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Abstract
Hydrological connectivity controls the patterns of invertebrate assemblages in wetland ecosystems. With degradation of intertidal
wetlands, artificial freshwater release has become an important restoration technique. Hydrological connectivity with tidal creeks is also
a key ecological process for intertidal wetlands. However, how hydrologic connectivity affects snail assemblages remains poorly
investigated in intertidal wetlands.We studied the differences in snail assemblages in wetlands to understand the effects of hydrological
connectivity, wetland to river, and wetland to ocean. We found freshwater connectivity can transform intertidal snail assemblages into
freshwater snail assemblages; restored wetlands primarily had freshwater snail species and natural intertidal wetlandsmainly supported
marine or salt-adapted snail species. Cluster analysis, nMDS plot and ANOSIM analysis showed snail assemblages were influenced
strongly by hydrological connectivity. Stenothyra glabra,Oncomelania sp. and Nassarius festivuswere indicators of natural intertidal
wetlands. Hippeutis cantori, Radix swinhoei and Succinea pfeifferi were indicators of restored wetlands. Our results suggest natural
hydrological connectivity with the ocean needs to be maintained when attempting to restore intertidal wetlands. Without this connec-
tion, connecting impaired wetlands only to rivers, may not achieve restoration of natural biotic assemblages.
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Introduction

Ecological studies on hydrological connectivity routinely seek
to understand the connections between bodies of water and the
factors that influence those connections (Fullerton et al. 2010).

In freshwater ecosystems, hydrological connectivity is known
to influence biogeochemical fluxes (Hosen et al. 2018; Thom
et al. 2018), food-web structure (Reid et al. 2012), macroin-
vertebrate assemblages (Reese and Batzer 2007; Leigh and
Sheldon 2009; Paillex et al. 2009; Guan et al. 2017),
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macrophytes (Amoros and Bornette 2002), fish assemblages
(Aarts et al. 2004; Lasne et al. 2007; Fullerton et al. 2010), and
the zooplankton community (de Paggi and Paggi 2008).
Studies from rivers and bodies of water along the alluvial
floodplain found that hydrological connectivity strongly influ-
ences the macroinvertebrate assemblage composition and di-
versity (Reese and Batzer 2007; Leigh and Sheldon 2009;
Paillex et al. 2009; Guan et al. 2017). However, the influence
of hydrological connectivity on invertebrates has been rarely
studied in coastal wetlands. Understanding the responses of
invertebrates to natural and human-induced disturbances in
coastal wetlands is essential for effective coastal wetland
management.

Snails (Mollusca: Gastropoda) are found in nearly all types
of wetlands, including saline and freshwater habitats, and tem-
porary and permanent habitats (Pennak 1989; Strong et al.
2008). In coastal wetlands, snail assemblages primarily con-
sist of marine species and salt-tolerant species. The snail as-
semblage in ecosystems depend on snail feeding behaviors,
dispersal abilities, respiratory strategies, reproductive strate-
gies (Reckendorfer et al. 2006) and habitat modification
(van der Heide et al. 2014), and these attributes make snails
particularly useful for delineating impacts of environmental
factors on wetlands (Wu et al. 2017, 2019; Guan et al. 2017,
2018). The diversity in taxonomy and relatively slow rates of
passive dispersal maymake snails potentially useful indicators
for delineating effects of various environmental factors in wet-
lands (Wu et al. 2019). A further understanding of how envi-
ronmental conditions impact the assemblage of snail species
in intertidal wetlands will be important for biodiversity
conservation.

Intertidal wetlands are vital for the delivery of ecosystem
services through their hydrological, biogeochemical and eco-
logical processes (Wu et al. 2018). Intertidal wetlands can
degrade due to natural processes, such as sea level rise and
vertical accretion, as well as human activities (Valdemoro
et al. 2007; Wu et al. 2018). It is argued that restoring wetland
connectivity is a valuable tool for addressing biodiversity
losses in coastal environments (Thayer and Kentula 2005).
For over 20 years, the Yellow River Conservancy
Commission has released freshwater from the Yellow River
to help restore the degraded wetlands in the Yellow River
Delta (Yang et al. 2017a). The project successfully increased
the water-surface area and the number of bird species and
individuals, improved the vegetative landscape, and decreased
the depth to the water table (Yang et al. 2017a). Due to this
project, artificial freshwater release has become an important
way of restoring hydrological connectivity between rivers and
restored areas of intertidal wetlands.

Most intertidal wetlands contain numerous tidal creeks
(Mallin 2004; Wang et al. 2009), which are the primary hy-
drologic connection among intertidal habitats. Tidal creeks
play important roles in the transfer of material and other

ecological processes due to their prevalence and creation of
expansive ecotonal edges (Dame et al. 2000). Tidal creeks
determine the distribution of tidal flooding through complex
dendritic networks (Sanderson et al. 2000), and create hetero-
geneous habitats for various organisms (Desmond et al. 2000;
Jin et al. 2007;Wang et al. 2009). The rhythmicmovements of
tides are responsible for the lateral exchange of invertebrates
between the intertidal and offshore zones (Ning et al. 2019),
and longitudinally between upper creek and subtidal channels.
The important roles of tidal creeks in determining survival and
growth of invertebrates in salt marshes have been extensively
investigated, and tidal creeks are now recognized as important
ecotones (Mallin 2004; Wang et al. 2009).

Given the growing interest in hydrological connectivity and
its potential importance for restoring intertidal wetlands, we
assessed whether hydrological connectivity influences assem-
blages of estuarine snail species. We compared the restored
wetlands versus natural intertidal wetlands to evaluate the in-
fluence of freshwater connectivity. In natural intertidal wet-
lands, we compared tidal creeks versus non-creek intertidal
wetlands to evaluate natural tidal connectivity. First, we quan-
tified freshwater connectivity by characterizing the species of
snails in the study sites to address whether snail assemblages
were different between restored wetlands and natural intertidal
wetlands in Northeastern China’s Yellow River Delta. Next, we
quantified species of snails in the tidal creeks and non-creek
intertidal wetlands of natural intertidal wetlands to detect
whether the natural hydrological connectivity affected snail
assemblages. Finally, we investigated whether snail taxa (gen-
era and species) can serve as useful biological indicators for
environmental variation for the Yellow River Delta.

Methods and Materials

Study Area

We assessed 33 wetlands between 37° 36′ 17“ N and 37° 49’
9.7”N in the Yellow River Delta Nature Reserve, Shandong
Province, China. The Dawenliu and Huanghekou manage-
ment stations in the Yellow River Delta National Nature
Reserve were included, both of which have been restored by
reconnecting freshwater inputs from the Yellow River under a
program approved by the Yellow River Conservancy
Commission in 2002. Results of restoration of 10,000 ha of
wetlands located in these areas have been previously pub-
lished (Cui et al. 2009; Yang 2011). We divided the study
region into two categories based on their relative freshwater
connectivity: 1) restored wetlands, which received freshwater
from the Yellow River, but no longer received daily tidal in-
puts; and 2) natural intertidal wetlands, which were located
nearby in the intertidal basin and were influenced by tides, but
received no restored freshwater inputs. The natural intertidal
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wetlands were further categorized into two types, tidal creeks
and non-creek wetland of the intertidal zone.

The study region has a warm temperate moist monsoon
climate with a mean annual temperature of 11.7 to 12.6 °C
and a mean annual precipitation of 530 to 630 mm (Liu et al.
2018a, b). About 70% of the annual precipitation is rainfall
during the summer months (May–July), and the annual aver-
age of the ratio of evaporation to precipitation is 3.22. The
natural vegetation of the area is salt-tolerant herbaceous plants
and shrubs, especially coastal saline or salt-tolerant meadow
vegetation (Yang et al. 2017b). Dominant species include
Suaeda glauca (Bunge) Bunge., Suaeda salsa (L.) Pall.,
Tamarix chinensis Lour., Phragmites australis Trin and
Spartina alterniflora Loisel (Ma et al. 2015).

Field Sampling and Laboratory Processing

The restored wetland experiences an annual release of fresh-
water in late June or early July. Therefore, snails (Mollusca:
Gastropoda) were collected before and after releases in May
and August of 2018 from 19 freshwater release wetland sites,
from seven tidal creeks sites, and from seven non-creek inter-
tidal wetland sites. Snails were sampled using a D-shaped
sweep net of 35-cm diameter made of 1-mm mesh. Sweep
nets sample a rich array of snails and are commonly used to
collect invertebrate communities from flooded habitat (Batzer
et al. 2001). Four 1-m-long horizontal sweeps were collected,
scraping plant and benthic substrates at randomly selected
locations in each wetland, including the different water
depths, vegetation types and micro-geomorphologic condi-
tions that were present. Because the nets sieved the water
column, scraped the bottom of wetlands, and swept sub-
mersed and emergent plants the complete range of snails avail-
able at each site were collected (Batzer et al. 2001;Meyer et al.
2013). The four 0.35 m × 1 m sub-samples per wetland per
date were pooled and stored in labeled plastic bags, and then
preserved in 95% ethanol. In the laboratory, snails were hand
sorted from sediment and plant debris under a dissecting mi-
croscope, and then re-preserved in 95% ethanol. Snails were
identified to the lowest taxonomic level practical using stan-
dard references, keys, and guides (Liu et al. 1979; Qi et al.
1985; Wang and Song 2017; Leng et al. 2017). Hydrobiidae,
Ariophantidae, Siliquariidae and Pupillidae were identified to
the genus-level; other families were identified to the species-
level.

Statistical Analyses

Variation in snail assemblage compositions among the
study sites was assessed using taxon abundance and
composition. Analysis of variance (ANOVA) was used
to assess whether the abundance and species richness of
snails varied between the different types of wetlands.

For the analysis of freshwater connectivity, restored wet-
lands were compared to natural intertidal wetlands (in-
cluding both tidal creeks and non-creek intertidal wet-
lands); to investigate the effects of oceanic tide flows
(natural hydrological connectivity), tidal creeks were
compared to non-creek intertidal wetlands. We calculat-
ed snail assemblage similarities among wetlands, based
on the original snail abundance data (square-root trans-
formed), using the Bray-Curtis dissimilarity coefficient.
On a triangular matrix, we conducted a Similarity
Profile test (SIMPROF) to assess if significant structure
existed overall among the 33 wetlands (999 permuta-
tions). As the test was significant (Pi = 3.6, p = 0.001),
we were justified in further exploring how sites or taxa
grouped. Cluster analyses and non-metric multi-dimen-
sional scaling ordination (nMDS) were used to visualize
snail species composition in different sites and identify
patterns in species composition across different wetland
types. Analysis of similarity (ANOSIM) was used to
assess differences between groups of assemblage sam-
ples, with 999 permutations on each resemblance ma-
trix. Indicator species analysis was used to identify rep-
resentative indicator species for each of the wetland
types that were included in the study. This test used
both abundance and frequency of taxa across designated
groups to generate indicator values (IV) from 0 (no
indicator value) to 100 (perfect indicator) for every tax-
on, and Monte Carlo analysis was used to test for sig-
nificance. Cluster, nMDS and ANOSIM analyses were
conducted using PRIMER 7 (Clarke and Gorley 2015),
Indicator Analyses were conducted in PC-ORD 5 (MJM
Software Design, Glenden Beach, OR, U.S.A.), and
ANOVA analyses were carried out using SPSS 21.0
(IBM Corp., Armonk, NY, USA).

Results

Snail Abundance and Diversity of Restored Wetlands
Versus Natural Intertidal Wetlands

We collected 4148 snails belonging to 16 families, 18
genera and 19 species (Table. 1). Twelve species and
2009 individuals were collected from 19 restored wetland
sites, and 10 species and 2139 individuals were collected
from 14 non-restored intertidal wetland sites. Restored
wetlands averaged 2.01 taxa per site (m2), with a range
of 0–6 taxa; non-restored wetlands averaged 1.43 taxa
per site (m2), with a range of 0–6 taxa. Abundance, spe-
cies richness, Margalef richness, Shannon-wiener diversi-
ty and Simpson diversity indexes were not significantly
different between restored wetlands and natural intertidal
wetlands (ANOVA, p > 0.05; Fig. 1a).
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Snail Abundance and Diversity of Tidal Creeks Versus
Non-creek Intertidal Wetlands

We collected 10 species and 2043 individuals of snails in
seven non-creek intertidal wetlands and collected four species
and 96 individuals in seven tidal creeks (Table 2). Non-creek
intertidal wetlands averaged 1.62 taxa per site (m2), with a
range of 0–6 taxa; tidal creeks averaged 1.21 taxa per site
(m2), with a range of 0–3 taxa. Abundance, species richness,
Margalef richness, Shannon-wiener diversity and Simpson

diversity indexes were not significantly different between
creek and non-creek habitats (ANOVA, p > 0.05; Fig. 1b).

Snail Community Assemblages and Indicator Species
for Different Wetland Types

Freshwater release wetlands primarily had freshwater snail spe-
cies, and natural intertidal wetlands had mainly marine or salt-
adapted snail species. The dominant species in restored wetlands
were Radix swinhoei (H.Adams), Hippeutis cantori (Benson)

Table 1 Average snail abundance
(ind/m2) of restored wetlands and
natural intertidal wetlands of the
Yellow River Delta in Northern
China

Family Species Restored wetlands Natural intertidal wetlands

Hydrobiidae Oncomelania sp. 0 48.70(31.73)

Bithyniidae Bithynia longicornis (Benson) 0.34(0.16) 0.69(0.28)

Stenothyridae Stenothyra glabra (A. Adams) 1.94(0.69) 3.95(1.11)

Assimineidae Assiminea violacea Heude 0 0.51(0.39)

Lymnaeidae Radix swinhoei (H.Adams) 15.92(4.11) 0.03(0.03)

Planorbidae Hippeutis cantori (Benson) 11.99(3.10) 0

Gyraulus convexiusculus (Hütton) 0.32(0.13) 0

Valvatidae Valvata piscinalis (Müller) 0.04(0.04) 0

Succineidae Succinea pfeifferi Rossmaeller 5.56(2.65) 0

Succinea evoluta Martens 0.79(0.75) 0

Cochlieopidae Cochlicopa lubrica (Müller) 0 0.23(0.13)

Pupillidae Pupilla sp. 0.55(0.33) 0

Gastrocopta armigerella (Reinhardt) 0.13(0.11) 0

Ariophantidae Kaliella sp. 0.15(0.07) 0

Batillariidae Batillaria cumingii Crosse 0 0.03(0.03)

Nassariidae Nassarius festivus (Powys) 0 0.15(0.11)

Cylichnidae Decorifera matusimana (Nomura) 0 0.03(0.03)

Pyramidellidae Monotigma eximia (Lischke) 0 0.26(0.16)

Siliquariidae Siliquaria sp. 0.04(0.03) 0

Abundance 37.76(6.32) 54.57(32.31)

Taxa richness 2.01(0.21) 1.43(0.19)

Data are shown as the average values with standards errors
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Fig. 1 Four diversity indices of snails in restored wetlands (RE) versus natural intertidal wetlands (NI), and tidal creeks (NI(C)) versus non-creek
intertidal wetlands (NI(N))
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and Succinea pfeifferi Rossmaeller. The dominant species in the
natural intertidal wetlands was Oncomelania sp.. Three species,
Bithynia longicornis (Benson), Stenothyra glabra (A. Adams)
and Radix swinhoei were found both in restored wetlands and
natural intertidal wetlands.

Cluster analyses and nMDS ordinations using the snail
abundance data identified two major groups of wetlands,
which were validated by a SIMPROF test (p < 0.005;
Fig. 2). One group was composed of the restored wetland sites
located on both sides of Yellow River channel. The second
group included the non-restored sites, and consisted of the
salt-adapted species from both tidal creeks and non-creek in-
tertidal wetlands (Table. 3). The seven natural non-creek in-
tertidal wetlands and the seven natural tidal creeks clustered
into a single group in the nMDS plot (Fig. 2). Two-way
ANOSIM indicated that snail assemblages in the sampled
wetlands were impacted by freshwater connectivity
(ANOSIM p = 0.001) but were not significantly impacted by
natural tidal connectivity between creek and non-creek habi-
tats (ANOSIM p = 0.158) (Table. 3).

The species in tidal creeks were all found in non-creek
intertidal wetlands, therefore we pooled creeks and non-
creek intertidal wetlands together for indicator analyses
(Table 4; see vectors in Fig. 2). Three freshwater pulmo-
nate species, Radix swinhoei (Lymnaeidae) (IV = 99.7),
Hippeutis cantori (Planorbidae) (IV = 94.7) and Succinea
pfeifferi (Succineidae) (IV = 42.1) were indicator species
for restored wetlands. Three species, Oncomelania sp.
(Hyd rob i i d a e ) ( IV = 97 .6 ) , S t eno t h y ra g l ab ra
(Stenothyridae) (IV = 56.9) and Nassarius festivus
(Powys) (Nassariidae) (IV = 42.9) were indicators for nat-
ural intertidal wetlands. When we pooled creeks and non-
creek tidal wetlands together, indicator analyses identified
no representative indicator species.

Discussion

We found that artificial freshwater connectivity transformed
the intertidal snail assemblages into freshwater snail assem-
blages in the ecological restoration area. Although species
abundance and species richness were similar between restored
wetlands and natural intertidal wetlands, the composition and
structure of snails were strongly influenced by freshwater con-
nectivity. Simultaneously, we demonstrated that natural hy-
drological connectivity with the ocean needs to be maintained
for invertebrate restoration in intertidal wetlands.

The construction of a levee around the restored area in
2002 retained freshwater connectivity from the Yellow
River runoff, but oceanic tides were blocked. In particu-
lar, wetland hydrology has been altered using levees,
which restrict tidal amplitude and fragment habitats
(Boys et al. 2012). This resulted in many changes in the
vegetation cover, sediment and water characteristics
(Salinity, pH, TOC and velocity of flow; see Yang et al.
2017a). Salinity is considered an important environmental
factor that regulates aquatic community structure in inland
lakes and wetlands (Verschuren et al. 2000; Waterkeyn
et al. 2008) and numerous studies have demonstrated that
invertebrate abundance and taxa diversity decline under
highly saline conditions (Wu et al. 2019; Yang et al.
2019). Decreases in salinity caused by freshwater intro-
ductions and reduced incursions of natural tides because
of the construction of levees were major factors affecting
snail assemblages of intertidal wetlands. The decrease in
salinity resulted in a suitable habitat for some macro-
phytes (mainly Phragmites australis) (Liu et al. 2018a,
b), which in turn likely created a suitable habitat for the
survival of some freshwater snails that could use those
plants as shelter and as substrate to feed on biofilms.

Table 2 Average snail abundance
(ind/m2) of tidal creeks and non-
creek intertidal wetlands of
natural intertidal wetlands of the
Yellow River Delta in Northern
China

Family Species non-creek intertidal wetlands tidal creeks

Hydrobiidae Oncomelania sp. 89.14(58.07) 2.03(0.90)

Bithyniidae Bithynia longicornis 0.43(0.43) 0.99(0.35)

Stenothyridae Stenothyra glabra 6.33(1.85) 1.21(0.39)

Assimineidae Assiminea violacea 0.05(0.05) 1.04(0.82)

Lymnaeidae Radix swinhoei 0.05(0.05) 0

Cochlieopidae Cochlicopa lubrica 0.43(0.23) 0

Batillariidae Batillaria cumingii 0.05(0.05) 0

Nassariidae Nassarius festivus 0.29(0.19) 0

Cylichnidae Decorifera matusimana 0.05(0.05) 0

Pyramidellidae Monotigma eximia 0.48(0.29) 0

Abundance 97.29 (58.95) 5.27(1.45)

Taxa richness 1.62(0.32) 1.21(0.17)

Data are shown as the average values with standards errors
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Tidal creeks are often considered to be passageways and
feeding grounds to numerous species of fish, shellfish and
crustacean (Mallin 2004). Recent study has found that altered
hydrologic connectivity possibly degraded fish and crustacean
passage and reduced aquatic assemblages in tidal creeks
(Boys et al. 2012). On a biogeographic scale, the distributions
of snails are affected by each species’ dispersal capacity
(Brown and Lydeard 2010). Tidal creeks are expected to ac-
celerate the dispersion of snails through enhancing water
flows and providing migration corridors. Most salt water
come from the flow of oceanic tides, with a small part coming
from freshwater flushing. Freshwater snails were absent from

tidal creeks, probably due to the high salinity environments.
Overall, the snail assemblages of tidal creeks consisted of
marine species which dispersed to and from non-creek inter-
tidal wetlands, and were adapted for dramatic changes in sa-
linity, dissolved oxygen, and temperature.

The indicator species of natural intertidal wetlands were
marine species and salt-adapted species, suggesting that the
natural intertidal wetlands are ecotones between ocean and
terrestrial ecosystems. While past work has focused on using
insects for wetland bioassessment, recent work exploring in-
vertebrates support the use of snails as indicator species (Wu
et al. 2017, 2019; Guan et al. 2017, 2018). Our findings
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Table 3 ANOSIM of snail
abundance of restored wetlands
versus natural intertidal wetlands,
and tidal creeks versus non-creek
intertidal wetlands using the
Bray-Curtis distance measure

Factors Dissimilarity(p)

Restored wetlands versus Natural intertidal wetlands 0.879(0.001)

Non-creek intertidal wetlands Tidal creeks

Restored wetlands 0.935(0.001) 0.922(0.001)

Non-creek intertidal wetlands 0.085(0.158)
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highlight the diversity in the taxonomy, ecology, and physiol-
ogy of snails found in various kinds of wetlands (coupled with
the ease of collection), suggesting that these species would be
an attractive model to use for classifying freshwater connec-
tivity of intertidal wetlands in Northern China (Wu et al.
2017). The indicator species of restored wetlands were all
freshwater snail species; the indicator species for natural in-
tertidal wetlands were all saltmarsh species. Elsewhere in
China, Lymnaeidae species have been identified as indicator
species of wetlands (Wu et al. 2017, 2019; Guan et al. 2017,
2018) and Hippeutis cantori and Succinea sp. were identified
as indicators for freshwater perennial inundated wetlands, in a
combined study of freshwater and saline-alkali wetlands of
Northeast China (Wu et al. 2019).

Restoration efforts for wetlands centered on the water, biota
and soil, with hydrology restoration or re-establishment being
a fundamental objective of restoration projects (Zhao et al.
2016). Introducing freshwater for wetland restoration is a
globally recognized way to maintain wetland biodiversity,
and to restore or enhance ecosystem services (Yang et al.
2017a). However, restoration of intertidal wetlands by fresh-
water release changes intertidal snail species compositions
into freshwater snail assemblages. Similarly, many species
of native shorebirds forage almost exclusively on intertidal
habitats (Smart and Gill 2003) rather than freshwater habitats.
When restoring intertidal wetlands to recover the original in-
vertebrate foods for shorebirds, it is prerequisite to retain tidal
flows and to connect hydrology of tidal creeks with the greater
salt marsh expanse to achieve improved invertebrate commu-
nity and drive other natural improvements in ecosystem func-
tion. Restoration goals and methods for successful intertidal
wetland restoration efforts will require careful consideration,
including accounting for unintended consequences.
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