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Abstract Because wetland restoration projects are becoming
more common and are expensive, it is important to evaluate
their success. Evaluation studies common use measurements
of soils, vegetation, hydrology and wildlife to evaluate the
success of wetland restoration. In contrast, the diversity of
macrobenthos and their relationships with environmental fac-
tors are often neglected. To better understand the success of
wetland restoration, we examined the abundance and diversity
of macrobenthos in different stages of a freshwater wetland
restoration project in the Yellow River Delta in China, with
reference to environmental factors that might explain
macrobenthic patterns. Macrobenthic species richness and
density were greater in the oldest restoration area versus the
younger and no-treatment areas. Macrobenthic biomass, how-
ever, was greatest in the no-treatment area. The oldest resto-
ration area had deeper water levels, lower salinities, softer and
wetter soils, and higher soil organic, nitrogen and carbon con-
tents, and these variables largely distinguished the
macrobenthic samples in a CCA analysis. A combination of
landscape position and recovery time (time since the restora-

tion was implemented) likely explains the abiotic differences
among restoration areas. We recommend an adaptive manage-
ment strategy, guided by long-term monitoring and experi-
ments, to improve the success of this and other wetland resto-
ration projects.
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Introduction

Estuarine wetlands occur in places where rivers merge into the
open seas (Mitsch and Gosselink 2007), and are characterized
by a gradient of fresh, brackish and salt marshes from the
upper to the lower parts of the system (Batzer and Sharitz
2006). Estuarine wetland ecosystems are valued for their mul-
tiple functions in biodiversity conservation, sea defense, car-
bon storage and support for life in the adjoining ecosystems
(Millenium Ecosystem Assessment 2005; Boon et al. 2014).
Estuarine wetlands, however, are often disturbed by anthropo-
genic stressors. In particular, coastal wetlands are often lost
completely due to land reclamation (De Paz et al. 2008;
Bulleri and Chapman 2010; Golubkov and Alimov 2010;
Warwick and Somerfield 2010; Bai et al. 2013; Sukumaran
et al. 2013; Ling et al. 2014; Wang et al. 2014).

One response to the widespread loss of coastal wetlands
has been increased interest in wetland restoration and creation
(Cui et al. 2009; Niu et al. 2011; Barbier 2013; Martinez-
Martinez et al. 2014; Rowe and Garcia 2014). Many restora-
tion and creation projects have been implemented, but the
value of the projects is often difficult to assess (Broome
1990; Josselyn et al. 1990; Broome and Craft 2000). Many
projects lack any type of monitoring to evaluate success, and
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others have very limited monitoring, typically focused on
short-term measurements of vegetation (Mitsch and Wilson
1996).

Ideally, monitoring would focus not just on vegetation but
also on macrobenthos (Dou et al. 2014). Macrobenthos are a
key constituent of wetland ecological systems, and provide a
variety of ecosystem functions including promoting biogeo-
chemistry cycling, processing matter deposition, and provid-
ing food for birds and fishes (Herman et al. 1999; Kristensen
et al. 2014; Pinto et al. 2014; Schlacher et al. 2014). In addi-
tion, macrobenthos are sensitive indicators of environmental
quality, with community structure varying as a function of
water depth (Conlan et al. 2008), sediment characteristics
(Picanço et al. 2014), and salinity (González-Ortegón et al.
2015). Fully assessing the success of a project would also
include examining additional taxa and ecosystem functions
(Benayas et al. 2009).

Other issues with many restoration projects are that moni-
toring does not last long enough to ensure that wetlands are
sustainable, and adaptive management changes are not used to
address inadequate outcomes (Broome and Craft 2000;
Moreno-Mateos et al. 2012). As a result, we simply do not
know if many restoration projects have been effective (Mitsch
and Wilson 1996).

To address the utility of monitoring macrobenthos in addi-
tion to vegetation in evaluating restoration success, we studied
a large wetland restoration project located on the Yellow River
Delta in China. Wetlands in the area were degraded in 1996
when they were cut off from their historical water supply (Cui
et al. 2009). The two phases of restoration, totaling 9350 ha,
sought to reverse this process by delivering freshwater from
the Yellow River into the degraded area. To date, studies of the
restoration have focused only on changes in water, soil, and
vegetation (Tang et al. 2006; Cui et al. 2009). We sought to
build on this past work by (1) evaluating restoration outcomes
in the different stages of the project by measuring
macrobenthos in addition to vegetation and edaphic variables,
(2) examining relationships between macrobenthos and envi-
ronmental factors to better understand the factors determining
macrobenthic community structure in this area, and (3) pro-
posing adaptive management strategies based on our findings
to improve restoration outcomes in this and other projects.

Materials and Method

Study Area

The Yellow River Delta is located north of Shandong
Province, China at 118°33′E–119°20′E; 37°35′N–38°12′N,
where the Yellow River flows into the Bohai Sea (Fig. 1).
The region has a temperate and semi-humid continental mon-
soon climate with irregularly semidiurnal tide. The average

annual temperature is 12.1 °C, with 196 frostless days and
average annual precipitation and evaporation of 551.6 mm
and 1962 mm, respectively (He et al. 2009; Cui et al. 2011).
The Yellow River Delta Natural Nature Reserve was
established by the Chinese government in 1992 to protect
the wetland ecosystem because the delta plays an important
role in diversity conservation. Periodic course changes of the
Yellow River have resulted in changes in the landscape and
the degradation of some wetlands (Zhang andWang 2008). In
particular, some freshwater wetlands in the Yellow River
Delta that were previously dominated by Phragmites australis
degenerated as a result of the scarcity of freshwater when the
course of the Yellow River was artificially changed in 1996
(Cui et al. 2009). In June 2002, a wetland restoration project
(the BFive Acres Wetland^) covering 2650 ha was initiated in
the core zone of the Da Wenliu Management Station. In 2006,
another wetland restoration project (the BTen AcresWetland^)
covering 6700 ha was initiated adjacent to the first project.
The two projects are located 4 km from the south of the current
path of the Yellow River and 15 km east from the river en-
trance to the Bohai Sea, with the geographic center at N 37°45′
48.4″ and E 119°03′07″. The restored locations lie in a low
plain that inclines to the sea at a slope of 0.1 ‰ to 0.2 ‰.

The approach to wetland restoration in both projects used
water management measures such as dikes, control breaks,
and pumps to increase freshwater delivery during the dry sea-
son and storage, with the goal of generating large stands of
Phragmites australis and areas of open water suitable for wa-
terfowl (Li et al. 2011). Apart from natural rainfall, almost all
the water required by the wetland restoration is pumped from
the Yellow River. After 10 years, plant communities dominat-
ed by Phragmites australis have re-established in the Five
Acres Wetland (Fig. 1d). Six years after the second restoration
project began, the habitat that was historically intertidal mud-
flat is now dominated by large areas of open water with some
vegetation cover and mudflats (Fig. 1e). An adjacent area that
has not been restored (R0) is currently dominated by large
areas of intertidal mudflat and small patches of Tamarix
chinensis.

Sample Collection and Identification

Macrobenthos

To document the composition of macrobenthos, we sampled a
total of 52 plots in R2002, R2006 and R0 (Fig. 1c). We collected
a three rectangular sediment samples (33 cm long×30 cm
wide×20 cm deep) in each of the plots in the autumn of
2012 using a stainless steel can-corer. We passed each sample
through a 0.45 mm sieve, and the macrobenthos retained on
the sieve were fixed in a 4 % buffered formalin. All
macrobenthos were identified (in most cases to species level)
under a dissecting microscope, counted, and weighed.
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Environmental Factors

To identify factors that might explain macrobenthos commu-
nity structure, we also sampled biotic and abiotic variables at
each plot. We recorded the identify of all vascular plant spe-
cies present and their coverage (visually estimated) in three
replicate quadrants (1 m×1 m) for each sample plot. We har-
vested above-ground biomass from a 50 cm×50 cm quadrat
centered in each 1×1 m quadrat, and measured below-ground
biomass collected from three replicate soil cores (10 cm in
diameter×20 cm in depth) located adjacent to each 1×1 m
plot. Above- and below-ground biomasses was air dried for
28 days and weighed.

To characterize abiotic conditions, we measured water
depth and soil salinity, hardness, pH, moisture content, bulk
density, porosity, organic matter, total nitrogen, and total car-
bon in each plot. Water depth was measured using a ruler. Soil
hardness was measured using a soil penetrometer. We collect-
ed three replicate soil cores (5.05 cm in diameter×5 cm in
depth) in each sample plot to determine soil salinity, pH,

moisture content, bulk density, porosity, organic matter, total
carbon, and total nitrogen. Soil cores were weighed and dried
in an oven (60 °C, 48 h), and reweighed to determine moisture
content, bulk density, and porosity. Soil pHwasmeasured on a
1:5 dry soil: water mixture, and pore water salinity using the
rehydration method (Pennings et al. 2003; Cui et al. 2011).
Soil total carbon (TC) and nitrogen (TN) were analyzed by
TOC analyzer (TOC-V, Japan) and continuous-flow analysis
instrument (AA3, Europe), respectively. Soil organic matter
(SOM) was determined by Walkley-Black Method following
Sikora and Moore (2014).

Data Analysis

We first compared macrobenthos, vegetation and abiotic var-
iables among the three sampling areas using Analysis of
Variance (ANOVA). Data were transformed (log10(x+1) or
square-root) when necessary. Plant species richness (S) and
plant Shannon diversity (H’) did not meet the normality

Fig. 1 Study area and sampling plots: (a) location of Yellow River Delta
Natural Nature Reserve in China, (b) study area within the Yellow River
Delta, and (c) closeup of study area and sampling plots. R2002 represents
the first wetland restoration project which was initiated in 2002 and is
referred to as the Five Acres Wetland. Thirty sample plots (F1-F30) were
located in R2002. R2006 represents the second wetland restoration project
initiated in 2006, referred to as the Ten Acres Wetland. Sixteen sample
plots (T1-T16) were located in R2006. R0 represents un-manipulated

wetland. Six sample plots (N1-N6) were located in R0. In each section
of the wetland, sample plots were set at 0.5 km to 1.0 km intervals.
Figure 1 (d), (e), and (f) illustrate the main vegetation patterns of R2002,
R2006 and R0, respectively. R2002 is dominated by Phragmites australis
and areas of open water. R2006 is dominated by large areas of open water
with some vegetation cover and mudflats. R0 is dominated by large areas
of mudflat and small patches of Tamarix chinensis
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assumption of ANOVA even after transformation, so these
variables were analyzed with non-parametric Kruskall-Wallis
tests. These analyses were conducted using SPSS 20.0.

Shannon diversity (H’) and Pielou evenness (E) were cal-
culated as:

H
0 ¼ −

XS

i¼1

Ci

C
ln
Ci

C

E ¼ H
0

ln Sð Þ

where S is the total number of species in a sample plot, and Ci
andC are the numbers of individual of species i and all species
in the sample plot, respectively.

Second, we used multivariate approaches to identify relation-
ships between macrobenthos (abundance of each species) and
abiotic factors (water depth and soil salinity, pH, moisture con-
tent, bulk density, porosity, organic matter, total carbon, and total
nitrogen). Preliminary analysis with detrended correspondence
analysis (DCA) indicated that it was appropriate to analyze the
dataset using unimodal methods such as canonical correspon-
dence analyses (CCA) because the largest value of gradient
length was larger than 4.0 (Lepš and Šmilauer 2003). CCA is a
mature unimodal method that has been used in the field of
Ecology since 1986 (ter Braak 1986). CCA relates species com-
position directly to environmental variables, performs well even
with noise, and has become one of the most popular methods in
gradient analyses (Palmer 1993; McCune et al. 2002; ter Braak
2014). We analyzed inter-species distances using biplot scaling.
Prior to CCA, data were transformed as described above when
necessary. CCAwas performed using Canoco for Windows 4.5
(Braak and Šmilauer 2002).

Results

Macrobenthos and Biotic Factors

A total of 39 different macrobenthic species were recorded in
the study plots (Table 1). The species were distributed across 2
phyla, 7 classes, and 25 families. We found 32, 7, and 5 spe-
cies in R2002, R2006, and R0, respectively.

Species richness (S) of macrobenthos in the sample plots
was twice as great in R2002 as in R0, and was lowest in R2006

(Fig. 2). Similarly, macrobenthos density was three times as
high in R2002 as in R2006 and R0. Macrobenthos biomass did
not follow the same pattern. Biomass was greatest in R0, and
extremely low in R2006. Shannon diversity (H’) and Pielou
evenness (E) of macrobenthos were higher in R2002 and R0

versus R2006.

A total of 21 different plant species were recorded in the
study plots. The dominant species in R2002 was Phragmites
australis. Twenty other species were present at lower densi-
ties: Apocynum venetum, Artemisia carvifolia, Artemisia
scoparia, Cynanchum chinense, Descurainia sophia,
Echinochloa crusgali, Glycine soja, Imperata cylindrical,
Ixeridium chinense, Limonium sinense, Melilotus officinalis,
Mulgedium tataricum, Myriophyllum spicatum, Setaria
glauca, Setaria viridis, Sonchus arvensis, Sonchus oleraceus,
Triarrhena sacchariflora, Typha minima and Typha
angustata. The study plots in R2006 and R0 did not contain
any vegetation, although we observed small patches of vege-
tation in between plots (Fig. 1). Consequently, vegetation cov-
erage, above- and below-ground biomass, S, H’, and E were
higher in R2002 than in R2006 and R0 (Fig. 3).

Abiotic Factors

Abiotic factors differed between R2002, R2006, and R0 (Table 2,
supporting information Figure S1). The R2002 wetland had
deeper water levels, lower porewater salinities, softer and wet-
ter soils, and higher soil organic, nitrogen and carbon contents
than the other two wetlands. In addition, the R0 wetland had
lower water levels and drier, saltier soils than the R2006 wet-
land. Soil pH, bulk density and porosity did not differ between
wetlands.

Relationships Between Macrobenthos and Abiotic Factors

The first and second axes of the CCA ordination ex-
plained 27.6 and 17.7 %, respectively, of the variation
(Fig. 4). The first CCA axis was positively correlated with
soil hardness (0.50, P<0.01), bulk density (0.42, P<0.01),
pH (0.55, P<0.01), and soil salinity (0.89, P<0.01), and
negatively correlated with water depth (−0.49, P<0.01),
moisture content (−0.52, P<0.01), porosity (−0.42,
P<0.01), and organic matter (−0.31, P<0.05). The second
CCA axis was positively correlated with soil hardness
(0.28, P<0.05), porosity (0.48, P<0.01), organic matter
(0.46, P<0.01), total nitrogen (0.59, P<0.01) and total
carbon (0.49, P<0.01), and negatively correlated with wa-
ter depth (−0.41, P<0.01), bulk density (−0.48, P<0.01)
and pH (−0.42, P<0.01). Macrobenthic samples from
R2002, R2006, and R0 were distributed in different ways
across these environment gradients. Samples from R2002

were mainly located on the left side of the first axis,
indicating that they were associated with high water depth,
moisture content, organic matter, total nitrogen, and total
carbon, and low salinity and hardness. Samples from R2006

were mainly located on the right side of the first axis,
indicating that they were associated with low water depth,
moisture content, organic matter, total nitrogen and total
carbon, and high salinity and hardness. Samples from R0
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were mainly distributed in the lower right quadrant of the
biplot which is associated with low water depth and mois-
ture content and high salinity. The various macrobenthos
species were mainly distributed in the center and right of
the biplot.

Discussion

Has this wetland restoration project been successful in reduc-
ing wetland loss in the Yellow River Delta and recovering
wetland ecological structure? R2002, which is located farthest

Table 1 Macrobenthic species found in sample plots

Phylum Class Order Family Genus Species R2002 R2006 R0

Annelida Oligochaeta Tubificida Tubificidae Aulodrilus Aulodrilus pigueti 0.33±0.33 0 0

Branchiura Branchiura sowerbyi 0.33±0.33 0 0

Limnodrilus Limnodrilus hoffmeisteri 0.33±0.33 0 0

Polychaeta Erranlia Nereidae Perinereis Perinereis aibuhitensis 0 0 0.33±0.33

Capitellida Capitellidae Mediomastus Mediomastus sp. 0 1.25±0.85 0

Sabellida Sabellidae Potamilla Potamilla sp. 0 0 1.67±1.67

Mollusca Gastropoda Mesogastropoda Assimineidae Assiminea Assiminea luieo 0 0 11.70±7.49

Basommatophora Planorbidae Gyraulus Gyraulus convexiusculus 0.67±0.46 0 0

Lymnaeidae Radix Radix auricularia 0.33±0.33 0 0

Radix plicatula 0.33±0.33 0 0

Bivalvia Veneroida Aloididae Potamocorbula Potamocorbula laevis 0 0 5.00±3.42

Collembola Collembola Hypogastruridae Hypogastrura Hypogastrura communis 0.33±0.33 1.88±1.36 0

Insecta Coleoptera Coccinellidae Coccinellidae sp. 0.33±0.33 0 0

Curculionidae Lepyrus Lepyrus nebulosus 0.67±0.46 0 0

Elmidae Elmidae sp. 0.67±0.67 0 0

Hydrophilidae Hydrophilidae sp. 0.33±0.33 0 0

Cerambycidae Cerambycidae sp. 0.33±0.33 0 0

Chrysomelidae Chrysomelidae sp. 0.33±0.33 0 0

Diptera Chironomidae Chironomus Chironomus plumosus 0.67±0.67 0 0

Cladotanytarsus Cladotanytarsus sp. 0.33±0.33 0 0

Cryptochironomus Cryptochironomus
rostratus

0.67±0.67 2.50±2.50 0

Dicrotendipus Dicrotendipus lobifer 0 12.50±8.87 0

Einfeldia Einfeldia dissidens 1.00±0.56 0 0

Glyptotendipes Glyptotendipes tokunagai 0.33±0.33 0.63±0.63 0

Polypedilum Polypedilum
nubeculosum

0.33±0.33 1.88±1.88 0

Polypedilum scalaenum 0.67±0.67 0 0

Propsilocerus Propsilocerus akamusi 19.33±8.87 0 0

Dolichopodidae Dolichopodidae sp. 1.00±0.74 0 3.33±3.33

Muscidae Muscidae sp. 3.33±1.00 0 0

Simuliidae Simuliidae sp. 0 0.63±0.63 0

Tabanidae Tabanidae sp. 1.00±0.74 0 0

Tipulidae Tipula Tipula sp. 0.33±0.33 0 0

Diptera sp. 27.33±6.18 0 0

Lepidoptera Crambidae Crambidae sp. 0.67±0.67 0 0

Lepidoptera sp. 0.33±0.33 0 0

Orthoptera Gryllotalpidae Gryllotalpa Gryllotalpa unispina 0.33±0.33 0 0

Trichoptera Trichoptera sp. 0.33±0.33 0 0

Crustacea Amphipoda Talitridae Plarorchestia Plarorchestia sp. 1.00±1.00 0 0

Isopoda Porcellionidae Porcellio Porcellio sp. 1.00±0.74 0 0

Density of each taxa in the three wetland types are presented as the average number of individuals/m2 ±1 SE, n=30, 16 and 6 in R2002, R2006, and R0,
respectively

Wetlands (2016) 36 (Suppl 1):S57–S67 S61



from the coast, is now a densely-vegetated freshwater wetland
with low salinity, dominated by Phragmites australis and
supporting a rich diversity of macrobenthos. In contrast,
R2006, which is closer to the coast, is mainly covered by open
water, with sparse vegetation, and supports relatively few
macrobenthic species. Nevertheless, although R2006 does not
support abundant vegetation and macrobenthos, it does pro-
vide a large area used by migratory waterbirds (Li et al. 2011).
Thus, whether R2006 is considered a success or a failure might
depend on the variables considered. The restoration project,
however, did not have quantifiable restoration targets (Shan
2007) beyond the goals of creating freshwater wetland and
waterfowl habitat, and there is little information on compara-
ble pristine systems in the area; thus, we cannot rigorously
evaluate project success based on a priori criteria. We can,
however, examine the different communities created in the
two phases of the project versus the un-manipulated area.

This comparison indicates strong temporal and abiotic con-
trols on the management outcomes, and suggests how future
projects could alter management approaches depending on the
abiotic conditions and project goals.

Determinants of Macrobenthos Diversity Pattern

Macrobenthos are an important food source for waterbirds
(Choi et al. 2014); thus, the effects of different management
strategies on macrobenthic communities are likely to affect
suitability of the wetland for waterbirds. Macrobenthic com-
munities were the most diverse, and supported the highest
number of individuals in R2002, where insects were a major
component of the community; however, macrobenthic bio-
mass was greatest in R0, where polychaetes and molluscs
dominated the community. R2006 had very meagre
macrobenthic communities characterized by low richness,

Fig. 3 Plant coverage, above- and below-ground biomass, S,H’ and E in
the three wetlands. Data are means±1 SE (n=30, 16 and 6, in R2002, R2006

and R0, respectively). ANOVA results are indicated above the groups of
bars. The data on plant species richness and Shannon diversity did not

meet the normality assumptions of ANOVA, therefore, these variables
were compared using a non-parametric Kruskall-Wallis test. Results
showed that species richness and Shannon diversity of plant also
differed among the three wetlands (P<0.05 in both cases)

Fig. 2 Macrobenthos species
richness (S), density, biomass, H’
and E in the three wetlands. Data
are means±1 SE (n=30, 16 and 6,
in R2002, R2006 and R0,
respectively). All ANOVA tests
were significant (P<0.05 in each
case). Bars sharing a letter are not
significantly different from one
another (P>0.05)
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low density, and extremely low biomass. We identified three
main factors that appear to be structuring the macrobenthos
and vegetation in the three wetlands: landscape position, re-
covery time, and consequent physical conditions.

Landscape Position The three studied wetlands lie along a
gradient from landward to seaward. This created a pre-
existing salinity gradient that undoubtedly had a strong influ-
ence on macrobenthic communities (Adnitt et al. 2013). Dike
construction and irrigation with freshwater strongly affected

the pre-existing gradient, and further affected the diversity
patterns of macrobenthos in R2002 and R2006. However, man-
agement efforts did not cause abiotic conditions in R2006 to
converge with conditions in R2002. Instead, almost all abiotic
conditions in R2006 remain intermediate between conditions in
R2002 and R0. To some extent, this may be due to the longer
history of management in R2002 than R2006 (see following
paragraph), but it also likely reflects the underlying abiotic
gradient driven by landscape position.

Recovery Time In addition to supporting very limited
macrobenthic communities, R2006 also has very low plant
coverage, richness and biomass. Part of the explanation for
this may be that less time has elapsed since restoration in
R2006 versus R2002. It takes time for a wetland to equilibrate
to new management conditions, and the time period required
is not always easy to determine (Edwards and Proffitt 2003;
Keeley et al. 2014). The recovery time period differ for differ-
ent goals, that is, vegetation, macrobenthos, waterbirds and
other wildlife may have different recovery time periods
(Mitsch and Wilson 1996; Craft et al. 1999; Simenstad et al.
2006; Burger 2008). Long term monitoring, however, can
assess when variables of interest appear to stabilize. The veg-
etation in R2002 was monitored by Cui et al. (2009) from 2001
(before the restoration project began) through 2007, and by us
in 2012. Results showed that plant species richness increased
by 50 % within 1 year after restoration from 8 species in 2001
to 14 in 2003 (1 year after the 2002 restoration), and then
began to plateau, with a further increase of 28 % over the
following 4 years (to 18 in 2007), and a subsequent increase
of only 17% over the next 4 years (to 21 in 2012). Thus, most
of the vegetation recovery in R2002 occurred within 5 years,
whereas R2006 shows very little vegetation growth even after
6 years. Therefore, it seems unlikely that recovery time alone
can explain the limited macrobenthic and vegetative commu-
nities in R2006.

One difference between R2006 and R2002 is that R2006 was
likely saltier to begin with due to its landscape position. If so,

Fig. 4 CCA biplot showing the relationships between macrobenthic
communities and abiotic factors in the three wetlands. The arrows
indicate environmental factors, the length of each arrow represents the
strength of the relationship between the environmental variable and the
distribution of macrobenthic species. Abbreviations: Pt, soil total porosity
percentage; OM, soil organic matter; TC, soil total carbon; TN, soil total
nitrogen. Open triangles indicate the location of each macrobenthos
species; open circles: samples in R2002, open stars: samples in R2006;
and crosses: samples in R0

Table 2 Abiotic variables
measured in sample plots

Data are means±1 SE, n=30, 16
and 6 in R2002, R2006, and R0,
respectively. Mean sharing a letter
are not significantly different
from one another (P>0.05)

Abiotic factors R2002 R2006 R0

Water depth ( m ) 0.33±0.06 a −0.33±0.08 b −0.74±0.30 c

Soil salinity ( ppt) 0.37±0.07 c 0.85±0.21 b 1.7±0.69 a

Soil hardness ( N/m2 ) 0.91±0.17 b 3.13±0.78 a 3.03±1.24 a

Soil pH 8.62±1.57 a 9.07±2.27 a 9.13±3.73 a

Moisture content ( % ) 50.80±9.28 a 37.19±9.30 b 28.04±11.45 c

Bulk density ( g/cm3 ) 1.15±0.21 a 1.26±0.31 a 1.40±0.57 a

Porosity ( % ) 55.95±10.22 a 52.47±13.12 a 47.47±19.46 a

Organic matter ( g/kg ) 1.7±0.3 a 0.5±0.1 b 0.4±0.2 b

Total nitrogen ( g/kg ) 1.02±0.19 a 0.51±0.13 b 0.51±0.21 b

Total carbon ( % ) 2.44±0.45 a 1.95±0.49 ab 1.93±0.79 b
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it may take a longer time period to observe full restoration in
R2006. This possibility could be evaluatedwith long termmon-
itoring of R2006 over the coming years. Alternatively, the man-
agement conditions may need to change, perhaps with in-
creased delivery of freshwater, to produce conditions similar
to those in R2002. Another possibility is that there is a recruit-
ment bottleneck in R2006, in which case restoration might be
accelerated if desired species were manually introduced
(Batzer and Sharitz 2006). This possibility could be tested
with transplants of various species into R2006.

Physical Conditions Different macrobenthos species occur
under different environmental conditions (Leibold and
McPeek 2006). As discussed above, physical conditions suit-
able to freshwater species (Zedler 1983) have become more
prevalent with the inflow of freshwater into R2002 (Cui et al.
2009), but likely also are a function of pre-existing differences
between wetlands due to landscape position, and the length of
time during which management has occurred. Regardless of
the ultimate causes of the abiotic conditions, the strong abiotic
gradients across the study area allow us to identify abiotic
factors such as water depth and soil salinity (Sharma et al.
2011; Nishijima et al. 2013) that likely are important drivers
of macrobenthic community structure.

Generally, water depth is closely related to wetland topog-
raphy (Carter 1996). In this project however, water depth was
further modified by diking and freshwater delivery. In previ-
ous studies, water depth strongly affected macrobenthic com-
munities (Ysebaert et al. 2003; Carvalho et al. 2012; Pratt et al.
2014). In this study, water depth decreased in the three wet-
lands from landward to seaward, and macrobenthic samples
sorted in the CCA analysis such that they were correlated with
water depth.

Soil salinity is closely related to freshwater inflow (Mitsch
and Gosselink 2007). In our study, salinity increased across
the three wetlands from landward to seaward. Moreover, the
deliberate irrigation of R2002 and R2006 with freshwater un-
doubtedly helped flush salts out of the soils. In the CCA, soil
salinity was strongly correlated with CCA axis 1, and was
strongly correlated with macrobenthic community composi-
tion. Achieving low salinity values, as was done with R2002, is
probably necessary for the area to be dominated by freshwater
wetlands and macrobenthos such as insects that are typical of
freshwater wetlands. Although salinities in R2006 are fairly
low, they may not be quite fresh enough, in combination with
the lower water depth, to be suitable for Phragmites and the
other plant species that now occur in R2002, or for the associ-
ated insect species. At the same time, conditions in R2006 are
probably too fresh to allow survival of the marine species
found in R0 (Torres et al. 2006).

A number of other abiotic variables differed among the
wetlands and correlated with macrobenthic community com-
position in the CCA analysis. Soil hardness was lower in R2002

than that in R2006. This was probably mostly due to the
flooded conditions, but may also have been affected by
macrobenthos loosening the soil (Sassa et al. 2013).
Moisture content was significantly higher in R2002 than in
R2006 and R0, probably because R2002 was flooded more deep-
ly with standing water. Organic matter, total nitrogen and total
carbon were highest in R2002. These variables are often corre-
lated with primary productivity (Batjes 2014; Ryals et al.
2014), and in this case the differences are probably explained
by the high biomass of vegetation in R2002 which contributed
organic matter, nitrogen and carbon to the soils (Stauffer and
Brooks 1997). Although a correlative study like this one can-
not rigorously determine which of these variables were more
important in determining macrobenthic community structure,
our impression and past work suggests that water depth and
salinity were the most important variables to the
macrobenthos (Verschuren et al. 2000; Batzer and Sharitz
2006; Waterkeyn et al. 2008).

Management Implications

The purpose of this wetland restoration project was to reduce
the wetland loss in the Yellow River Delta and to recover its
basic ecological structure and functions. Thus far, manage-
ment has primarily focused on the reestablishment of vegeta-
tion. Vegetation coverage is one useful criterion of the success
of wetland restoration, but not necessarily the most effective
(López-Rosas et al. 2013). Macrobenthos are also key ele-
ments in wetland food webs and provide important insights
into the health of wetland ecosystems (González-Ortegón
et al. 2015), and populations at higher trophic levels such as
birds indicate that a complete food web is present. Ideally,
multiple taxa, including vegetation, macrobenthos and water-
birds, would be monitored to evaluate the success of a resto-
ration project (Dahm et al. 1995; DeAngelis et al. 1998;
Armitage et al. 2014).

This wetland restoration project was successful in develop-
ing dense vegetation and diverse macrobenthic assemblages
in one wetland (R2002), but not in another (R2006). This indi-
cates that a new phase of adaptive management is needed for
the R2006 wetland. As discussed above, there are three possible
reasons why the ecological communities in the R2006 wetland
do not resemble those in the R2002 wetland: insufficient time,
lack of immigration, and salinities that are too high. We think
that the Binsufficient time^ hypothesis is unlikely to be correct;
however, it would be possible to continue monitoring for ad-
ditional years before making any other changes to allow more
time for ecological communities to develop. At the same time,
managers could test the Black of immigration^ hypothesis by
experimentally transplanting a variety of plant and
macrobenthic species into R2006. If these transplants fail to
establish, it will suggest that the initial management protocol
was not sufficient to create suitable abiotic conditions in
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R2006, and that managers should consider experimentally in-
creasing freshwater delivery to R2006 for several years in order
to assess the effects of increased freshwater supply on abiotic
conditions and ecological communities. At the same time,
managers should bear in mind that, because R2006 is closer
to the ocean than R2002, it may be difficult to reduce salinities
in R2006 to the levels that have been reached in R2002. Thus, it
may be unrealistic to expect the same restoration outcomes in
R2006 as in R2002.

Finally, we emphasize the importance of long-term moni-
toring (Borja et al. 2010) to estimate fully the changes in the
ecosystem of the restored wetlands. For this project, only veg-
etation data were collected before the project began, limiting
our ability to assess the effects of management on
macrobenthos and birds. In addition, many restoration pro-
jects are only monitored for a few years. Without long-term
monitoring, however, it is impossible to determine whether
the restored systems are sustainable (Moreno-Mateos et al.
2012). Properly determining success may require a decade
or more of monitoring (Caldwell et al. 2011). The monitoring
program should be reviewed periodically and revised if need-
ed to ensure that the most important variables are being mea-
sured (Lindenmayer and Likens 2009). Long-term monitoring
and establishing the relationships between organisms and en-
vironmental factors can provide a scientific foundation for
attaining consensus with regard to the solutions to manage-
ment problems.

Conclusions

We examined the abundance and diversity of macrobenthos in
different stages of a wetland restoration project, with reference
to environmental factors that might explain macrobenthic pat-
terns. We found that water depth, soil salinity, soil hardness,
moisture content, organic matter, total nitrogen and total car-
bon all correlated with macrobenthic community patterns;
however, we believe that water depth and salinity are the most
important. The first phase of the restoration appears to have
been more successful than the second. We recommend an
adaptive management strategy, guided by experiments, to im-
prove the success of the second phase. We also recommend
long-termmonitoring, including pre-project sampling, to eval-
uate the long-term success and sustainability of the restored
wetlands. In order to ensure the best success and full value of
future restoration projects in China or throughout the world,
adequate monitoring and adaptive management should be in-
cluded in the project design from the beginning.
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