.61%, 1 species).

The Kruskal–Wallis tests revealed significant spatial dif-
ferences for every parameter (H’, d, J’, the total abundance, 
and the total biomass) among sites (P < 0.05), while no sig-
nificant seasonal difference was found (P > 0.05). Hence, the 

http://www.yueqing.gov.cn/
http://www.yueqing.gov.cn/
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data from different seasons were pooled together to examine 
the spatial patterns. Both H’ (average values ranged from 
1.09 to 1.98 among seven sites) and d (ranged from 0.88 
to 1.95) showed significant lower values in the 16-year-old 
mangrove stand and significant higher values in the 2-year-
old stand (both P < 0.05) (Fig. 2 a and b). J’ (ranged from 
0.57 to 0.86) in the 16-year-old stand was significantly lower 
than those in the other sites (P < 0.05) except the 60-year-old 
stand (Fig. 2c).

The pairwise Mann–Whitney U test showed that 
the abundance (average values ranged from 261.33 to 
1032.00 ind∙m−2 among seven sites) in the mudflat was 

significantly lower than those in the other sites (P < 0.05), 
and the highest value of abundance occurred in the 
60-year-old mangrove stand (Fig. 3a). Gastropods gener-
ally dominated the macrobenthos communities in the mud-
flat, S. alterniflora marsh, and the three younger mangrove 
stands (2-, 8-, 11-year-old stands), with high percentage 
of three species Optediceros breviculum, Assiminea lutea, 
and Mainwaringia leithii in most of these sites. The mac-
robenthos communities in the two older mangrove stands 
(16-, 60-year-old stands) were represented by Phasco-
losoma arcuatum belonging to phascolosomatidea and 
Xenostrobus atratus belonging to bivalve (Fig. 3a, seasons 

Fig. 2   Shannon–Wiener diver-
sity index (H’) a, Margalef’ s 
richness index (d) b, Pielou’ 
s evenness index (J’) c of the 
macrobenthos community at 
each site. Data in each site were 
averaged over all seasons
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Fig. 3   Abundance (ind·m−2) a 
and biomass (g·m−2) b of the 
macrobenthos community at 
each site. Data in each site were 
averaged over all seasons

Table 1   The top three dominant 
species in abundance and 
biomass for each site

Abundance Biomass

Dominant species ind·m−2 % Dominant species g·m−2 %

MF Mainwaringia leithii 78.67 30.10 Scylla serrata 51.90 38.92
Optediceros breviculum 56.00 21.43 Tubuca arcuata 28.41 21.30
Notomastus latericeus 13.33 5.10 Metaplax longipes 22.63 16.97

SA Assiminea lutea 102.67 19.90 Tubuca arcuata 38.44 31.12
Mainwaringia leithii 96.00 18.60 Pirenella cingulata 28.16 22.80
Xenostrobus atratus 49.33 9.56 Laomedia astacina 13.70 11.09

KO2 Optediceros breviculum 160.00 27.65 Tubuca arcuata 40.00 32.12
Assiminea lutea 58.67 10.14 Pirenella cingulata 22.66 27.74
Mainwaringia leithii 52.00 8.99 Phascolosoma arcuatum 7.96 6.40

KO8 Optediceros breviculum 124.00 25.62 Tubuca arcuata 41.00 41.81
Pseudomphala latericea 64.00 13.22 Parasesarma affine 22.66 23.11
Mainwaringia leithii 58.67 12.12 Pirenella cingulata 7.41 7.56

KO11 Optediceros breviculum 232.00 31.35 Tubuca arcuata 130.96 51.31
Cerithideopsis largillierti 105.33 14.23 Pirenella cingulata 57.58 22.56
Assiminea lutea 94.67 12.79 Cerithideopsis largillierti 13.09 5.13

KO16 Phascolosoma arcuatum 440.00 53.05 Phascolosoma arcuatum 117.85 57.37
Xenostrobus atratus 206.67 24.92 Tubuca arcuata 27.12 13.20
Optediceros breviculum 50.67 6.11 Parasesarma affine 19.74 9.61

KO60 Phascolosoma arcuatum 393.33 38.11 Phascolosoma arcuatum 101.61 42.49
Xenostrobus atratus 345.33 33.46 Tubuca arcuata 53.84 22.52
Optediceros breviculum 77.33 7.49 Xenostrobus atratus 17.84 7.46



400	  Q.  Wang et al.

1 3

Table 1). The average biomass (ranged from 98.07 to 
255.22 g·m−2) showed significant higher values in 11-, 
16-, 60-year-old mangrove stands than the other four sites 
(P < 0.05) (Fig. 3b). Malacostraca species Tubuca arcuata 
accounted for high percentage of biomass in every site, 
and the highest biomass of this species was found in the 
11-year-old mangrove stand. High dominance of other two 
carbs Scylla serrata and Metaplax longipes were found 

in the mudflat. And, P. arcuatum also dominated in the 
biomass of 16-, 60-year-old mangrove stands (Fig. 3b, 
seasons Table 1).

Their seasonal mean abundance (or biomass) and rela-
tive percentage to the total abundance (or biomass) are 
shown.

Within the five mangrove sites, significant positive 
correlations were found (Spearman Correlation, P < 0.05) 
between the total abundance and the total biomass and 
stand age, but significant negative correlations (P < 0.05) 
were found between H’, d and J’ and stand age (Fig. 4).

3.2 � Macrobenthos Community Structure

The n-MDS analysis found significant spatial differences 
in the macrobenthos community structure among different 
sites (Fig. 5a). Three distinct groupings can be classified 
based on sites, as a group of sampling sites composed 
of samples collected from the 16-, 60-year-old man-
grove stands, a group constituted by samples collected 
from the 2-, 8-, 11-year-old mangrove stands and the S. 
alterniflora marsh, and a separate group representing the 
community sampled in the mudflat. However, no obvi-
ous seasonal variation in the macrobenthos community 

Fig. 4   Spearman correlation coefficients between stand age and biotic 
parameters of the macrobenthos community

Fig. 5    n-MDS ordination for 
spatial a and seasonal b differ-
ences and cluster analysis c for 
spatial and seasonal differences 
in the macrobenthos community 
structure
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structure was found (Fig. 5b). Result of the cluster analy-
sis for spatial differences (Fig. 5c) was consistent with 
the n-MDS analysis. Two-way ANOSIM revealed that the 
macrobenthos community structure changed significantly 
among sites (Global R = 0.545, P = 0.001) and seasons 
(Global R = 0.198, P = 0.001), showing that spatial vari-
ations were noticeably stronger than seasonal variations 
(Table S2a). Pairwise tests found significant differences 
between all combinations of sites and seasons (P < 0.05), 
except between the sites of S. alterniflora marsh-, 11-year-
old mangrove stand- and 2-year-old mangrove stand 
(P > 0.05), and the seasons of Spring-, Autumn- and Win-
ter (P > 0.05) (Table S2b).

3.3 � Abundance Biomass Comparison (ABC) Curve

The ABC curve suggested moderate disturbance within all 
sites in certain seasons, apart from the 2-year-old mangrove 
stand and S. alterniflora marsh that were undisturbed dur-
ing all seasons (Fig. S1). In spring, only the mudflat was 
moderately disturbed; in summer, moderate disturbances 
were observed in 11-, 16-, 60-year-old mangrove stands; in 
autumn and winter, 16-, 60- year-old mangrove stands had 
moderately disturbed macrobenthos communities (Fig. S1).

4 � Discussion

4.1 � Changes of Macrobenthos Communities with S. 
alterniflora Invasion

Our results showed that the macrobenthos community was 
significantly altered by alien S. alterniflora. Specifically, 
compared to the mudflat, the abundance of macrobenthos 
was significantly higher in the Spartina marsh, where much 
higher gastropods abundance was observed. By contrast, 
malacostraca showed a higher biomass in the mudflat than 
the S. alterniflora marsh.

Spartina marsh is usually considered as a more suita-
ble habitat for gastropods when compared to bare mudflat, 
because the presence of vegetation can attenuate the harsh 
living conditions for gastropods in intertidal environments 
via increasing habitat complexity and heterogeneity (Hedge 
and Kriwoken 2000), serving as structural refuge against 
wave energy and predation (Lana and Guiss 1991), offer-
ing shade and hence reduced heat and dehydration stress 
(Sueiro et al. 2012), and providing food directly or through 
the epiphytic algae (Lana and Guiss 1991; Tang and Kris-
tensen 2010). Moreover, tidal level is another key factor 
in limiting the distribution of gastropods (Ma et al. 2020; 
Tang and Yu 2007). In the present study, the mudflat is 
located in the lower intertidal than the S. alterniflora marsh, 
the lengthy periods of inundation could be detrimental to 

the survivorship of gastropods (Bao et al. 2008). In the S. 
alterniflora marsh, the gastropods assemblage was mainly 
consisted of two deposit feeders A. lutea (Assimineidae) and 
M. leithii (Littorinidae). The small-scale distribution pattern 
of gastropods may be determined by their digestive enzyme 
activity level (Liu et al. 2014). Species with greater capac-
ity to digest saltmarsh-derived carbohydrates may obtain a 
higher dominance in salt marsh (Liu et al. 2014).

The aboveground vegetations in the S. alterniflora marsh 
significantly reduced the biomass of a burrowing crab M. 
longipes. This result was similar with a previous observa-
tion by Meng (2017), who found that M. longipes was more 
abundant in open mudflats than Spartina marshes as its bet-
ter endurance to light penetration and high temperature. This 
species had no dietary dependency on S. alterniflora leaves, 
and that the presence of vegetations could not decrease the 
predation risk for them (Meng 2017). Interestingly, a mud 
crab S. serrata was found only in the mudflat habitat. This 
large-size species is a roaming opportunistic carnivore with 
strong mobility, which may be impaired by dense vegetation.

4.2 � Changes of Macrobenthos Communities 
with Stand Age of Rehabilitated Mangrove 
Forests

Macrobenthos abundance, biomass and community com-
position differed among habitats, with the divergence in 
community structure between the S. alterniflora marsh and 
mangrove stands increasing with mangrove stand age, to be 
significantly different for stands planted over 16 years ago. 
The older stands (16-, 60-year-old stands) possessed a quite 
similar community structure, but it was significantly differ-
ent from that of the three younger stands (2-, 8-, 11-year-
old stands). The abundance and biomass of macrobenthos 
were positively correlated with stand age, whereas, the H’, d 
and J’ showed negative correlations. Stand age significantly 
affected biotic parameters of the macrobenthos communities 
of rehabilitated mangrove forests.

For the two older stands, the macrobenthos assemblages 
characterized by the distinct dominance of P. arcuatum (i.e. 
the sole species belonging to phascolosomatidea), which 
resulted in the reduced macrobenthos diversity in the habi-
tats. This finding was consistent with result reported for the 
Jiulongjiang Estuary by Chen et al. (2007), who found that P. 
arcuatum was the dominant species in the 43-year-old reha-
bilitated K. obovata forest, while it was not yet dominated 
4-, 7- and 19-year-old forests. Soil organic matter (SOM) 
contents, which are food sources of P. arcuatum (Chen et al. 
2007), have been demonstrated to increase with the devel-
opment of mangrove forests (Salmo et al. 2013), because 
mature mangrove forests are very efficient contribute higher 
organic loads and are more efficient at retaining organic-rich 
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sediment particles (Li et al. 2017). In addition, microbial res-
piration rates supporting by excess organic matters also lead 
to oxygen depletion and the accumulation of sulfide from 
anaerobic metabolisms (Magni et al. 2015). P. arcuatum is 
particularly resistant to such environments, as this species 
has special ability to detoxify sulfide in anaerobic conditions 
(Ip et al. 1997).

X. atratus (belongs to bivalvia), another species particu-
larly well represented in the older stands, is a common foul-
ing animal in Chinese mangrove ecosystems. Seawater salin-
ity (Lin et al. 2006) and distance from land (Ning and Lin 
2004) are the main factors driving their distribution pattern. 
Fouling species can exert adverse impacts on mangroves and 
can even be led to mangrove mortality (Li et al. 2009), sug-
gesting that control of the abundance of this species maybe 
required to maintain healthy mangrove stands.

Changes in macrobenthos assemblages with mangrove 
development are also related to the vegetation characteristics 
(e.g. canopy closure, tree height, diameter at breast height, 
etc.) (Li et al. 2017; Tang et al. 2012). Benthic environments 
shaded by mangrove canopies become cooler and wetter, 
promoting epifauna (Kon et al. 2010). However, heavy shade 
may lead to reduction in biomass of microphytobenthos, 
which are highly productive and are an essential source of 
food for mangrove epifauna (Kon et al. 2010). The develop-
ment of the mangrove forest results in denser canopy in older 
stands with concomitant stronger shading effects. The man-
grove forest at the late stage of succession is characterized 
by high shading, high salinity, and massive litter accumula-
tion, which have been shown to reduce microphytobenthos 
growth (Chen et al. 2015). On the contrary, the more open 
canopied of younger stands lead to higher availability of 
microphytobenthos, which can support a more diverse epi-
faunal community. In the present study, restored mangrove 
stands of 2 to 11 years in age were characterized by high 
epifaunal gastropods abundance, basically Assimineidae 
spp. (e.g. O. breviculum and A. lutea) and Littorinidae spp. 
(e.g. M. leithii), which were depleted in the communities in 
16- and 60-year-old mangrove stands. Similar results were 
reported by Macintosh et al. (2002) in Thailand, who found 
that Littorinidae, Assimineidae and Cerithidea were more 
representative snails in younger stands, whereas Neritidae 
and Ellobiidae were more abundant in mature forests.

Macrobenthos biomass peaked at intermediate stand 
ages, with the highest biomass found at the 11-year-old 
mangrove stand, dominated by the burrowing crab T. 
arcuate, which is known to occupy semi-open habitats 
with moderate light penetration (Macintosh et al. 2002). 
Mangrove canopies start to close at about 10 years after 
they were planted (Salmo et al. 2013) and, therefore, the 
11-year-old mangrove plantation could provide more 
suitable plant cover to T. arcuate than younger ones. 
Furthermore, burrowing crabs are strongly responsive to 

mangrove roots. Crab burrows in K. obovata forests may 
suffer less from the tide, since the buttresses and aerial 
roots of K. obovata trees consolidate the soil and protect 
the burrows (Li et al. 2015). However, Wang et al. (2014) 
proposed that intermediate levels of mangrove root density 
may encourage crabs to build more complicated borrows, 
whereas these activities may be hindered when root den-
sity is too high or too low. Thus, the peak biomass and 
dominance of T. arcuate in 11-year-old mangrove stands 
could be attributed to the moderate density of both the 
canopy and root system.

4.3 � Disturbances in Macrobenthos Communities

Warwick (2008) argued that the ABC curve is a tool to detect 
anthropogenic perturbation effects on assemblages of organ-
isms. Accordingly, in the present study, the corresponding 
ABC curves revealed that moderate disturbances are present 
in all sites except the S. alterniflora stand and the 2-year-old 
mangrove plantation. The existence of disturbances in these 
sites could due to aquaculture activities in nearby mudflats. 
Yang et al. (2007) found that remnant feeds and metabolites 
produced by fish cultures caused environmental degradation 
and severely disturbed the macrobenthos communities in 
Yueqing Bay. Moreover, the ABC curves suggested that in 
mangrove stands older than 2 years, the disturbances might 
also possibly be related to the capture of economic species, 
such as peanut worms, octopus, and mudskippers. When 
the field work of this study was conducted, we encountered 
many local fishermen collecting those species in mangrove 
stands during the course of the year. Mangrove forests can 
act as traps to accumulate marine garbage (Martin et al. 
2019), which can enter mangrove forests through tidal flush-
ing and human disposal. In our study, it was observed that 
several kinds of household waste (such as plastic products, 
glasses, food residues and discarded clothing) were found in 
almost all mangrove sites. Dissanayake and Chandrasekara 
(2014) suggested that, among all anthropogenic activities, 
domestic waste is the biggest threat to mangrove ecosystems, 
particularly non-degradable waste like polythene and plas-
tics that can affect the behavior and health status of macrob-
enthos. The degree of macrobenthos community disturbance 
depends on the cumulative effects of many disturbance-
contributing factors. Thus, further studies are necessary to 
determine how macrobenthos respond to cumulative effects 
at the individual, population and community levels.

4.4 � A Case of Mangrove Rehabilitation 
of Non‑native Species in China

Mangrove rehabilitation should target at optimizing eco-
system services alongside biodiversity rather than merely 
at recovering vegetation (Bosire et al. 2008; Brown et al. 
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2013). The results of the present study, as well as those of 
many previous studies (Chen et al. 2015; Li et al. 2017; 
Macintosh et al. 2002; Morrisey et al. 2003), have shown 
that different mangrove ages not only sustain significantly 
different environmental characteristics but also different 
macrobenthos assemblages, indicating that the ecosystem 
services and functions are not equivalent in different man-
grove ages. Planting new stands to compensate for losses of 
mangroves, therefore, may only yield the deserved ecologi-
cal outcomes after a lag time of stand development (Mor-
risey et al. 2003), which can be informed by the abundant 
experience on mangrove rehabilitation projects conducted 
in China. For example, in native K. obovata restored forests 
in the Jiulongjiang Estuary, macrobenthos communities and 
vegetation require about 20 years to reach maturation (Chen 
et al. 2007); in the Zhangjiang Estuary, 10-year-old restored 
K. obovata site is still considered to be developing toward 
stabilization, because of its lower macrobenthos biomass 
than the mature stand (Feng et al. 2014). In our study, the 
16-year-old stand exhibited similar community composi-
tion and dominant species of macrobenthos to the mature 
stand, but younger stands had largely different macrobenthos 
assemblages. Therefore, it can be reasonably assumed that 
in Ximen Island a rehabilitated non-native K. obovata forest 
can reach its maturity level, when considering the develop-
ment of macrobenthos, at an age of about 15 years.

5 � Conclusion

Our results demonstrated, (a) the striking dissimilarities 
between macrobenthos communities in the S. alterniflora 
marsh and in barren mudflat, and (b) changes in biodiver-
sity and community structure of macrobenthos with planting 
age of K. obovata stands. The 16-year-old stand reached a 
similar macrobenthos community structure as that of the 
mature stand. Accordingly, we conclude that the macrob-
enthos community structure can be significantly altered by 
S. alterniflora invasion and K. obovata plantation; and the 
macrobenthos community structure of rehabilitated K. obo-
vata forest reaches full development about 15 years after it 
has been planted. These insights are valuable for governing 
the aggressive invasion of S. alterniflora and monitoring the 
ecological development of mangrove rehabilitation sites in 
China, particularly in regions out the natural range of man-
grove distribution. Considering the importance of the mac-
robenthos community for the management and rehabilitation 
of mangrove ecosystems, further studies are needed to evalu-
ate the long-term effects of artificially planted mangroves on 
local habitats and macrobenthos assemblages and to explore 
the mechanisms of the potential ecological consequences.
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tary material available at https://​doi.​org/​10.​1007/​s12601-​021-​00037-9.
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