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Effects of Short-term Hydrological Processes on Benthic Macroinvertebratesin Salt Mar shes: A Case
Study in Yangtze Estuary, China
ABSTRACT

Understanding the effects of hydrological processeshe benthic macroinvertebrates in salt marshes
can provide theoretical basis for species diversigtoration, coastal environment protection, and
comprehensive exploitation and utilization of sakirsh ecosystems. In this study, 4 fixed-point $engp
sites were set up in the salt marsh of the Easthtdatidal flat in the Yangtze Estuary for benthic
macroinvertebrate survey, hydrological monitoringd asedimentary parameter collection over two
short-time scales (semidiurnal and fortnightly egjl Based on the results of these surveys, wgzaththe
effects of hydrological processes on the benthicroiavertebrates over different timescales. Theailtes
showed that benthic macroinvertebrates assemblageed significantly over the semidiurnal and
fortnightly tide periods but not between sites. Thenber of species and the abundance of the benthic
macroinvertebrates during spring tide period wegaiicantly lower than that during neap tide pekio
although the biomass during both tidal periods west significantly different. There was no sign#it
variation in the number of species, abundance, lBiothass of benthic macroinvertebrates over the
semidiurnal tidal scale in general with few excepsi. However, there were significant differencesivst
of the hydrological and sedimentary parameters éetwthe spring and neap tide periods, as well as
between semidiurnal tides in these two periods. Ppnncipal components, the intensity of hydrologica
processes (PC1) and the physicochemical propesfiesater and sediment (PC2), were derived from
principal component analysis on hydrological fastand sedimentary physicochemical parameters. The
results show that PC1 had a significant effectlmmadance of benthic macroinvertebrate communitytevh
PC2 had a significant effect on biomass. The beshbined environmental factors, which exhibited
significant correlations with the characteristidstioe benthic macroinvertebrates and also theioriaric

classes, varied across the sampling periods. Tiny sndicates that short-term hydrological proesssan
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not only directly affect the benthic macroinvertes, but also indirectly affect the communitiesatigring
sedimentary physicochemical factors. There werrifsignt differences in the effects of the hydrotad
processes on the benthic macroinvertebrate comynowér the semidiurnal and fortnightly tidal scalasd

it could be inferred that the scale effect stilistx in the short-time scale.

Keywords: Benthic macroinvertebrate community; East Nartioial flat; Hydrological process; Salt marsh;
Short timescale
1. Introduction

Salt marshes, which are widely distributed in calagteas across middle- and high-latitude, areafne
the most productive ecosystems in the world (Mitaold Gosselink, 2011). Benthic macroinvertebrates a
key links in the food chains of salt marsh ecoswyste(Mosemanet al., 2004). Specifically,
macroinvertebrates are often a food source forsbiidh and mammals (Levet al., 2001; Cardoset al.,
2008). Macroinvertebrates also play important ralegshe material circulation and energy flow of the
ecosystems, they can contribute to the decomposifiorganic matter in the sediment (Stief, 201ign&et
al., 2015). As the benthic macroinvertebrates aresige®@ to environmental changes, they are often
employed as important indicators in environmentahitoring and assessment (Rakocinski, 2012g0a.,
2013). Therefore, variation of benthic macroinvierates in salt marshes has also been described as a
function of biotic and abiotic variables (e.g., e&gion type, sediment substrates and organic naitgent)
(Tonget al., 2013).

Hydrological processes are dynamic processes o€dh&énuous or periodic variation of hydrological
elements. Salt marshes are located in the transitme between terrestrial and marine ecosystehesy T
are influenced by precipitation and runoff, andoalsy tide and tidal currents. Regional hydrological
processes are important driving forces for shaping sustaining the structure and function of satstm

ecosystems, including the benthic macroinvertelratemunities (Barbone and Basset, 2010; Hughak,
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2012; Walet al., 2017). In past decades, there have been madieston the influence of hydrological
elements on the benthic macroinvertebrate comnasniti salt marshes. Warwick and Uncles (1980), who
firstly established a direct correlation betweeataltistress and macroinvertebrate communities, @adiotit
that high velocity flow can lead to significant tetions in some species. Some studies indicateckizatges

in flow velocity can cause variations in the tramggtion of benthic macroinvertebrate larvae amirtfood,
which, in turn, can affect biomass, density ancediity of the benthic macroinvertebrates in saltsnes
(Turneret al., 1997; Norkkoet al., 2000; Coccet al., 2006). Ysebaest al. (2003) found that water depth
was one of the most important factors affectinggpatial distribution of macroinvertebrates comrtiasiin
Scheldt estuary, NW Europe. It was reported thanhdbnce and biomass of the benthic macroinverebrat
in the intertidal zone was significantly highernhtae corresponding values in the subtidal zonekkéoet

al. (2001) and Nishijimat al. (2013) found that regional variations in watdirsty could negatively affect
the biomass and abundance of the benthic macreaibrates. Similar conclusions were reached by Kneib
(1984) and Partyka and Peterson (2015). Other euttave also reported that change in water tusbaht
temperature can also affect the abundance and bsoafanacroinvertebrate communities (Salen-Picadd a
Arlhac, 2002; Salen-Picaed al., 2003; Blancharet al., 2013).

In addition to the hydrological elements, many sehtary physical and chemical factors, including
sediment pH, bulk density, water content, and gsie etc., affected by hydrological processesaian
influence the benthic macroinvertebrate communfti@snptey and Armah, 2008; Tomgal., 2013; Takada
et al., 2015). From these studies, we can find thatynséudies have investigated separately the infleenc
of hydrological elements or sedimentary factorsy§ital and chemical) on the benthic macroinvertiebra
communities, but less is known about the synewisffects of hydrological elements and sedimentary
factors on benthic macroinvertebrates after hydyiclprocesses.

Scale effect is a core issue in modern ecology. W&tadies are based on different scales, different

processes and patterns can be detected and diffeiits are obtained (Schneider, 2001). The wsffet
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hydrological processes and sedimentary factorsemthiz macroinvertebrate communities appeared itp va
across different temporal scales. It was found Waaiation in water salinity and sediment grainesiad
significant effects on benthic macroinvertebratenownities on an annual scale (Edgar and Barre@2;20
Ysebaert and Herman, 2002; Gréial., 2011; Dittmanret al., 2015), while the effects of water salinity and
temperature appeared to be more obvious over mpouthiseasonal scales (Eyre and Ferguson, 2006;
Lamptey and Armah, 2008; Nishijima al., 2013). Only a few studies have considered theandhcs of
benthic macroinvertebrate communities with the gieaof water depth in the diurnal tide (e.g., Cruattd,
2005), while the effects of hydrological processas benthic macroinvertebrate communities over
semidiurnal or fortnightly tidal scales have beargély ignored, although they are basic processethé
longer term hydrological processes in salt marshHdsderstanding the effects of short-timescale
hydrological processes on benthic macroinvertelratemunities in salt marshes can provide a thexaeti
basis for rapid species diversity restoration, t@agnvironmental protection, and comprehensive
exploitation and utilization of salt marsh ecosyste

In this study, we focused on the following two abjees: 1) identify the characteristics of the effeof
short-term hydrological processes on the benthicranavertebrate community in the salt marshes aft Ea
Nanhui tidal flat in the Yangtze Estuary, and tlmeresponding hydrological elements and sedimentary
factors; and 2) determine whether there were affigrdnces in the effects of the hydrological preesson
the benthic macroinvertebrate community over tmeidieirnal and fortnightly tidal scales. We hypotizesl
that short-term hydrological processes would diyeatfect the benthic macroinvertebrates, and calsdo
affect them indirectly by influencing sedimentaagtiors. We also hypothesized that scale effectk @sio
exist over the semidiurnal and fortnightly tidahks. In order to test our hypotheses, we carnigcduarveys
on the benthic macroinvertebrates, hydrologicalcesses and sedimentary factors at the fixed sagplin

sites on semidiurnal and fortnightly tidal scales.
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2. Materials and methods
2.1. Sudy area and field site selection

The study was carried out on the East Nanhui flda(Fig. 1) in the Yangtze Estuary, the largestiary
in China, characterized by a typical three-levélifgiation and a four-outlet configuration. The s8daside
the estuary are irregular semidiurnal tides. Thst B&nhui tidal flat is located in the southerntprthe
entrance to the Yangtze Estuary, on the southdfitlee third branch of the southern channel, ajuhetion
of the Yangtze Estuary and the Hangzhou Bay. It f@ased by the long-term accumulation of sediment i
the Yangtze Estuary. The average tidal range in Ehst Nanhui tidal flat area is 2.7 m, reaching
approximately 4 m during the spring tide period é.ial., 2012). The area has a subtropical maritime
climate with an average annual temperature of 15€18nd an average annual rainfall of 1.2#&mn (Niu
et al., 2013). The sediment mainly comprises clayeyasitl silt (Huanggt al., 2008; Maet al., 2012). The
East Nanhui tidal flat area is one of the most irtgoa reclamation areas of the Yangtze EstuaryceSihe
1990s, several dams and reclamation efforts haea pat in place (Ma&t al., 2012). The sea-side of the
levee is mainly mudflats, with 50 m-wide vegetatlmits between the levee and the digue. The maint pl
species in the area are native speBlagmites australis (Cav.) Trin. ex SteudScirpus mariqueter Tang &

F. T. Wangand the invasive speci&partina alterniflora Lois.
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Fig. 1. Study area showing the sampling locations in gersarsh of the East Nanhui tidal flat in the YemegEstuary.

Four 20 m x 20 m square sampling sites (A, B, C@nhdere set up about 200 m away from the digue,
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and the distance between each sampling site wasxapyately 200 m (Fig. 1). The relative elevatidrttoe
diagonal center of each site was measured usingatta¢ Station (GTS-102N, Topcon, Beijing Ltd., g,
China), and the bias of relative elevation betw#en sites was controlled within 10 cm to ensurd tha
changes in the community were not due to natusalagion differences between the zones. Foui<k2m

sampling plots were established at each site ds@aoer of the square contained one.

2.2. Sample collection and processing
Benthic macroinvertebrates and sediments were sahgillow tide after each semidiurnal tide during

the spring tide period (30 21, 22" 6 samplings) and the neap tide period"(28", 29", 6 samplings) in
July 2016. Two replicates were collected in eadt pVery time. Benthic macroinvertebrates wereectdd
using 25 cm x 25 cm quadrats. During each sampbegthic macroinvertebrates on the sediment surface
were collected first, and then sediment samples weilected down to a depth of approximately 20 cm
using a shovel. The infauna were collected aftersiediments were sieved through a 0.5-mm mesh. sieve
All of the collected specimens were preserved # 10/v) formalin solutiorin situ. Two replicate sediment
cores (h =2 cm; r = 2.25 cm) were collected ahdawe using a syringe sampler for laboratory asialy

At the same time during the sampling, sediment @4 measured twice at each plot with a portable pH
meter (1Q150, Zealquest Ltd., Shanghai, Chinahenfield. A set of hydrological instruments wasaaged
at the diagonal center of each sampling site toitoothe hydrological processes, and the heightauth
instrument was approximately 10 cm from the sedim&mface. An electromagnetic current meter
(ALEC-Infinity, ALEC Ltd., Tokyo, Japan) was usenlrecord the flow velocity, while an optical baciter
turbidity sensor (OBS-3A, Campbell Ltd., Utah, USRas used to record the temperature, salinityjdiiyb
electrical conductivity, and water depth at eadh.8il hydrological data were sampled every 10 seconds
during the spring and neap tidal periods (5 tidalles in spring tides, 5 tidal cycles in neap t)Jd@&be

period of water depth > 0 is used as the data pwmatalculate the average and maximum values of
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hydrological data.

In the laboratory, the macroinvertebrates weretitled to species (Liu and He, 2007) and countbkdnt
dried at 60 °C for more than 48 h to a constanghteiand weighed to the nearest 0.0001 g to olthairmlry
weight (DW) of the biomass. After the wet weighteaich sediment sample was determined, all the sedim
samples were dried at 60 °C for more than 48 hdorstant weight and weighed to the nearest 0Thg,.
water content and bulk density of the sediment $asnwere calculated from these weights. The median
grain sizes (gh) of the sediments were measured using a Malveser lparticle size analyzer (MS2000,
Malvern Ltd., Malvern, UK).

2.3. Data analysis
We used relative abundance (%N), relative biom%s)( and Pinkas index of relative importance (IRI)

to reflect the composition of the benthic macromeerate communities (Tong2012; Wu and Tong, 2017).

. n,
Relative abundance%oN = ﬁ'xloo

1)

. . b,
Relative biomass%B = —x100 2
B (2

Pinkas index of relative importand®l = (%N + %B)x f. 3)

where nand b indicated the individual number and biomass of gpecies i respectively; indicated the
occurrence frequency of the species i at each Nitend B indicated the total individual number datl
biomass at each site, respectively.

PERMANOVA (permutational analysis of variance) wesformed on the benthic macroinvertebrates
assemblage datasets in R statistical programmimgukege v2.15.1 to determine the main sources of
variation of the data, with three explanatory vialea (a fixed factor TIDE (2 levels: neap and sptide), a
fixed factor TIME (6 levels, nested in TIDE: 6 sdings after each semidiurnal tidal cycle, T1 to &6y a
random factor SITE (4 levels: A, B, C and D)) (Amstan, 2005)4,999 permutations, using raw data were

carried out in all cases. All interactions wereluded (P< 0.05 was considered statistically sigatiit,
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P< 0.001 was considered statistically extremelgifizant).

IBM SPSS Statistics v.21 was used to analyze hamtHic macroinvertebrate communities,
hydrological elements and sedimentary factors chaaffer semidiurnal or fortnightly hydrological
processes. The environmental factors data thanhdidneet the requirement of homogeneity of variance
were square root transformed before analysis. Wd Gsudent t-test to analyze the variations of remal
species abundancebiomass of community and environmental factors keetwspring and neap tide periods,
and used one-way ANOVA and the least significaffecence (LSD) for multiple comparisons to test for
significant differences of these parameters betwdifarent sampling sites and also in semidiurrndég
(P< 0.05 was considered statistically significd,0.001 was considered statistically extremelypifigant)
(Tonget al., 2013).

Principal component analysis (PCA) was used to gedhe dimensions of the environmental factors
(eigenvalue = 1) (Griffithet al., 2005), and linear regression analysis to retlealeffects of the principal
components (PCs) on the benthic macroinverteb@tarwnities (Liet al., 2012). The number of species,
abundance, and biomass of the benthic macroinvateebommunities were taken as the dependent \&yiab
while the PCs were the independent variables.

Primer 5.2.8 was employed to carry out nonlinegrassion analysis to find the best matches between
the combined environmental factors and the benttacroinvertebrate community characteristics. Tha da
for abundance or biomass of the benthic macroiabeste communities were fourth root transformed to
down-weighting the importance of the highly aburtdgrecies. The relevant data for environmentabfact
were standardized transformed to avoid the effettdimensional differences (Tong al., 2013). Then,
Bray-Curtis similarity indices were used to buileketsimilarity matrices of the communities and Ededin
distances dissimilarity indices were used to bthle dissimilarity matrices of the environmentaltéas; The
BVSTEP procedure was used to determine the besbication of environmental factors matching the

characteristics of the benthic macroinvertebrat®mmanities, and also the correlation coefficienenttihe
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RELATE procedure was used to test the significaofdbe correlation®< 0.05 was considered statistically
significant,P< 0.001 was considered statistically extremelyificgmt) (Tong, 2013).
3 Results
3.1. Characteristics of benthic macroinvertebrate communities

A total of 19 species of benthic macroinvertebrabetonging to three phyla, three classes, sevadersr
and 11 families, were recorded during the survé@gble 1).All recorded species are native species. Over
the survey periodPotamocorbula amurensis Schrenck andCorbicula fluminea Muller appeared to be the
dominant species (IR1>10), whilé amurensis also happened to have the highest relative abwedand
biomass. During the spring tide period, a total®fspecies of benthic macroinvertebrates was redofthe
dominant species were alfbamurensis andC. fluminea (IRI>10), andP. amurensis also had the highest
relative abundance and biomass. During the neappdiod, all 19 benthic macroinvertebrate species
recorded. The dominant species were Btdinurensis andC.fluminea (IRI1>10), whileC. fluminea appeared

to have the highest relative abundance, Rrainurensis had the highest relative biomass.
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206 Tablel

207 Characteristics of the benthic macroinvertebrataroanities in the different tidal periods in thetsabhrsh of the East Nanhui tidal flat.

208
Spring tide Neap tide Total
Groups and species
N% B% IRI N% B% IRI N% B% IRI
Bivalvia
Potamocorbula amurensis Schrenck 39 90.5 1295 29.06 8796 102.39 34.03 89.23 11594
Corbicula fluminea Muller 139 051 10.8 3535 3.26 35.39 2463 188 231
Moeréellairidescens Benson 154 014 0.21 0.24  0.06 0.01 0.89 0.1 0.11
Snonovacula constricta Lamarck 0.77 212 0.12 0.24 1.34  0.07 0.51 1.73  0.09
Malacostraca
Crandidierella japonica Stephens 14.67 0.07 8.6 13.08 0.11 8.79 13.87 0.09 8.69
Corophium volutator Pallas 849 0.04 4.62 3.39 0.02 1.56 5.94 0.03 3.09

Macrophthalmus abbreviates Manning Holthuis 4.63  6.09 4.02 3.15 5.6 3.65 3.89 5.85 3.83



Parasesarma pictum De Haan
Synidotea laevidorsalis Miers
Philyra pisum De Haan
Cleantioides annandalei Tattersall
Exopalaemon Annandalel Kemp
Exopalaemon modestus Heller
Polychaeta

Notomastus latericeus Sars
Branchionmma cingulatum Grube
Glycerachirori 1zuka
Dentinephtys glabra Hartman
Tylorrhynchus heterochaetus Quatrefages

Perinereis nuntia Savigny

0.77

6.95

2.32

6.18

0.39

0.1

0.02

6.09

0.01

0.06

3.23

0.49

2.63

0.02

1.45

0.48

0.48

0.48

0.73

0.24

291

1.94

1.45

3.15

0.73

0.73

0.01

1.31

0.01

0.05

0.12

0.03

0.07

0.03

0.02

0.36

0.04

0.15

0.04

0.06

0.01

0.98

0.6

0.31

1.07

0.06

0.09

0.73

0.24

0.24

0.24

0.75

0.12

4.93

2.13

0.73

4.66

0.36

0.56

0.66

0.01

0.07

0.07

0.02

3.08

0.01

0.01

0.18

0.02

0.07

0.02

0.06

0.01

2.11

0.54

0.15

1.85

0.03

0.05




209 Table2

210 PERMANOVA results for the macroinvertebrate.represents degrees of freedd®s, represents square suMS represents

211 mean sumk represents Fisher’s univaridestatistic,P(MC) represent® values using Monte Carlo permutations.

Source df SS MS F P(MC)
Time 5 3.68 0.74 3.45 <0.001
Tide 1 2.34 2.33 10.95 <0.001
Site 3 0.97 0.32 1.51 >0.05
TimexTide 5 2.19 0.44 2.05 <<0.05
TimexSite 15 4.86 0.32 1.52 <<0.05
TidexSite 3 0.88 0.29 1.37 >0.05
TimexTidexSite 15 4.89 0.32 152 <0.05
Residual 93 19.84 0.21
Total 140 39.64

212

213 PERMANOVA indicated that two explanatory variablgsne and tide) were governing sources of

214  variation in the macroinvertebrates assemblages.ifiteraction terms, such as tiléde, timexsite, time
215  Xtide Xsite, were also significant (Table 2). The intei@atterm tidex site was not significant.

216 In the fortnightly tide period, the difference otimber of speciesd{=47; F=1.435; P> 0.05),

217  abundancedf=47;F=1.685;P> 0.05) and biomassiic47;F=2.151;P> 0.05) of benthic macroinvertebrates
218  at different sampling sites were not significantwéver, there were significant differences in spe@and
219 abundance between individual sampling sites (Fig.Bg¢re was also no significant difference in thenber

220 of species, abundance and biomass of benthic nmaemdebrates at different sampling sites during the

221 spring and the neap tide periods, but also someifisignt differences exist in number of species and

222 abundance between individual sampling sites (Fig.2)
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229

230 The variations in characteristics of number of #&®c abundance and biomass of benthic
231 macroinvertebrates during the spring and neap pieleods were very different (Fig.3). The number of
232 species {f=46; t=-3.729; P<0.05) and the abundancedf£46; t=-2.522; P<0.05) of benthic
233  macroinvertebrates in the spring tide period wegaificantly lower than that in the neap tide peridn

234  contrast, there was no significant difference m biomass of benthic macroinvertebrates betweesftieg

235 and neap tide perioddf€46;t=1.046;P>0.05).
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238  the salt marsh on the East Nanhui tidal flat duthgyspring and neap tide periods. Any two columitls the same letter are not

239  significantly different following Student t-te$P$0.05).

240 The characteristics of semidiurnal variation in tlenber of species, abundance and biomass of enthi
241  macroinvertebrate communities during the spring teriod were different (Fig. 4). There were no
242  significant differences in the number of specidfs=23; F=1.020;P>0.05), abundancealf{=23; F=0.807P

243  >0.05) or biomassd{=23; F=1.897;P>0.05) of benthic macroinvertebrates among the ggrdes. There
244  were also no significant differences in the numbkspecies or abundance of benthic macroinvertebrat
245 communities between individual semidiurnal periogbjle there were significant differences in biomas

246  between some semidiurnal periods.
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248 Samplings sequence
249 Fig. 4. Semidiurnal variations in the number of specidsjn@ance and biomass of benthic macroinvertebrateninities

250 (meanzse) in the salt marsh on the East Nanhdiftataduring the spring (a) and neap (b) tides-T@ represent the six sampling
251 events during the ebb tide between the successim@airnal tides. Any two samples with a commoreleaire not significantly
252 different following one-way ANOVAR>0.05).

253 The characteristics of semidiurnal variation in thember of speciesdi=23; F=0.131; P>0.05),

254  abundancedf=23;F=0.197;P>0.05) and biomassi{=23; F=1.442;P>0.05) of benthic macroinvertebrate
255 communities in the neap tide period were differ@ing. 4). The number of species, abundance anddsem
256  were largely similar across successive semidiutidal cycles, however, there were significant diéfeces

257 in abundance and biomass between some semidiidabperiods ¢f=23; F=3.707;P<0.05).

258  3.2. Characteristics of hydrological and sedimentary factors

259 Variations characteristics of the environmentaltdes during the spring and neap tide periods were
260 different (Table 3). Most hydrological elements awtlimentary factors differed significantly betwedbge

261  spring and neap tide periods. The average watghdemaximum water depth, average water flow vejocit
262 and maximum water flow velocity during the sprimdes were all significantly higher than those ie tieap

263 tides P<0.001). The sediment water content in the spridg period was significantly higher than in the
264 neap tide periodR<0.05), while the water temperature, conductivsglinity, and sediment bulk density in
265 the neap tide period were all significantly higltean those in the spring tide peridek(.001). The water

266 turbidity and sediment pH values in the neap tideqa were also significantly higher than thosehe

267  spring tide periodR<0.05). There were no significant differences oofling duration or sediment grain size
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between the spring and neap tide periods.

Average water depth, maximum water depth, floodihgation, water turbidity, water temperature,
conductivity, salinity, sediment water content asatliment bulk density in the spring tide periodsed
significantly during tidal cyclesR<0.001) (Table 3); Average flow velocity and sedirn@H changed
significantly with tidal staged?<0.05), whereas the maximum flow velocity and semfihgrain size did not
show significant variation. Results from LSD Muldpcomparison showed that there were dramatic
variations in the water turbidity, salinity, condiwdy, and water content of sediment in the sprirde
period, with the differences being significarff<Q.05) or extremely significantP&0.001) between
individual semidiurnal tides. There was no sigmifit change in the maximum flow velocity in the spri
tide period between individual semidiurnal tidesgnficant differences also occurred in some other
environmental factors between certain individuahsiurnal tides P<0.05).

There were extremely significant temporal variasiom water temperature, conductivity, salinity,
sediment pH and bulk density in the neap tide jgei®x<0.001) (Table 3). Average water depth, maximum
water depth, flooding duration, maximum flow velgciand sediment water content showed significant
temporal variationsR<0.05). Unlike in the spring tide period, waterhiglity, average flow velocity, and
sediment grain size in the neap tide period didvaoy significantly with tides. Multiple comparisaasults
showed that the water salinity in the neap tiddgoechanged dramatically, and significaf<(.05) or
highly significant differencesP<0.001) occurred between the individual semidiutiggs. No significant
difference occurred in water turbidity, averagewfloelocity or sediment grain size between every two
semidiurnal tides in the neap tide period. Thereewsgnificant differences in some other environtakn

factors between certain individual semidiurnal $ie<0.05).



289

290

291

292

293

294

Table 3

Variations in environmental parameters during défe tidal periods in the salt marsh on the Easthdatidal flat.F value andP value represent the significant level of overallismnmental

parameters variations during spring tide and nislgpteriods following one-way ANOVAW1-WS5 represent the environmental factors in eadhidiurnal tide in spring and neap tide periods

(meanzse)P*and t * value represent the significant level of ovemativironmental factor variation between spring tihel neap tide period following Student t-test. Totpresents the

average values of environmental factors duringngpaind neap tide periods (meanzse).

Tid F value t*value
ae
Environment factors o Pvalue W1 W2 w3 w4 w5 P*value Total
erio
P (df=23) (df= 38)
Hydrology
Spring 68.9 P<0.001 1.00+0.0%3 1.52+0.07 1.13+0.06 1.65+0.07 1.17+0.07 1.30+0.26
Mean water depth (m) 5.703 P*<0.001
Neap 3.4 P<0.05 0.95:+0.14 0.86+0.1%° 0.97+0.13 0.71+0.14 1.03+0.16 0.90+1.68
Spring 66.2 P<0.001 1.51+0.1% 2.35+0.1% 1.67+0.1% 2.55+0.1% 1.760.16 1.97+0.43
Max water depth (m) 5.421 P*<0.001
Neap 5.06 P<0.05 1.41+0.18 1.30+0.18° 1.46+0.119 1.05+0.18 1.60+0.18 1.37+0.28
Spring 43.3 P<0.001 0.23+0.0% 0.28+0.0% 0.23+0.11 0.29+0.0% 0.24+0.01 0.25+0.03
Submergence time (day) -0.929 P*>0.05
Neap 553 P<0.05 0.25+0.02" 0.25+0.02° 0.27+0.0%° 0.23+0.02 0.29+0.02 0.2610.03
Spring 99 P<0.001 562.51+41.386 724.91+6.02  497.04+37.27 982.45+53.4% 860.35+47.2% 725.45+188.9
Water turbidity (NTU) -2.567 P*<0.05
Neap 1.11 P>0.05 772.19+125.86 865.95+103.81 817.08+156.79 1013.38+2552 1001.32+254% 873.68+176.2



Water temperatureQ)

Water conductivity (mS-ci)

Water salinity (%o)

Mean flow velocity (cm-9)

Max flow velocity (cm-3)

Sediment

pH

Median grain size @)

Water content (%)

Spring

Neap

Spring

Neap

Spring

Neap

Spring

Neap

Spring

Neap

Spring

Neap

Spring

Neap

Spring

Neap

99.7

397.4

900.9

197.5

947.6

137.1

4.29

0.33

0.16

5.35

75.34

18.14

2.7

0.55

30.27

3.27

P<0.001

P<0.001

P<0.001

P<0.001

P<0.001

P<0.001

P <0.05

P >0.05

P >0.05

P <0.05

P <0.05

P<0.001

P >0.05

P >0.05

P<0.001

P <0.05

29.36+0.09

31.97+0.04

0.61+0.0%

2.32+0.07

0.27+0.0%

1.03+0.08

22.86+1.88

18.57+0.18

42.14+0.52

34.5945.81

8.16+0.75°

8.84+0.50

56.27+4.67°

51.44+6.61

24.84+0.82

24.48+0.42

29.44+0.08

30.13+0.18

0.67+0.0%

2.81+0.18

0.29+0.0%

1.30+0.07

24.94+1 .64

18.66+0.14

41.28+1.23

31.31+0.69

7.91+0.62°

6.55+0.53

53.54+3.67°

52.38+6.58

24.21+0.78

28.15+0.8%

30.060.16

32.44+0.16

0.95+0.05

2.65+0.10

0.42+0.02

1.17+0.04

23.45+0.99

20.05+1.49

40.94+4.53

33.36+1.96

8.60+0.80

9.98+1.17

60.71+4.82

54.69+7.08

26.15+0.61

27.94+0.89

29.38+0.08°

30.29+0.14

2.06+0.13

3.75+0.22

0.97+0.08

1.77+0.16

26.68+0.77

19.14+1.32

41.2443.57

34.16+0.88

6.70+0.96

8.97+0.12°

52.24+4.58

51.3245.18

28.13+0.61

26.43+0.82°

30.20+0.08

31.93+0.04

4.74+0.20

4.85+0.28

2.28+0.10

2.26+0.13

23.67+1.78

18.67+3.78

42.41+3.68

42.1845.08

7.31+0.42

9.26+0.38>

59.05+3.93°

57.3046.72

30.15+0.55

26.55+0.61"

-7.581

-3.519

-3.234

8.634

5.684

-1.747

1.159

1.751

P*<0.001

P*<0.001

P*<0.001

P*<0.001

P*<0.001

P*<0.05

P*>0.05

P*<0.05

29.69+0.38

31.35+0.9%

1.81+1.60

3.27+0.98

0.85+0.78

1.50+0.47

24.32+1.90

19.02+1.9

41.60+2.82

35.12+4.95

7.74+0.93

8.72+1.3%

56.36+5.06

53.43+6.20

0.46+004

0.26+0.0%



Spring 30.85 P<0.001 1.27+0.04 1.21+0.08 1.25+0.08 1.19+0.08 1.18+0.0% 1.23+0.04
Bulk density (g- crii) 1.812 P*<0.001
Neap 30.85 P<0.001 1.27+0.03 1.42+0.08 1.45+0.03 1.61+0.08 1.48+0.15 1.48+0.18
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3.3. Effects of hydrological processes on benthic macroinvertebrate communities

Two principal components were obtained throughgipia component analysis on hydrological

factors and sedimentary physicochemical factorg. (). The cumulative contribution rate of the

two PCs extracted was 74.9% indicating that thesedomponents comprehensively generalized

the 13 main indexes. The contribution rate of PGl Ww2.8%, which encompassed the average

water depth, maximum water depth, average flow amlomaximum flow velocity and flooding

duration, which together could be generalized asitkensity of hydrological processes (Table 4).

The contribution rate of PC2 was 22.1%, which engassed water salinity, conductivity, turbidity,

sediment bulk density, water temperature and ofaetors (Table 4). Thus, PC2 could be

summarized as the physical and chemical propestibsth water and sediment.
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Fig. 5 PCA of hydrological elements and sedimentary petars in the salt marsh of the East Nanhui tidal. fl

MeanWD: Mean water depth; MaxWD: Maximum water ¢e@ubT: Submerge time; WTur: Water turbidity; WTem

Water temperature; W.CWater conductivity; WS: Water salinity; Mean FV: hteflow velocity; Max FV: Maximum

flow velocity; SpH: Sediment pH; SMgs: Sediment maedgrain size; SWc: Sediment water content; SBatlirBent



311 bulk density.
312 Table4

313 Eigenvector values of the environmental factorBGfL and PC2. The abbreviations in the table warega Fig.5

PC1 PC2

MeanWD 0.965 -0.1

MaxWD 0.97 -0.076

SubT 0.535 0.357

WTur 0.012 0.798

WTem -0.484 0.467

wC -0.217 0.922

WS -0.197 0.917

MeanFV 0.847 -0.305

MaxFV 0.597 -0.029

SpH -0.537 -0.286

SMgs 0.14 -0.117

Swc -0.007 0.165

SBd 0.302 0.769

314 The correlations of the number of species, abureland biomass characteristics of the overall

315 benthic macroinvertebrate communities with the ®@s are very different (Table 5). PC1 has no
316  significant effect on the number of species or kaem of the benthic macroinvertebrate
317 communities P>0.05), but does significantly influence the abumma P<0.05); PC2 has no
318  significant effect on the number of species or alamte of macroinvertebrate communities, but
319 does have a significant effect on the biom&(05).

320

321

322 Table5
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The correlations between the number of species,nddmce and biomass characteristics of the benthic

macroinvertebrate communities and the two PCs @ ghlt marsh of the East Nanhui tidal flathe significant

correlations are shown in bold.

PC P value Correlation coefficient
Number of species PC1 0.222 -0.199

PC2 0.484 -0.113
Abundance PC1 0.011 -0.396

PC2 0.669 0.070
Biomass PC1 0.608 0.078

PC2 0.014 -0.389

The best combination of selected factors whichetate significantly with the abundance and
biomass of the benthic macroinvertebrate communiigy widely across the sampling periods
(Table 6). In the entire fortnightly tide periodhet combined environmental factors which have
significant effects on the abundance of the benthacroinvertebrate communities appear to
include the average water depth, maximum depthemsalinity, maximum flow velocity, and
sediment grain sizer£0.216,P<0.05), while no such combined environmental fectexhibit a
significant correlation with the biomass of the thén macroinvertebrate communities. The
abundance of bivalves is significantly correlateithwihe combination of average water depth and
sediment bulk densityr£0.447,P<0.05), whereas there is no significant correlati@tween the
combined environmental factors and the biomasshefcommunity. There is also no significant
correlation between the combined environmental ofactand the abundance or biomass of

malacostracans. In contrast, the biomass of pobtelsais significantly positively correlated with



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

the combination of average flow velocity, sedimbaotk density and flooding duratiom=0.084,
P<0.05), but there is no significant correlation vite¢n the same combined factors and the
abundance of the community.

The biomass of the benthic macroinvertebrates m gpring tide period is significantly
correlated with the combination of water tempemtand maximum flow velocityr£0.379,
P<0.05), whereas there is no significant correlati@tween the combined environmental factors
and the abundance of the community. The resultslyintipat the bivalve abundance is not
significantly affected by either the hydrologicdements or sedimentary parameters that we
investigated in the spring tide period, whereasrthemmass is significantly positively correlated
with the combination of maximum water depth, watebidity, water salinity, and sediment bulk
density (=0.369,P<0.05). Neither the abundance nor the biomasstbérethe malacostracans or
the polychaetes in the spring tide period are &wanitly correlated with the hydrological elements
or sedimentary parameters in this study.

The biomass of the benthic macroinvertebrates dutite neap tide period is significantly
correlated with the combination of average watetlleaverage flow velocity, and sediment grain
size (=0.251, P<0.05), whereas there is no significantly correlatibetween the combined
environmental factors and the abundance of the aomtres. The abundance of the bivalves was
not significantly correlated with either the hydrgical elements or the sedimentary factors in the
neap tide period, whereas their biomass was stgmifiy positively correlated with the combination
of average water depth, average flow velocity, sediment grain size£0.251,P<0.05). Neither
the abundance nor the biomass of the malacostracahs polychaetes during the neap tide period
is significantly correlated with the hydrologicdéments or the sedimentary parameters.

Table 6



362 Correlations between the benthic macroinvertebcatemunities and environmental factors in the saltsin on the

363 East Nanhui tidal flat. The significant correlatioare shown in bold.

Tidal Community parameters Correlation  Selected factors P value
periods coefficient
Fortnightly Total Abundance 0.138 1,2,7911 0.023
tides (Biomass) (0.194) (1,3,8) (0.130)
Bivalve Abundance 0.447 1,13 0.008
(Biomass) (0.270) (1,2,12,13) (0.122)
Malacostracan Abundance 0.033 4,12 0.332
(Biomass) (0.103) (1) (0.093)
Polychaete Abundance 0.044 2,8,13 0.167
(Biomass) (0.084) (8,13) (0.040)
Spring tides Total Abundance 0.047 7 0.381
(Biomass) (0.379) (1,2,4,7,8) (0.006)
Bivalve Abundance 0.141 7 0.174
(Biomass) (0.369) (2,4,7) (0.007)
Malacostracan Abundance 0.036 1,2,4,7 0.629
(Biomass) (0.011) (1,2,12) (0.085)
Polychaete Abundance 0.093 7.9 0.218
(Biomass) (0.085) (8,13) (0.090)
Neap tides Total Abundance 0.302 1,7,11 0.220
(Biomass) (0.251) (1,811) (0.024)
Bivalve Abundance 0.494 1,9,11,13 0.023
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(Biomass) (0.259) (1,8,11) (0.005)

Malacostracan Abundance 0.072 1,11 0.631
(Biomass) (0.378) (5,7,13) (0.068)

Polychaete Abundance 0.010 7 0.853
(Biomass) (-0.093) (7,8,12) (0.658)

Notes: Environmental factors 1: Mean water depthMax water depth; 3: Submergence time; 4:
Water turbidity; 5: Water temperature; 6: Water awctivity; 7: Water salinity; 8: Mean flow
velocity; 9: Max flow velocity; 10: Sediment pH; :1$ediment median grain size; 12: Sediment

water content; 13: Sediment bulk density. The lgtet signifies significant correlationB<0.05).

4 Discussion
4.1. Effects of hydrological processes on benthic macroinvertebratesin salt marshes

The roles of hydrological processes as importaqthgsical processes in salt marsh ecosystems
and their effects on organisms, including the bienthacroinvertebrates, have attracted much
attention in the past decades (Cardetsa., 2010; Paavet al., 2011). Previous studies have shown
that hydrological elements in the salt marsheduding water flow velocity, depth, salinity and
turbidity (Warwick and Uncles, 1980; Salen-Picat@l., 2003; Ysebaewt al., 2003; Tomiyamast
al. 2008), as well as sediment grain size, pH, belksity and other sedimentary factors (Lamptey
and Armah, 2008; Tong al., 2013; Takadat al., 2015) have different effects on the composition,
number of species, abundance and biomass of bem#coinvertebrates community. Our results
showed that hydrological processes have signifiefatts on compositions, number of species and
abundance of the benthic macroinvertebrates, buvmthe biomass, which was consistent with the

results found in previous studies. For example,d@éa al. (2013) found that strong hydrological
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processes resulted in a significant decrease ialthedance of benthic macroinvertebrates, but not
in the biomass. They declared that the increasabimdance and biomass of the opportunistic
species resulted in the stable biomass of the emthcroinvertebrates. In our study, we found that
hydrological processes mainly affected the bionwddke relatively small-sized malacostracans and
polychaetes, while the bivalves, which had reldyivegher individual biomass values, appeared to
be more stable. This was likely the reason thatbibenass of the benthic macroinvertebrates did
not vary significantly.

Our hypothesis, which is that hydrological processsan directly affect the benthic
macroinvertebrate communities, has been supposgtedibresults. In this study, the intensity of the
hydrological processes appeared to be the firsicgral component of the related environmental
factors, which had significant correlation with thbundance of the benthic macroinvertebrates.
Water depth and flow velocity appeared in the comabi environmental factors which had
significant correlation with the benthic macroinedrate communities in both semidiurnal and
fortnightly timescales. These results were conststeith those previous studies (Warwick and
Uncles, 1980; Ysebaest al., 2002). According to a study by Warwick and Usq|&980), tides and
tidal currents can directly disturb the benthic no&vertebrates, the intensity of this effect muinl
depended on the water flow velocity and depth.

In this study, furthermore, water salinity and idity appeared to have the highest contribution
to the second principal component of the environaleiactors and these two factors proved to
have significant correlation with the biomass a tienthic macroinvertebrates. This indicates that
the change of physicochemical parameters of watérydrological process is as important as the
intensity of hydrological process. These conclusiare supported by previous studies. For example,

Norkko et al. (2001) and Nishijima&t al. (2013) concluded that large volumes of low-s#jimater
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flowing into the salt marshes might lead to a daseein the number of species, abundance and
biomass of the benthic macroinvertebrates. Saleariet al. (2003) reported that a dramatic
increase in water turbidity could cause feedin@alifties for the suspension feeders, which could,
in turn, lead to the decrease in their abundankeréfore, we can conclude that the direct effetts o
hydrological processes on benthic macroinvertebratepend mainly on the intensity of the
processes and water physicochemical propertigs.sitiggested that the restoration of the benthic
macroinvertebrates community can be carried outabjusting the intensity of hydrological
processes, physicochemical characteristics of veatérsediment.

In this study, we observed that hydrological preesscould also influence the benthic
macroinvertebrates indirectly by affecting sedinaeyt factors. Hydrological processes can
significantly alter bulk density, water content guid of the sediments. Previous studies have shown
that hydrological processes can drive transporatieposition and redistribution of the sediments,
which, in turn, affect the sediment grain size (Mg€, 1978; Gaat al., 1994). Agitation of the
sediment by hydrological processes could changeoitsolidation state, thereby affecting the bulk
density and water content of the sediments €lal., 2014). In addition, it has been shown that
variation in flooding conditions can have signifit&ffects on pH of the sediments (Portnoy, 1999).
In this study, it is found that hydrological proses have no significant effect on sediment grae.si
A possible explanation is that the hydrologicalgasses varied less in such a short time during our
study period. Our previous study has also showh gediment bulk density is one of the most
important factors affecting the benthic macroingbrates (Tongt al., 2013). In this study, bulk
density appeared repeatedly in the combined enwiental factors which have significant effects
on the benthic macroinvertebrates. The resultsestgd that hydrological processes can indirectly

affect the benthic macroinvertebrates by influegcdihe bulk density of the sediments. It is also
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found in this study that sediment grain size caited significantly with the abundance and biomass
of the benthic macroinvertebrates, which is coesistwith the results from the previous studies
(Cahoon, 1999; Yuan and Lu, 2001; Tomiyaghal., 2008).

In addition, the effects of hydrological processesthe benthic macroinvertebrates can vary
with the different taxonomic classes. In this stutlys found that environmental factors, including
water depth, flow velocity, salinity, turbidity, dienent grain size and bulk density, have significan
correlations with the abundance and biomass oflN@ga Similar results have been reported in
previous studies. For example, Tomiyaebal. (2008) found that the abundance of bivalves & th
Natori River estuary were higher in areas with hggthinity and low sediment clay content, and
Coco et al. (2006) reported that bivalves could not survigewater with high turbidity. In the
Yangtze Estuary, bivalves usually gathered in akglasre the sediments have coarse grain size
(Fanget al., 2006). In this study, the combination of watexf velocity and sediment bulk density
was found to have significant correlations with godychaetes, while previous studies reported that
the important factors included water salinity, digsed oxygen, sediment grain size, clay and
organic matter content (Omena and Creed, 2004ayPahd Perissinotto, 2008; Tomiyardaal.,
2008; Musale and Desai, 2011). In this study, thieoed no significant effects on malacostracans
due to environmental factors related to hydrologpracesses. However, previous studies showed
that water salinity and temperature as well asrothetors could have important effects on this
group (Pérez-Castafieda and Defeo, 2001; Peisaly, 2005; Begueet al., 2012). The differences
in lifestyle of the different classes should begidared to be one of the most important reasons for
this phenomenon (Tong al., 2013; Linet al., 2015), which may need further investigation.

4.2. Effects of scale on the studies

When the temporal and spatial scales of surveysigihathe system will exhibit different
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characteristics (Crawley and Harral, 2001; Byers loonburg, 2003; Kallimanig al., 2008; Reif
et al., 2008).The results from this investigation showleat the scale effects also exists over the
shorter time scale, which supports our hypothdsishis study, we found that the composition
number of speciesabundance of the benthic macroinvertebrates chasmguficantly over the
fortnightly scale, whereas only the compositiorbehthic macroinvertebrates community changed
over the semidiurnal scale. Moreover, previousisaiiave shown that hydrological processes have
significant effects on the composition, number pedes, abundance and biomass of benthic
macroinvertebrates over longer timescales (EdgdrBarrett, 2002; Ysebaert and Herman, 2002;
Eyre and Ferguson, 2006; Nishijirggal., 2013). It can be inferred that the effects afifmjogical
processes on benthic macroinvertebrates in thersash are much more obvious over the longer
timescale, in which the hydrological processes wary more significant, and their effects may be
extended over time. The mechanisms are beyondtilnily, but it is worthy of further investigation.
According to the results from this study, the comeloi environmental factors, which
significantly affect the benthic macroinvertebratesy differ from timescales. Over the semidiurnal
tidal scale, the important factors appeared to béewdepth, flow velocity, water salinity and
turbidity during spring tide period, but water depflow velocity, sediment grain size and bulk
density during the neap tide periods. On the fgtttly tidal scale, the combination included not
only the intensity characteristics of hydrologipabcesses, but also the physicochemical factors of
water and sediment. A few previous studies repostedlar effects over the longer timescales. In
the monthly or seasonal scale, water salinity amdperature appear to be the most important
factors to the benthic macroinvertebrates (Eyre Bedjuson, 2006; Lamptey and Armah, 2008;
Nishijima et al., 2013), while variations in water salinity anddseent grain size caused by the

runoff changes are more important over the anncales(Edgar and Barrett, 2002; Ysebaert and
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Herman, 2002; Grilaet al., 2011; Dittmannret al., 2015). Furthermore, the characteristics of the
hydrological processes also vary over differentetistales. For example, the runoff of the river
usually varies over months, seasons or even ye#duish, in turn, affects water salinity, sediment
grain size,etc. (Détrichét al., 2011; Ghezzet al., 2011; Garciat al., 2012; Zhuet al., 2012; Yuet

al., 2014).

The current study provides a better understandirtfe effects of hydrological processes on
benthic macroinvertebrates, and has highlighted the effects of short-timescale hydrological
processes on benthic macroinvertebrate communitisalt marsh should not be ignored in future
studies. It is necessary to replicate the experinénhis study in different months, seasons and
years to ensure these findings. More in-depth rekean the effects of hydrological processes on
benthic macroinvertebrate communities needs todmged out to provide a theoretical basis for

species diversity, restoration and comprehensiypéoéation and utilization of salt marsh.
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Highlights:

1. Continuous hydrological processes had significant effects on the number of species and
abundance but not on biomass of the benthic macroinvertebrates .

2. Hydrological processes could not only directly affect the benthic macroinvertebrates, but also
indirectly affect the communities by influencing sedimentary physiochemical factors.

3. The effects of hydrological processes on benthic macroinvertebrates over shorter timescales still

showed scale effects.



