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ABSTRACT: To fight invasion of Spartina alterniflora and conserve biodiversity of migratory
shorebirds, several S. alterniflora marshes and bare mudflats have been restored back to Scirpus
mariqueter marshes in the Yangtze River estuary in recent years. Although it is known that
changes in plant cover in salt marshes alters the physical environment, findings on its effects on
benthic communities are inconsistent and site-specific. In the present study, we tested how ciliates
were influenced by a recent restoration. Ciliated protozoa play a key role in wetland benthic food
webs and are useful bioindicators. We investigated 3 habitats: restored S. mariqueter meadow, S.
alterniflora-invaded meadow, and bare mudflats, where we quantified environmental conditions,
community composition (species and traits), and 3 aspects of biodiversity (classic, taxonomic, and
functional diversity) over 4 seasons. CAP and ANOSIM were used to determine the differences
among samples, while RDA and GLMs were used to reveal potential driving factors. We found
that, although changes in the type of vegetation due to restoration or invasion significantly modified the sediment properties and ciliate species composition, it had limited influence on functional
trait composition as well as on diversity, especially on functional diversity. These results indicate
that the conversion of mudflats to S. mariqueter meadow did not affect ciliate community functions
at the time scale of this study. However, biomonitoring based on microbenthic communities should
be included when evaluating the long-term success of coastal wetland restoration.
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Coastal salt marshes provide important ecosystem
services. One of their essential functions is conserving high biodiversity of native species, including
nekton, invertebrates, waterbirds, and cryptic microorganisms, through providing food sources and diverse habitats (Ferguson & Rakocinski 2008, X. Li et
al. 2018). However, salt marsh ecosystems are facing
great pressures due to anthropogenic activities, such
as reclamation, eutrophication, exotic species invasion, and habitat alteration, including restoration,
which could fundamentally change the physical pro-

perties and ecological dynamics of marshes (Gedan
et al. 2009, X. Li et al. 2018).
Salt marshes in the Yangtze River estuary are undergoing rapid environmental changes. In particular,
the changes resulting from the invasion of Spartina alterniflora have received considerable attention over
the last 2 decades (Chen et al. 2007, Li et al. 2009,
Wang et al. 2010, Quan et al. 2016). S. alterniflora was
first introduced into the Yangtze River estuary in the
late 1990s for coastal protection and sediment trapping, but then spread rapidly along the east coast of
China (Li et al. 2009, Quan et al. 2016). In 2005, S. alterniflora marshes accounted for 49.4% of the total
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marsh area in the Dongtan wetland in this estuary (Li
et al. 2009). Its fast expansion negatively impacted native plants, including Scirpus mariqueter, which is endemic to China and mostly distributed in the Yangtze
River estuary (He et al. 2012). Since S. mariqueter
marshes are a key habitat to waterbirds and migrants,
the disappearance of S. mariqueter has a great influence on bird communities (Gan et al. 2009).
As the Yangtze River estuary is an important
stopover site for the migratory shorebirds in the East
Asian−Australasian Flyway, one of its valuable functions is conserving bird diversity, including some rare
and endangered species (Barter et al. 1997, Gan et al.
2009). Therefore, in recent years, restoration through
converting S. alterniflora stands and bare mudflats
into S. mariqueter marshes has been implemented.
Both natural and human-mediated changes in plant
cover influence the hydrodynamics and deposition of
sediments, and therefore alter the physical environment and ecosystem processes, e.g. nutrient cycling
and carbon allocation, which relate tightly to the
structure of associated animal communities (Cheng
et al. 2006, Whitcraft & Levin 2007, C. Li et al. 2018).
Therefore, it is important to evaluate not only vegetative characteristics, but also the impacts on benthic
communities from restoration in order to minimize its
current and future influences on the benthic ecosystem (Alphin & Posey 2000, Huspeni & Lafferty 2004).
However, few studies have been carried out on the
effects of the changes caused by restoration on
microhabitats, and available studies on benthic communities have primarily focused on the macrobenthos (Alphin & Posey 2000, Moseman et al. 2004, Ferguson & Rakocinski 2008).
Although eukaryotic microbial organisms play key
roles in wetland benthic food webs, since they
predate bacteria, benthic algae, and organic particles,
they have been largely ignored in biomonitoring programs due to the difficulties in identifying them
(Hamels et al. 2005, Weisse 2006, Weisse & Sonntag
2016, Cordier et al. 2018). As single-celled organisms,
they are highly sensitive to environmental changes,
especially impacts caused by human activities such as
organic enrichment and heavy metal contaminations
(Madoni 2000, Stoeck et al. 2018). Due to their short
generation times, protists have the ability to adapt
much faster after environmental changes compared
with macrofauna, which have much longer generation
times. Craft & Sacco (2003) suggested that, as some
groups of macrofauna may need as much as 25 yr to
achieve equilibrium, monitoring after salt marsh construction should be carried out for longer than 5 yr.
Therefore, employing single-celled eukaryotes as

bioindicators could easily provide an early warning
system for ecosystem dysfunction in marshes undergoing restoration, followed by longer-term assessment
of other parameters. Among eukaryotes, ciliates have
been successfully used to assess environmental status
in many coastal environments, including aquaculture
waters and estuary wetlands (Xu et al. 2016, 2018,
Forster et al. 2019). Ciliated protozoa are more easily
characterized taxonomically and functionally compared with other groups of protozoa, which makes
them suitable for use in monitoring programs.
While previous studies mainly included classic
descriptors such as abundance (individual number),
few have also incorporated taxonomic and functional
diversity (Alphin & Posey 2000, Ferguson & Rakocinski 2008). It has been demonstrated that since species
replacements do not always lead to changes in ecological functioning, classical diversity based on species identity and abundance provide an incomplete
view of biodiversity, as they do not take into account
the taxonomic and functional differences among species (Bremner et al. 2003, Villéger et al. 2010). Therefore, an integrative approach combining the 3
aspects of biodiversity, i.e. classical, taxonomic, and
functional diversity, is more informative and can provide a better understanding of general relationships
between community structure and ecosystem functions (McGill et al. 2006, Villéger et al. 2008, 2011,
Gusmao et al. 2016).
The rapid change in the dominant species of vegetation caused by salt marsh restoration and S. alterniflora invasions in the Yangtze River estuary in eastern China provide a good opportunity to study their
influences on the benthic ecosystem. In the present
study, we compared benthic ciliate species and trait
composition, as well as 3 aspects of biodiversity of
newly created S. mariqueter marshes, invaded marshes, and bare mudflats over 4 seasons. Our aim was
to address the following questions. (1) How does benthic ciliate community composition vary among the 3
habitats, at the taxonomic and trait level, and what
are the main driving factors behind their variation?
(2) Does the restoration of native S. mariqueter
marshes from bare mudflats have significant impacts
on benthic ciliate community functions?

2. MATERIALS AND METHODS
2.1. Study sites and sampling
The study was carried out in the tidal marshes
of the Nanhui wetland in the Yangtze River es-
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tuary, China (30° 57’ 38’’−30° 52’ 34’’ N, 121° 55’ 0’’−
121° 57’ 27’’ E; Fig. 1). This wetland area was created after a reclamation project in 2000−2002.
Spar tina alterniflora (hereinafter called Spartina)
first spread to the newly formed bare mudflats
from other wetlands in the Yangtze Estuary and
created dense and pure marshes in the east and
west ends of this area (Fig. 1). In order to prevent
further spreading of Spartina and establish beneficial habitat for migratory waterbirds, native
Scirpus mariqueter (hereinafter called Scirpus)
was planted in the middle bare mudflats in 2015
(C. Li et al. 2018). After about 3 yr, the re-built
Scirpus marsh had formed a dense stand about 1
km long along the dyke and 300 m wide towards
the sea (Fig. 1). This Scirpus marsh is mixed with
Spartina in some areas close to the dyke, while
in the lower tidal zone they form monocultures
(Fig. 1).
Sampling was carried out in April (spring), July
(summer), October (autumn), and December (winter) 2018. All samples were taken at low tide, and
during the sampling the sediment remained
moist. Three sampling sites in 3 habitats were
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selected, i.e. created Scirpus marshes, Spartina
marshes, and bare mudflats in the middle intertidal zone (Fig. 1). The 3 sites of the Spartina
marshes and bare mudflats are separated by spur
dykes, while those of the Scirpus marshes are
separated by tidal creeks (Fig. 1B,H). In the middle of each sampling site, three replicate 1 m2
sampling plots along the transect parallel to the
coastline were selected haphazardly which were
spaced about 10 m apart (108 samples in total).
Within each plot, the upper 2 cm of the sediment
was collected 3 times randomly using a modified
syringe (2.2 cm in diameter, ca. 4 cm2 in area)
and then mixed with glutaraldehyde (2 % final
concentration) (Lei & Xu 2011); 3 additional sediment samples were randomly collected from the
top 2 cm of each plot and then pooled together
for measuring environmental variables. For nutrient analyses, a water sample overlying the sediment was taken using Millipore syringe filters
with a pore size of 0.45 µm, and then 1.5 ‰ v/v
saturated HgCl2 added. A quadrat frame (0.5 ×
0.5 m) was used to measure the height of the
vegetation.

Fig. 1. (A) The 9 sampling sites in 3 habitats (Spartina alterniflora-invaded marshes, established Scirpus mariqueter marshes,
and bare mudflats) in Nanhui coastal wetland, Yangtze Estuary, China. (B) S. mariqueter marshes in July. (C) Detailed view of
S. mariqueter marshes in April. (D) Bare mudflat. (E) Detailed view of S. mariqueter marshes in October. (F) S. mariqueter
marshes in December. (G) Detailed view of S. alterniflora marshes in October. (H) Sites Sp1 and Sp2 in S. alterniflora marshes,
separated by spur dyke
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2.2. Ciliate identification and trait analysis

2.4. Diversity indices

Ciliates were extracted and stained from all 108
samples according to Xu et al. (2010). At the end of
this quantitative protargol stain (QPS) method, in
total 216 permanent slides containing extracted and
stained specimens from each sample were created.
Enumeration and identification was conducted using
microscopy (Olympus BX53) at 200× to 1000× magnifications. Each species was photographed at 400× or
1000× magnification. All electronic photos and permanent slides were deposited in the Laboratory of
Protozoology, East China Normal University (available from the first author by request). Identifications
followed mainly Carey (1992) and Lynn & Small
(2002). For each taxon, cell lengths of at least 5 individuals (or all individuals encountered if fewer than 5
were found) were measured with an ocular micrometer. The species abundance dataset was reduced to
retain only those taxa found in at least 2 samples to
avoid influence of too-rare species.
Five traits, sub-divided into 13 categories, were
selected according to Xu & Soininen (2019). The
traits reflect morphological characteristics (body size,
degree of flexibility, and body form) and behavior
(feeding and mobility) (Table S1 in the Supplement
at www.int-res.com/articles/suppl/m638p039_supp.
xls). Data on traits were mainly obtained from the literature (Pratt & Cairns 1985, Lynn 2008). A fuzzycoding procedure was used to account for an individual taxon displaying multiple trait categories
according to Xu et al. (2018). After obtaining the
‘taxa abundance by samples’ and ‘taxa by traits’ data
matrices, we then calculated the ‘traits by samples’
matrix using the ‘FD’ package in R 3.5.3 (Lepš et al.
2011, Laliberté et al. 2014). Analysis of ‘traits by samples’ showed how samples varied in terms of their
functional trait composition.

Three classic diversity variables, i.e. total number
of species (S), total number of individuals (N), Margalef’s richness (d), and a taxonomic diversity index
(average taxonomic distinctness, AvTD) were calculated using the submodule DIVERSE in the PRIMER
v.7.0.11 package (Warwick & Clarke 1995, Clarke et
al. 2014). An index of functional diversity, functional
divergence (FDiv), was computed using the ‘FD’
package in R 3.5.3 (Laliberté et al. 2014).

2.3. Measurement of environmental parameters
Salinity, pH, and temperature of the water overlying
the sediment were measured in situ at each sampling
plot using a salinometer and a pH meter (Spectrum,
pH400). Sediment grain size (SED) was determined
with a laser particle-size analyzer (Beckman Coulter
LS13 320). Total organic carbon (TOC) and total nitrogen (TN) contents were determined using a Vario EL
CHNOS elemental analyzer (as % dry weight of the
sediment). Nutrients (ammonia, nitrate, nitrite, phosphate, and silicate) were determined using a segmented flow analyzer (SKALAR Sanplus System).

2.5. Data analysis
Abundance data were square-root transformed
prior to analysis in order to downweigh the contributions of quantitatively dominant species to the BrayCurtis similarity which do not incorporate any scaling
of each species by its total or maximum across all
samples (Clarke et al. 2014). Environmental variables, except for pH and temperature, were logtransformed to remove the right-skewness and then
normalized to put them onto a common scale. The
Bray-Curtis similarity matrix based on species data
and a Euclidean distance matrix based on environmental variables were used in the submodule CAP
(canonical analysis of principal coordinates) of
PERMANOVA to show differences among communities (Anderson et al. 2008). Gowdis distance matrices
were generated based on traits by samples data
and log-transformed diversity indices. Three-way
ANOSIMs were used to determine significance of
differences of environmental conditions and community structure between samples with a mixed nested
and crossed design: ‘sampling site’ as a nested factor
in ‘habitat’ but crossed with ‘season’ (Clarke et al.
2014). In order to reveal seasonal changing patterns
in community composition and environmental conditions, we used RELATE to test the significance of
agreement between community composition matrices/environmental matrix and a cycle model matrix
within each habitat. RELATE calculates rank correlations between the elements of 2 similarity/distance
matrices and produces a matching coefficient (ρ),
which is then used in a permutation test (Clarke &
Ainsworth 1993). CAP, ANOSIM, and RELATE were
performed in PRIMER 7+ PERMANOVA (PRIMERE). We then used redundancy analysis (RDA) to
explain the main drivers in benthic ciliate species
and traits composition. RDA was applied with forward selection, using Monte Carlo permutation tests
(999 permutations), to select only those variables that
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significantly explained variation in the benthic ciliate
communities. Finally, we used a generalized linear
model (GLM) with Gaussian type on diversity indices
to examine the potential drivers. We started with a
full model, and the most parsimonious model was
selected based on Akaike’s information criterion
(AIC). Forward selection, RDA, GLM, and AIC were
carried out using the ‘packfor’, ‘vegan’, and ‘MASS’
packages in R 3.5.3 (R Development Core Team
2018).

3. RESULTS
3.1. Environmental variables
The ranges of all environmental variables in the 3
habitats in the 4 seasons are summarized in Fig. 2
and Table 1. Sediments were coarser in the bare flats,
with median grain size varying between 39 and
65 µm, compared to the marsh sites, where SED was
mostly < 30 µm. TOC content (0.076−0.32%) was
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higher in Spartina marshes than in bare flats and
Scirpus stands, except for in October, when the highest value was found in the bare flats. TN content
(0.022−0.058%) was relatively similar in all sites. In
general, nitrate concentration in the overlying water
(3.6−82.3 µmol l−1) tended to be higher than the
ammonium concentration (3.9−31.3 µmol l−1) and
slightly higher in the bare mudflats compared to the
2 marsh sites. Phosphate and silicate concentrations
were significantly lower in April (<1 µmol l−1 and
7−20.8 µmol l−1 for phosphate and silicate respectively) compared to the other months (1.4−2.8 and
46.5−122 µmol l−1 respectively) for all sites. Nitrite
concentration (0.1−1.1 µmol l−1) was higher in July
compared to the other months. Temperature varied
from 2.1°C in December to 28.3°C in July, while
salinity ranged between 8 and 17.2. pH varied
between 7.2 and 9.2 and was generally similar in all
sites. Spartina was conspicuously larger (34−121 cm)
than Scirpus (9−34 cm).
The CAP clearly separated the 3 habitats along
the second canonical axis (CAP2) and the 4 seasons

Fig. 2. Variation in environmental factors among the 3 habitats and 4 seasons (A: April; J: July; O: October; D: December).
(A) Sediment grain size (SED); (B) total nitrogen (TN) and total organic carbon (TOC); (C) silicate, nitrate, and ammonium;
(D) nitrite and phosphate; (E) pH, salinity (S), and temperature (T); and (F) vegetation height

20.4 ± 0.3
26.7 ± 0.1
20.0 ± 0.8
2.1 ± 0.6
8.5 ± 0.1
7.2 ± 0.1
7.5 ± 0.1
8.7 ± 0.1
19.21 ± 4.05
18.99 ± 6.85
27.32 ± 4.12
44.83 ± 11.73
0.029 ± 0.002
0.046 ± 0.005
0.036 ± 0.003
0.032 ± 0.003
Spartina alterniflora
Apr
24.0 ± 0.3
Jul
21.8 ± 2.2
Oct
26.1 ± 1.1
Dec
67.1 ± 16.2

0.182 ± 0.034
0.314 ± 0.037
0.228 ± 0.037
0.197 ± 0.033

20.84 ± 10.48
70.10 ± 8.57
68.06 ± 5.55
92.87 ± 15.08

0.43 ± 0.09
0.71 ± 0.20
0.33 ± 0.05
0.19 ± 0.02

5.90 ± 0.90
8.97 ± 2.43
18.11 ± 2.73
4.92 ± 1.02

0.86 ± 0.10
1.87 ± 0.08
2.15 ± 0.07
1.43 ± 0.09

12.3 ± 0.3
13.2 ± 0.1
13.1 ± 0.5
8.7 ± 0.5

9.3 ± 2.0
43.5 ± 1.4
36.4 ± 1.5
21.0 ± 2.7
22.9 ± 1.8
28.3 ± 0.1
19.2 ± 0.5
3.6 ± 0.2
8.8 ± 0.1
7.3 ± 0.1
7.7 ± 0.1
8.5 ± 0.1
3.62 ± 0.68
19.28 ± 1.26
23.20 ± 3.39
67.70 ± 10.52
0.022 ± 0.002
0.036 ± 0.007
0.036 ± 0.002
0.031 ± 0.003
Scirpus mariqueter
Apr
29.8 ± 1.9
Jul
26.6 ± 3.1
Oct
23.4 ± 0.6
Dec
31.2 ± 1.2

0.103 ± 0.013
0.209 ± 0.050
0.141 ± 0.014
0.173 ± 0.034

7.63 ± 0.68
122.24 ± 10.46
74.37 ± 4.34
46.54 ± 4.55

0.13 ± 0.02
1.11 ± 0.06
0.23 ± 0.02
0.53 ± 0.06

5.45 ± 0.40
31.30 ± 6.08
13.32 ± 1.14
6.22 ± 1.21

0.72 ± 0.04
2.81 ± 0.14
2.05 ± 0.07
0.92 ± 0.10

17.2 ± 0.3
8.2 ± 0.3
14.2 ± 0.3
8.0 ± 0.5

0±0
0±0
0±0
0±0
18.7 ± 0.5
28.1 ± 0.1
18.2 ± 0.7
6.4 ± 0.3
8.9 ± 0.1
7.6 ± 0.1
8.0 ± 0.0
9.2 ± 0.0
15.97 ± 6.16
36.53 ± 10.96
58.52 ± 11.55
82.34 ± 9.63
0.026 ± 0.004
0.035 ± 0.008
0.058 ± 0.017
0.038 ± 0.019
Bare mudflats
Apr
54.2 ± 16.4
Jul
39.9 ± 10.9
Oct
38.8 ± 12.3
Dec
64.9 ± 14.0

0.133 ± 0.034
0.193 ± 0.063
0.321 ± 0.100
0.076 ± 0.010

17.67 ± 4.73
80.63 ± 6.65
83.10 ± 2.41
76.69 ± 3.42

0.30 ± 0.11
0.98 ± 0.19
0.40 ± 0.08
0.56 ± 0.11

3.89 ± 0.50
15.63 ± 4.97
19.06 ± 5.63
10.26 ± 1.66

0.62 ± 0.08
2.23 ± 0.11
2.18 ± 0.08
1.73 ± 0.12

13.0 ± 1.0
12.1 ± 0.6
11.9 ± 0.8
9.3 ± 0.4

VH
(cm)
T
(°C)
S
pH
Nitrate
(µmol l−1)
Phosphate
(µmol l−1)
Ammonium
(µmol l−1)
Nitrite
(µmol l−1)
Silicate
(µmol l−1)
TOC
(%)
TN
(%)
SED
(µm)
Site/
season

Table 1. Mean (± SE) of the environmental variables for each habitat recorded across 4 seasons. S: salinity; SED: sediment grain size; T: temperature; TN: total
nitrogen; TOC: total organic carbon; VH: vegetation height

34.3 ± 1.8
104.1 ± 8.5
121.0 ± 6.1
114.0 ± 9.1
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along CAP1 (Fig. 3A). The ANOSIM test verified
the pattern shown in CAP that there were significant differences among the 3 habitats (R = 0.471,
p < 0.01; Table 2) and among the 4 seasons (R =
0.889, p < 0.01; Table 2). The RELATE procedure
detected a significant cycle pattern within each
habitat (ρ = 0.475, p < 0.01). The vector overlays of
the 12 environmental variables with the CAP axes
is shown in Fig. 3C. Vectors for pH, SED, and
nitrate point toward the bare mudflats and Scirpus
marshes collected in winter, while silicate and vegetation height point to the sample clouds of the 2
meadows (Fig. 3C). All other nutrients as well as
temperature and salinity point towards samples
collected in summer (Fig. 3C).

3.2. Community composition and
variation partitioning
A total of 60 ciliate species representing 42 genera,
30 families, 17 orders, and 9 classes were recorded
(Table S2 & S3). These included 26 species previously recorded in nearby salt marshes at Chongming
Island (Xu et al. 2018); the other species were
reported in salt marshes in Yangtze River Estuary for
the first time. Generally, the most abundant species
belonged to 2 classes, i.e. Litostomatea and Prostomatea (Table S3). Ciliate species composition clustered
according to habitat and sampled season (Fig. 3B).
For example, ciliate communities of Scirpus marshes
are located in the negative range of CAP2, while that
of Spartina marshes are located closer to communities of bare mudflats, which are in the positive range
of CAP2 (Fig. 3B). Communities collected in October
are separated from other seasons by CAP1 (Fig. 3B).
ANOSIM demonstrated significant differences among
the 3 habitats (R = 0.198, p < 0.01; Table 2) and
among 4 seasons (R = 0.471, p < 0.01; Table 2). The
RELATE procedure detected a significant cycle pattern within each habitat (ρ = 0.177, p < 0.01). Vector
overlay of Pearson correlations of typical species with
the CAP axes is shown in Fig. 3D. Vectors for 3 species (Holophrya caspica, H. aklitolophon, and Kentrophyllum setigerum) point toward the sample cloud
for bare mudflats and Spartina marshes collected
in October; vectors for 4 species (Litonotus sp1, L.
fusidens, Metacystis striata, and Chaenea minor)
point toward the samples cloud for Scirpus marshes
collected in October and December; vectors for 3
species (Loxophyllum spirillum, Phialina salinarum,
and Litonotus cygnus) point toward the samples
cloud for bare mudflats and Spartina marshes col-
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Fig. 3. (A,C) Canonical analysis of principal coordinates on Euclidean distance from normalized log-transformed environmental data and (B,D) Bray-Curtis similarities from square-root-transformed benthic ciliate species abundance data, with (C)
correlations of environmental variables, and (D) typical species (only vectors with correlation > 0.3 are shown). The numbers
along the plotted lines in (A) and (B) refer to sampling month. All replicate samples are included for analysis. S: salinity; SED:
sediment grain size; T: temperature; TN: total nitrogen; TOC: total organic carbon
Table 2. Output from 3-way ANOSIM with ‘sampling site’ as a nested factor in ‘habitat’ but crossed with ‘season’, examining
variance of environmental conditions, community composition, and 5 diversity indices between samples. AvTD: average taxonomic distinctness; d: Margalef’s richness; Env: environment variables; FDiv: functional divergence; N: total number of
individuals; S: total number of species. *p < 0.05, **p < 0.01

Habitat
Season

Env

Species

Traits

0.399**
0.882**

0.198**
0.471**

0.126
0.291**

lected in April, July, and December; and vectors for 2
species (Metopus halophila and Chaenea sapropelica) point toward the samples cloud for Scirpus
marshes collected in April and July (Fig. 3B).
The results from RDA revealed that 6 environmental variables, i.e. SED, TOC, nitrite, phosphate, tem-

S
−0.053
0.204**

N
0.111
0.286**

d
−0.043
0.131*

AvTD

FDiv

0.033
0.174**

−0.03
0.009

perature, and height of vegetation, had significant
influence on species composition by explaining 2.2,
1.9, 1.0, 2.2, 1.1, and 2.4% (adj. R2) of total variation,
respectively (Table 3).
Based on ANOSIM, ciliate trait composition
shows significant differences among 4 seasons (R =
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0.291, p < 0.01; Table 2), but the difference among
3 habitats is not significant (R = 0.126, p > 0.05;
Table 2). The results from RDA revealed that the
trait composition was only related significantly to
SED, nitrate, and temperature, which explain 2.8,
2.1, and 2.3% (adj. R2) of the total variance,
respectively (Table 3).

3.3. Diversity patterns
Based on ANOSIM, the differences among all 5
diversity indices among the 3 habitats are not significant (Fig. 4, Table 2).
According to the GLMs, S showed a significant
negative correlation with TOC and silicate, N did not

Table 3. Standardized coefficients for multiple regression (diversity indices), and adjusted R2 (%) for redundancy analyses
(RDA; community compositions). AIC: Akaike’s information criterion; AvTD: average taxonomic distinctness; d: Margalef’s
richness; FDiv: functional divergence; N: total number of individuals; S: total number of species; SED: sediment grain size;
T: temperature; TN: total nitrogen; TOC: total organic carbon; VH: height of vegetation. *p < 0.05, **p < 0.01. (−): variables not
selected by the forward selection before RDA or not included in the most parsimonious regression model based on AIC
Variable

SED
TN
TOC
Silicate
Nitrite
Ammonia
Phosphate
Nitrate
pH
Salinity
T
VH
Intercept
AIC

RDA results
Species composition
Trait composition
2.2**
−
1.9**
−
1.0*
−
2.2**
−
−
−
1.1**
2.4**

2.8**
−
−
−
−
−
−
2.1*
−
−
2.3**
−

S
−
−
−0.23*
−0.21**
−
−
−
−
−0.15
−
−
−
1.77**
234.48

Multiple regression results
N
d
AvTD
−
−
−0.17
−
−
−
−
−
−
0.21
−
−0.16
2.39**
332.95

0.10*
−
−
−
−
−
−
−
−
−
0.16**
−
1.10**
83.637

−
−
−
−
0.16*
−
−
−
−
0.32**
−
−
3.14**
212.57

FDiv
−
0.03*
−
−
−0.04
−0.05**
−
−
−0.05*
−0.03
−
−0.03
0.49**
−100.6

Fig. 4. Box plots of the classical, taxonomic, and functional
diversity indices of the 3 habitats (B: bare mudflats; Sc: Scirpus mariqueter; Sp: Spartina alterniflora) in 4 seasons. (A)
Number of species per ml (S); (B) number of individuals per
ml (N); (C) Margalef’s richness (d); (D) functional divergence (FDiv); and (E) average taxonomic distinctness
(AvTD). Box limits: upper and lower quartiles; dots: outliers;
midline: median; whiskers: 95% confidence intervals
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show significant correlation with any variables, d
scaled positively with SED and temperature, AvTD
increased significantly with nitrite and salinity, and
FDiv had a significantly positive relationship with TN,
whereas the relationship with ammonia and pH was
negative (Table 3).

4. DISCUSSION
4.1. Effects on environmental condition
It has been documented that changes in plant
structure play a significant role in shaping the sedimentary abiotic condition (Talley & Levin 2001). In
the present study, we found significant differences in
the environmental factors among the 3 habitats and 4
seasons. Among these variables, SED, TOC, and vegetation height showed clear differences among habitats, while others were more influenced by season
(Fig. 2, Table 2). In our results, SED in bare mudflats
is larger than in the 2 meadows. This finding is consistent with a previous study which found that plants
trapped fine-grained sediment (Yang et al. 2008). We
found comparatively higher TOC in Spartina stands
than in the other 2 habitats. This result agrees with
previous studies which noted that invasion of
Spartina in the Yangtze River estuary has significant
impacts on TOC in surface sediment, since this C4
plant species possesses a higher photosynthetic efficiency and greater biomass compared with C3 Scirpus (Cheng et al. 2006, Liao et al. 2007). The CAP
analysis showed that the environmental variables of
restored Scirpus stands are more similar to Spartina
stands compared to bare mudflats. This suggests that
the environmental conditions have been altered fundamentally due to the conversion of bare mudflats to
Scirpus meadow in these areas and that the mere
presence of vegetation has a stronger influence on
shaping abiotic variables rather than the type of
these 2 plants.

4.2. Effects on microbenthic community structure
In the present study, the species composition of the
benthic ciliate community differed significantly among
the 3 habitats. Previous studies on the influence of
Spartina invasion on benthic community structure
noted similar results for both meiobenthos and
macrobenthos, whose communities changed significantly between invasive and native meadows in the
Yangtze River estuary (Chen et al. 2007, Li et al.
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2009). In contrast, in our study, the trait composition
was not significantly different among the 3 habitats.
These results were supported by RDA analysis showing that the vegetation height could explain 2.4% of
the variation in species composition, while trait composition was only significant correlated with SED,
nitrate, and temperature. Although SED varied
among the 3 habitats, it also exhibited clear seasonal
shifts, similar to nitrate and temperature, which may
explain the significant difference in trait composition
among the 4 seasons.
As with trait composition, none of the diversity
indices of the ciliate communities were significantly
different among the 3 habitats. Previous studies on
the influences of Spartina spp. invasion on classic diversity of meio- and macrobenthic communities compared with uninvaded areas reached inconsistent
conclusions. Chen et al. (2005) found lower numbers
of individuals and richness of macrofauna in invaded
meadows. Neira et al. (2005) reported species richness
in Spartina stands to be higher than in native marshes
but lower than in mudflats. Other studies showed
non-significant differences in diversity between exotic
and native marshes (Hedge & Kriwoken 2000, Li et al.
2009, Wu et al. 2009, Quan et al. 2016) or changing
impacts according to study sites and seasons (Talley &
Levin 2001). In the present study, although we found
the species composition to be influenced significantly
by the type of vegetation, the classic diversity indices
did not change, which indicates that species replacement happened among habitats.
A previous study on meiobenthos postulated that
altered species composition caused by exotic plant
invasions may eventually impact the functioning of
benthic ecosystems by altering the food web (Wu et
al. 2009). However, Villéger et al. (2010) pointed out
that changes in species composition due to species
replacement do not necessarily lead to changes in
ecosystem functions, since different species may
share similar functions. The latter is supported by the
present study: based on CAP analysis, the typical
species in each habitat shifted, but most of them
belong to Prostomatea and Litostomatea and share
similar functional traits, which leads to unchanged
AvTD and FDiv among habitats. Therefore, since
typical species were replaced by taxonomically and
functionally similar organisms, the effects of changes
in vegetation type on benthic ecosystem functions
might be small. Our findings agree with a previous
study on the functional diversity of testate amoeba in
a restored floodplain, which showed that the difference between the restored area and the reference
site were not significant (Fournier et al. 2012).
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GLM analyses also showed that AvTD and FDiv
strongly correlated with nutrients (TN, ammonia, and
nitrite), as well as with pH and salinity, which indicates that nitrogen-related nutrients could have
stronger effects on these 2 diversity indices. This
finding is consistent with previous studies in that
both taxonomic and functional diversity indices can
be used to indicate anthropogenic impacts, such as
nitrogen eutrophication (Xu et al. 2016, 2018).
However, changes in the type of vegetation resulting
from marsh restoration show little influence on these
indices.
Other environmental variables such as hydrodynamic conditions could potentially be modified by
Spartina invasion. Quan et al. (2016) found that,
compared with Scirpus, stands of Spartina significantly decreased water velocity and increased sediment deposition rate, but macrofauna species density did not exhibit differences between habitats.
We did not measure hydrodynamic conditions and
did not detect significant differences in ciliate
diversity among the 3 habitats, suggesting that
hydrodynamic effects on benthic ciliates were not
significant. A small amount of variation in ciliate
species composition was explained (10.8%) by the
environmental variables in our study, which is generally smaller compared with benthic diatoms
(21.6% explained in Jyrkänkallio-Mikkola et al.
2017) and similar or larger than benthic bacteria
(12.9% explained in Heino et al. 2014, 3.4% in
Jyrkänkallio-Mikkola et al. 2017). Unexplained
variation in ciliate communities in RDA may be
related to some unmeasured variables, such as food
supply or biological interactions (potential predators
or competitors). Another shortcoming in the present
study is that it was carried out for only 1 yr; longterm evaluation is required in future to study the
changes in ciliate communities along a chronosequence following salt marsh restoration and compare the rate of colonization between microbenthos
and macrobenthos.

5. CONCLUSIONS
Our results indicate that environmental variables
among the 3 habitats differed significantly, especially SED, TOC, and vegetation height, which led to
significantly different species composition of the
benthic ciliate community. However, the difference
in functional trait composition was not significant
among the 3 habitats. Together with the results from
the CAP analysis, we found that species replacement

among the 3 habitats mainly occurred within 2 ciliate
classes, i.e. Prostomatea and Litostomatea, sharing
similar functional traits, and therefore led to unchanged taxonomic diversity and functional diversity. Our findings suggest that the effects of a change
in vegetation due to Scirpus restoration on the benthic ciliate community were not significant at the
time scale of the present study. Long-term monitoring is necessary in the future to study the temporal
changes in ciliate communities following salt marsh
restoration.
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