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The movement of sediment and associated microphytobenthos (MPB) between the
upper mudflat and salt marsh in a macrotidal estuary was investigated by comparing
the variability of benthic chlorophyll a (Chl. a) and suspended Chl. a during flood and
ebb spring tides during the 2015 supermoon event. Sampling was carried out for 4 days
in August and September. Flood-tide water carried significantly higher amounts of Chl.
a from the mudflat transition zone onto the salt marsh compared to the amount of
leaving the salt marsh during ebb tides. Suspended solid loads, suspended Chl. a
concentrations, and diatom species composition provided evidence that resuspended
mudflat sediments containing biofilm material were transferred onto the salt marsh by
flood tide. Significant negative correlations between sediment Chl. a concentrations on
the upper mudflat transition zone and Chl. a concentrations in flood-tide water indicated
biostabilization of sediments by biofims reducing sediment resuspension. Mean wind
speed had a significant positive effect on resuspending Chl. a from the salt marsh
sediment surface into the ebb tide (o < 0.001). The amount of Chl. a being resuspended
in flood and ebb tidal waters was significantly correlated with MPB biomass on the
sediment surface on the mudflat and salt marsh, respectively. Resuspended diatoms
over the mudflat during high tide shared a total of 54.3% similar species with diatoms
recorded in flood tidal water over the salt marsh. Diatom taxa characteristic of salt
marsh assemblages, and some deposited diatom taxa were resuspended and carried
off the salt marsh during ebb tide. Resuspension of Chl. a in both flood and ebb waters
was significantly controlled by the tidal range (both significant at p < 0.001). During
spring tides, there was a net movement of characteristic MPB mudflat diatom taxa and
sediment from the adjacent mudflat to the salt marsh, contributing to the accumulation
of material within vegetated marshes during summer months.

Keywords: microphytobenthos, diatom species, suspended sediment, suspended Chl. a, flood tide, ebb tide

INTRODUCTION

Tidal flats are important coastal and estuarine habitats (Peterson and Peterson, 1979) that play
a vital role in ecosystem services. The tidal flats occurring along coastlines are barriers to wave
and wind energy (Scholz and Liebezeit, 2012; Leonardi et al., 2015). Tidal flats can be categorized
by tide level into supratidal, intertidal, and subtidal zones. The sediment surface of intertidal flats
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(mudflats) and supratidal flats (salt marsh) are exposed to diurnal
or semidiurnal cycles of tides. While mudflats are generally
covered by all tides within the neap tide periods in North West
Europe, vegetated salt marsh grows above the mean high water
neap tide level (Beeftink and Rozema, 1988; de Leeuw et al,
1994) and so is only covered with seawater during spring tides.
Upper salt marsh, located in the supratidal area and vegetated
with herbs, grasses, and low shrubs (Xin et al., 2013), are only
subjected to tidal immersion during the highest spring tides. This
results in a greater range of environmental conditions within
salt marsh sediments, with higher levels of desiccation, rainfall,
temperature, and nutrient delivery through tidal water (Chesman
et al., 2006). Salinity ranges of salt marshes are greater than
on adjacent mudflats (McKew et al., 2011). Underwood (1997)
reported a salinity range between 16 and 210 in salt marsh of the
Blackwater Estuary, Essex, while adjacent mudflat salinity ranged
between 22 and 39. Periods of tidal cover replenish salt marsh
sediments with nutrients and reestablish seawater conditions.
Salt marshes provide a range of ecosystem functions, such as
denitrification and nutrient biogeochemistry (Seitzinger, 1973;
Ogilvie et al., 1997; Underwood, 1997; Cibic et al., 2007), primary
production and carbon storage (Macreadie et al., 2013; Mueller
et al., 2019), wave attenuation and coastal protection (Shepard
et al, 2011; Yang et al, 2012), food provisioning (Grothues
and Able, 2003; Banerjee et al,, 2017), and cultural benefits
that are important ecosystem services for human society. There
has been significant research into how to protect, enhance, and
restore salt marshes to preserve these functions in the face of
changing environmental pressures on coasts (Reed et al., 2018).
Salt marshes can trap and accrete sediment brought in on high
tides and grow vertically in the tidal frame, enabling them to
keep pace with historic rates of relative sea level rise (Horton and
Sawai, 2010). Many salt marshes have a short cliff face between the
salt marsh platform and the adjacent mudflat (Reed et al., 2018).
Sediment block collapse (slumping) in this transition zone and
the dynamics of wave action and the height differences between
mudflat, transition zone, and salt marsh can cause lateral erosion
of marshes, while providing a source of sediment for vertical
growth (Green and Coco, 2014; Ladd et al., 2019). Wave energy,
tidal range, flood-ebb tides, and spring-neap tidal cycles are
potentially factors that affect the resuspension and deposition of
sediment in the tidal flats (French and Spencer, 1993; French
et al., 2009; Green, 2011; Reed et al., 2018). The patterns of
lateral salt marsh growth or loss and vertical height accretion are
therefore dependent on wave climate, local fetch, the supply of
sediment to the adjacent mudflats, relative seal level changes, and
a range of biological interactions that can stabilize or destabilize
sediments (Green and Coco, 2014; Reed et al., 2018).
Microphytobenthic (MPB) biofilms (mixed assemblages of
eukaryotic and prokaryotic microorganisms and associated
extracellular mucilage) are important agents for biostablization
on mudflat and salt marsh sediments, increasing the erosional
shear stress needed for sediment to erode (Paterson, 1989; Spears
et al., 2008). Microphytobenthos have been attributed as primary
colonizers in succession (Coles, 1979) and are important primary
producers and biogeochemical agents in coastal sediments.
Resuspension of microphytobenthos occurs when erosive forces

exceed the shear stress of the sediment bed, and MPB can
be carried in the suspended sediment load and can resettle
elsewhere in the estuarine system (Koh et al., 2006; Ubertini
et al., 2012). MPB are more abundant on unvegetated mudflats
than under the vegetation canopy of European salt marshes,
but the deposition onto marshes provides a source of new
cells, organic material, and sediments. Redzuan (2017) observed
coupling between the MPB on the transition zone and the salt
marsh in the Colne Estuary, United Kingdom, with higher species
similarity between transition and salt marsh MPB assemblages
during spring tides than in the neap tides. Some common mudflat
MPB species such as Diploneis didyma, Pleurosigma angulatum,
Surirella ovata, Gyrosigma scalproides, Gyrosigma wansbeckii, and
Nitzschia sigma showed increased relative abundance on salt
marsh sediments during spring tide.

The aim of this study was to investigate the transfer of
sediment and MPB between the transition zone of mudflats and
the adjacent salt marsh surface and the relationships between
sediment movement and four abiotic factors: wind speed, tidal
range, rainfall, and sun hours. We hypothesized that wind speed
and tidal range would increase sediment movement, with lower
rainfall and higher sun hours promoting biostabilization and
reducing resuspension. In addition to measuring suspended
solids and microphytobenthic biomass (Chl. a), we used diatom
species composition as a biomarker indicating the source
of resuspended sediment. We hypothesized that diatom taxa
characteristic of mudflat MPB would be associated with the
suspended sediment during flood tide and deposited on the
salt marsh. If no resuspension of salt marsh sediment occurred
at high tide, then the diatom composition in the ebb-tide
water would reflect that of the flood-tide water. However, if
salt marsh sediment resuspension did occur, the ebb-tide water
would carry a diatom assemblage more typical of a salt marsh
sediment diatom flora.

MATERIALS AND METHODS

Sampling Strategy and Sample

Processing

Two sampling surveys, involving four consecutive sampling days
during the spring tide across the transition zone on the mudflat
and the salt marsh, were carried out in August 2015 (survey 1,
30.08.15 to 02.09.15) and September 2015 (survey 2, 26.09.15 to
29.09.15) (Figure 1). The relatively shallow-water depth over the
salt marsh surface even during spring tides can prevent successful
deployment of sediment traps to collect any suspended sediment
samples. Our study coincided with the “supermoon” event (the
closest approaches the moon makes to the earth in its elliptical
orbit), peaking on the 28th September 2015, which resulted in
increased spring tide ranges (5.3-6.1 m) and greater flooding of
the salt marshes in the Colne Estuary, enabling the collection of
suspended sediment samples on the salt marsh.

Two sampling plots (0.5 m x 4.5 m, built of five
0.5 m x 0.5 m quadrats distanced at 0.5 m between each other
and perpendicularly to the water channel, Figure 1A) were laid
out, one on the upper transition zone of the mudflat and one of
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FIGURE 1 | (A) Technical diagram of the plots (0.5 m x 4.5 m) built from five quadrats distanced at 0.5 m each, in which n = 15 samples were collected on mudflat
and salt marsh. The n = 15 were pooled in the laboratory to make up triplicate samples for each quadrat, which then made up a sample size of n = 5 for each zone.
T and Q, respectively, indicate sediment trap and quadrat; (B) sampling strategy carried out on the transition zone of mud flat (MF) and salt marsh (SM) at
Fingringhoe Wick, Colne Estuary, Essex, United Kingdom, in August and September 2015. The sediment trap (ST) (n = 3) was deployed before the high tide and was
collected after one period of tidal cover on each sampling day. C1 indicates water sample collection on flood and (C3) ebb tides. The unit of replication, n = 3.

the salt marsh. The size of the plot was decided after taking into
account time to deploy and to collect sediment traps and to obtain
sediment samples during each tidal cycle (Figure 1B). Three
different sets of data were obtained from the plot on each day
of sampling (Supplementary Material A): (1) surface sediment
Chl. a concentration (MPB biomass) before and after tidal cover;
(2) suspended sediment and associated Chl. a concentrations in
sediment traps after high tide; and (3) suspended sediment and
Chl. a during flood and ebb tides over the salt marsh surface (see
Supplementary Material A). Fifteen sediment surface samples
(top 2 mm) were randomly obtained from each quadrat (n = 5)
on the mudflat and salt marsh (twice, collected once before
and once after one daytime high tide event) (Figure 1B) using

minicores (20-ml syringe cut at the end with 2.836 cm? diameter).
Fifteen field replicates (1) were taken within each quadrat, as
n =12 proved to have the least sampling error at this spatial scale
(Redzuan, 2017). The samples were immediately transferred into
cold-dark containers and were preserved for Chl. a and colloidal
carbohydrate (CC) analyses and MPB cell counts. Three sediment
traps (inverted 850-mL plastic bottles with the bases removed,
attached vertically to canes) were systematically placed along each
plot (Figure 1A at a 1-m interval in each zone (Figure 1A). The
suspended sediment samples in the traps were collected, labeled,
and transferred into 1-liter bottles immediately after the high
tide. Triplicate tidal water samples during flood tide (C1) and
ebb tide (C3) were collected (only on salt marsh) into 500-ml
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bottles by hand to investigate the effect of tidal resuspension
on water column Chl. a and CC concentrations and cell counts
(Figure 1B). All samples were kept in cold and dark containers
and returned to the laboratory for processing.

Sample Processing

In the laboratory, sediment samples from the fifteen collected
minicores for each quadrat were pooled and mixed thoroughly,
after which triplicate subsamples (n = 3) (technical replicates)
were freeze dried for Chl. a (Lorenzen, 1967) and CC
(Hanlon et al., 2006) analyses. Additionally, another triplicate
set of sediment samples was collected and preserved in
0.5% w/v glutaraldehyde. These preserved samples were acid
washed (Underwood, 1994) for permanent slide preparation for
diatom cell counts.

Sediment trap water (250 ml) and tidal water samples (250 ml)
were filtered using 12.5 and 4.5-cm GF/F Whatman filter paper,
respectively. Tidal water samples were filtered through the
smaller-size filter paper due to low sediment concentration (based
on observation). The filtered sediments were freeze dried for Chl.
a (Lorenzen, 1967) and CC (Hanlon et al., 2006) analyses. For
permanent slide preparation and diatom cell count, a volume of
50 ml water sample from both the suspended and tidal water
samples were taken after agitation of the main sample and
transferred into plastic 15-ml centrifuge tubes. Samples were
preserved with 0.5% w/v glutaraldehyde before going through
an acid-washing procedure to make permanent diatom slides
following Underwood (1994).

A total of 300 and 250 diatom valves were counted for each
of the triplicate sediment surface samples for the mudflat and the
salt marsh, respectively. Only 150 and 100 valves were counted
for the triplicate suspended and tidal water samples, respectively,
due to their low cell density. Each taxon was expressed in
relative abundance (%).

Weather-Related Abiotic Factors

Four weather-related abiotic factors, the percentage of
cloud cover (%), the tidal range (m), the mean wind
speed (m s~!, averaged wind speed data for the 2 days
preceding and on sampling day), and the sum of rainfall
(mm, sum of rainfall of 2 days pre sampling and on the
sampling day), were measured. Data for the cloud cover,
sum of rainfall, and wind speed were obtained online
on www.worldweatheronline.com/Colchester-weather-
histor/Essex/GB.aspx. Tidal range data were obtained from
Brightlingsea tide tables'. Cloud cover was chosen to indicate
the potential light attenuation and also the weather (cloudy or
sunny) at the study site.

Statistical Analyses

T-tests were performed using SPSS 25 to evaluate the variability
in both Chl. a (log transformed) and CC (log transformed)
concentrations in the top 2-mm sediment surface between before
(LT 1) and after (LT 2) tidal immersion on the transition zone and
the salt marsh. One-way ANOVA tests were used to investigate

Thttp://www.visitmyharbour.com/tides/90/uk- tables/brightlingsea- tide- tables

the variability of the Chl. a (log transformed) and CC (log
transformed) in both the sediment surface and suspended in
the water column among sampling days across the sampling
surveys. Weather-related abiotic factors were analyzed using
one-way ANOVA using day and survey as factors to determine
their variability at both factor levels. Daily variability in Chl
a concentrations in both the flood and ebb tides (survey 1, 2)
was investigated by using two-way ANOVA. The day and the
sampling survey were treated as the factors for the ANOVA
analyses; significant variability is reported at significance levels
p <0.05,p < 0.01,and p < 0.001.

Pearson correlation coefficients were used to determine
the relationship between the measured variables (Chl. a, CC,
suspended sediment Chl. a, and Chl. a in tidal water samples)
with the weather-related abiotic factors.

Modified Morisita’s similarity index was used to calculate
the percentage similarity between the MPB-diatom species
composition on the transition zone and salt marsh sediment
surfaces, in sediment traps (on transition zone) and in the
flood and ebb-tide samples, using the Multi Variate Statistical
Package (MVSP) 3.1 software (Kovach, 1999). Before the
analyses, the overall data for each taxon were averaged and log;o
n + 1 transformed. NMDS, ANOSIM, and SIMPER analyses
were conducted on the diatom species-abundance Bray Curtis
dissimilarity matrix, using R version 4.0 with the package vegan
(Oksanen et al., 2019; R Core Team, 2020).

RESULTS

Temporal Variability in
Microphytobenthic and Suspended
Biomass Related to Tides and Weather

Factors

Chl. a concentrations in the top 2-mm sediment surface on the
transition zone of the mudflat and salt marsh before (LT 1)
and after (LT 2) the immersion period showed no significant
differences across a flood-ebb cycle (Figures 2A,B). There
were significant differences in the sediment CC concentration
on the transition zone between the low tides (Fi,60 = 235.2,
p < 0.001) but no consistent pattern of being higher or lower
before and after tidal cover (Figure 2C). The presence of
fine particulate organic matter in the salt marsh sediments
interfered with the carbohydrate assay, which meant it was not
possible to determine accurate CC concentrations in the salt
marsh sediments.

Chl. a concentrations in the top 2-mm cm~2 sediment
displayed strong temporal variation at daily time scales on both
zones in both surveys (Figure 3; survey 1, F3,49 = 80.73, p < 0.001;
survey 2, F3,40 = 29.34, p < 0.001) on the transition zone of
the mudflat (Figure 3A). There was significantly higher mudflat
sediment Chl. a during Survey 2 (overall average 14.8 £+ 1.28 pg
Chl. @ cm™2) than during survey 1 (8.0 & 0.6 pg Chl a
cm™2) (Fl,80 = 26.693, p < 0.001). Chl. a concentrations on
the salt marsh in both surveys showed a pattern of decrease
followed by an increase after 3 days (Figure 2B; survey 1,
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FIGURE 2 | Daily changes in Chl a concentration (1.g cm™2) in the top 2-mm sediment surface on the; (A) transition zone of the mudflat; (B) salt marsh; and (C)
colloidal carbohydrate on the transition zone, sampled during low tide 1 (LT1) and low tide 2 (LT2) in sampling survey 1 and survey 2 at Fingringhoe Wick, Colne
Estuary, Essex, United Kingdom, in August and September 2015. Values are mean + SE, n = 5.
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F3,40 = 15.965, p < 0.01; survey 2 F3,490 = 38.173, p < 0.001).
On the mudflat transition zone, there was a strong positive
correlation (r = 0.812, p < 0.001) between the concentrations of
Chl. a and CC across sampling days in both surveys (Figure 2 and
Supplementary Material B).

There were significant differences in the weather-related
abiotic factors between days and between survey periods
(Table 1). The mean sediment Chl. a concentration on the

transition zone was significantly negatively correlated with all
four abiotic factors, with cloud showing the strongest negative
correlation (Table 2) (r value > —0.5). The mean Chl a
concentration on the salt marsh was negatively correlated
(r > —0.5) with increasing tidal range (Table 2). Salt marsh Chl. a
concentrations were also significantly negatively correlated with
averaged wind speed for 3 days (r = —0.172, p < 0.05) and tidal
range (r = —0.551, p < 0.001) (Table 2).
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FIGURE 3 | Daily changes in suspended sediment (A,B) and suspended sediment associated Chl. a (C,D) per L of water (obtained by sediment trap) over the
transition zone of the mud flat and the salt marsh during two periods of sampling in August and September 2015 at Fingringhoe Wick, Colne Estuary, Essex,
United Kingdom Values are mean + SE, n = 3.

TABLE 1 | Daily changes in the weather-related abiotic factors and tidal range during sampling surveys 1 and 2, at Fingringhoe Wick, Colne Estuary, Essex,
United Kingdom, in 2015.

Sampling survey Date Weather-related abiotic factors
Sum of rainfall (m) Mean wind speed (ms~1) Cloud cover (%) Tidal range (m)

1 30th August 2.8 2.9 89.0 5.7

31st August 7.0 3.3 100.0 6.0

1st September 6.5 3.8 57.0 6.0

2nd September 6.8 3.8 31.0 5.9
2 26th September 2.9 3.1 7.0 5.3

27th September 0.1 2.7 16.0 5.7

28th September 0.1 3.0 47.0 6.1

29th September 0.1 3.7 30.0 6.1

There were significant negative correlations between sediment ~ (Table 2), with the strongest negative correlations on the
Chl. a concentrations and both suspended sediment load and transition zone and the lowest correlation coeflicients for the
suspended Chl. a in the water column during immersion marsh surface (Table 2). Suspended solid loads were high,
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TABLE 2 | Correlations between Chl. a concentration with weather-related abiotic factors and suspended water properties during August and September 2015 on two

different intertidal zones at Fingringhoe Wick, Colne Estuary, Essex, United Kingdom.

Pearson correlation coefficients (r)

Weather-related abiotic factors

Suspended

Zones Sum of rainfall Mean wind speed Cloud cover Tidal range Suspended sediment Suspended Chl. a
Transition zone of the mudflat —0.207** —0.299*** —0.652*** —0.462*** —0.605*** —0.472***
Salt marsh ns -0.1472* —0.267** —0.551** —0.398*** —0.260***

The Pearson’s correlation coefficients were performed on pooled Chl. a data of surveys 1 and 2.

exceeding 1,000 mg L™! over the transition zone of the mudflat
and between 100 and 200 mg L™! on the salt marsh (Figure 3).
Suspended Chl. a concentrations showed similar patterns with
suspended sediment load (sediment trap data). There was
significantly higher suspended sediment on the 30th and the
31st August (post hoc Tukey HSD, p < 0.001) (Figure 3A)
and suspended Chl. a (post hoc Tukey HSD, p < 0.001)
(Figure 3B) in the water column than other days. Suspended Chl.
a concentrations in the water column over the salt marsh were
significantly positively correlated with mean wind speed and with
tidal range (Supplementary Material C), even if the high values
from 31 Aug 2015 were discounted, (i.e., r = 0.40, p < 0.05 (mean
wind speed); r = 0.7, p < 0.001 (tidal range).

MPB Coupling Between the Transition
Zone (Mudflat) and the Salt Marsh

Chl. a concentrations over the salt marsh were significantly
higher in the flood tidal water (23.90 + 1.43 g Chl. a L™!) than
in the ebb [19.46 + 0.89 pg Chl. a L™}, Fy,45 = 7.105, p < 0.05
(overall data), Figure 4]. Only the Chl. a in the flood tide on
the 1st and 2nd Sept 2015 showed lower values than the ebb,
which was potentially closely linked to the weather condition
(windy and rainy) on these two sampling days. The difference
between the flood and ebb-tide concentrations of suspended Chl.
a indicates retention of sediment within the salt marsh.

The water column Chl a concentration in flood-tide water
samples on the salt marsh was significantly negatively correlated
with the Chl. a concentration on the transition zone of the mud
flat sediment surface [r = —0.774, p < 0.001 (Figure 5A)]. The
correlation was stronger than the correlation between flood tide
Chl. a and Chl. a on the salt marsh (r = —0.410, p < 0.001)
(Figure 5B). During ebb tides, there was evidence for the wash
away of MPB from the salt marsh. The significantly higher salt
marsh sediment Chl. a in survey 2 (2.71 % 0.15 pug Chl. a cm~2)
than in survey 1 (2.18 & 0.10 pg Chl. @ cm™2) was associated
with relatively lower Chl. a in the ebb-tide water samples in
the survey 2 (17.79 & 1.07 pg Chl. a L) than in survey 1
(21.13 4 1.29 g Chl. a L™1). These data revealed the significant
negative correlation between ebb-tide Chl. a concentrations and
Chl. a in the top 2-mm sediment surface of the salt marsh
(Figure 5B). The correlation coefficient was higher than for the
correlation during flood tides (Figure 5A). During our period of
study, rainfall had no significant effect on water column Chl. a
concentrations in either flood- or ebb-tide water over the marsh.

Increasing wind speed caused shallow-water mixing on the salt
marsh surface (Figure 6A), resulting in increased suspended Chl.
aload in ebb tides (Figure 6B). Cloud cover and tidal range were
both positively correlated with flood-tide Chl. a concentration,
with tidal range also influencing ebb-tide water concentrations
(Figures 6C,D).

There were significant differences in the taxonomic
composition of the diatom assemblages present on the mudflat
and salt marsh and in the sediment traps and flood and ebb-tide
waters (Figure 7A, ANOSIM, r = 0.989, p < 0.001). The mudflat
flora (64 taxa) was characterized by a number of abundant large
Gyrosigma and Pleurosigma species, Diploneis didyma, Synedra,
and Nitzschia (SIMPER, p < 0.01 or less, Table 3). Eighteen of
the 64 taxa identified on the mudflats were also found in the
salt marsh assemblages (Table 3). Characteristic salt marsh taxa
(34 taxa) included two Opephora species, Neidium sp., Nitzschia
vitrea, and Surirella fastuosa (SIMPER, p < 0.01 or less).

There was 65.4% similarity in diatom community composition
between the assemblages on the transition zone mudflats and
those in sediment trap tide (Figure 7B) and a 54.3% assemblage
similarity between the transition zone diatom assemblages
(sediment and water) with the diatoms present in flood-
tide samples over the salt marsh (Figure 7B). A number of
abundant mudflat taxa, notably Gyrosigma balticum, G. limosum,
Psammodictyon panduriforme, and the Synedra species were
not found in the sediment traps or flood-tide samples or
present in the salt marsh (Table 3). All the mudflat taxa
present in the flood-tide water samples were also found
on the salt marsh. In addition, there were a number of
planktonic diatom genera found in the flood-tide samples
(Coscinodiscus, Stephanodiscus, Actinoptychus, and Rhizosolenia,
data not shown). The ebb-tide water column diatom assemblage
(14 taxa) had 72.6% similarity with the species composition
on the salt marsh sediment surfaces (Figures 7A,B) and was
most dissimilar to the nudflat flora (Figure 7A). Eight taxa
were found only in both the salt marsh and the ebb-tide
water samples (Table 3). Overall, the species composition of
Group B (characterized by MPB originating from the mudflat)
shared a total of 31.8% similarity with MPB associated with
salt marsh sediments and ebbing tides (Group C) (Figure 7B,
Supplementary Material D). Five taxa that were abundant in the
ebb-tide samples, Surirella ovata, Diploneis didyma, D. litoralis,
Nitzschia sigma, and Actinoptychus undulatus, were also found
in varying relative abundances in all the other four sample
types (Table 3).
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DISCUSSION

This study did not find any significant reduction in MPB Chl
a concentration in the top 2-mm sediment surface before and
after high-tide emersion periods during spring tides on both the
transition and the salt marsh. Other studies in the Colne estuary
have found significant “wash away” from mudflats during tidal
cover (Bellinger et al., 2009; Taylor et al., 2013), and modeling
shows this can be a significant process in MPB biomass dynamics
on mudflats (Savelli et al., 2019). High levels of microspatial
variability in MPB biomass (Spilmont et al., 2011; Taylor et al,,
2013) may mask individual localized losses on any particular
patch of sediment. Our sampling design integrated microspatial
patchiness to look at the larger scale of meters. It is clear that
some resuspension related to abiotic weather factors (particularly
tidal range, wind, and cloud) did occur (Table 2) but that the
mass lost was not sufficient to reduce the Chl a stocks remaining
in the sediments. Koh et al. (2007) found a significant positive
correlation between the daily mean of Chl. a concentration
and both the Chl. a concentrations sampled at two different
emersion periods of similar sampling day. There is a significant
pool of microphytobenthic biomass within sediments, which
undergoes micro-migration cycles (Underwood et al., 2005), so
loss of some surface biomass may not be detectable against
this larger Chl a signal. A strong contributor to reducing wash
away is the presence of vertical migratory rhythms of MPB
responding to tidal and diel conditions (Smith and Underwood,
1998; Underwood et al., 2005). Downward vertical migration has
been reported to reduce the effect of MPB biofilm “wash away” by
the tidal current (Fidalgo et al., 2002) and its associated wind (de
Jonge and van Beusekom, 1995) and wave (Easley et al., 2005)

energies during spring tide immersion (Riggs, 2002). During
our period of study, wind speeds were relatively low and not
sufficient to produce mass failure of the sediment bed. However,
the diatom biomarkers suggest that there was differential removal
of taxa under the conditions of our study. A number of large
diatom taxa dominant on the mudflats were not found in the
suspended sediments. Taxa such as G. balticum live in short
mucilage tubes in sediments and are very active and rapid
vertical migrators (Jonnson et al,, 1994). Gyrosigma balticum
also do not remain on the sediment surface throughout periods
of tidal exposure (Underwood et al, 2005) but move down
before tidal immersion, and other taxa show a similar behavior.
Other taxa, such as Synedra and Psammodictyon are large cells
and perhaps less likely to be resuspended, especially if they are
bound into a mucilage matrix. So though some species avoided
resuspension, a wide range of other mudflat taxa were present
in the flood water and caught in sediment traps, for example
Pleurosigma angulatum, which remains at the mudflat surface
throughout periods of tidal exposure (Underwood et al., 2005).
The high similarity in assemblage composition indicates that a
transfer of biofilm material into the water column with incoming
tides did occur.

The ability of MPB biofilms to reduce erosion by increasing
the sediment critical erosion threshold has been reported
in numerous studies (Paterson, 1989, 1994; Underwood and
Paterson, 1993). This biostabilization is due in part to the
production of mucilage (colloidal carbohydrates) that forms
layers that protect the underlying sediment (Ubertini et al,
2012, 2015), and this is closely related to diatom biomass
(Supplementary Material B). We found overall a negative
relationship between sediment Chl a and water column Chl a
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(Table 2), indicating that denser biofilms reduce resuspension.
It is also known that under higher light conditions, benthic
diatoms will produce excess colloidal carbohydrate, increasing
the potential for biostabilization (Perkins et al., 2001). The
percentage of cloud cover was also positively correlated with
increased suspended Chl. a concentrations in flood-tide samples
on the salt marsh (Figures 6Ci,ii) and lower sediment Chl a
concentrations. A higher percentage of cloud cover represents
lower light conditions that may be partly responsible for lower
reduce Chl. a concentrations (Serddio et al., 2006) and reduced
biostabilization (Gerbersdorf et al., 2009; Du et al., 2010) by MPB
on the transition zone, facilitating resuspension. Other factors
cannot be discounted, such as biofilm age, which can affect
biostabilization potential, or varying sediment sizes (Ubertini
et al, 2015). In our study, the sediments across the whole site
are uniformly fine cohesive sediments, so there were no grain
size changes. Other unmeasured biotic and abiotic factors may

have influenced our results, demonstrating the many potential
interactions influencing biofilm sediment processes in the field.
Lower Chl. a concentrations on the salt marsh sediment
surface were associated with higher suspended sediment and
suspended Chl. a concentration during immersion in spring tide
(Table 2). Salt marsh biofilms are also more mixed in their species
composition (Zong and Horton, 1998) and in this study were
characterized by non-motile diatom taxa such as Opephora and
Actinoptychus. Underwood (1997) reported that only when MPB
assemblages consisted of more than 50% epipelic diatom on salt
marsh was there a relationship between biomass and colloidal
carbohydrate concentrations in the sediment surface. Therefore,
the potential for biostabilization by MPB on salt marshes could
be related to MPB biomass and species composition. Taxa like
Opephora are widely distributed in estuaries across a range
of sediment types (Sabbe and Vyverman, 1995), as part of
the tychoplankton, and they can be resuspended and carried

Frontiers in Marine Science | www.frontiersin.org

July 2020 | Volume 7 | Article 496


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Redzuan and Underwood

Movement of Microphytobenthos During Tidal Cover

A i FLOOD TIDE i EBB TIDE
40- non-significant 404 non-significant
¢
30 + 30-
' L]
20 - ¢ 201 *
* ® [ ]
10 10
Sum of rainfall (mm) Sum of rainfall (mm)
o3 20 40 6.0 "3 20 4.0 6.0
B i i.
40— non-significant 40— r=0.733, p<0.001
+
30 + 30—
L J
e | t i . ¢ e *
7 20 . 20
S ® - -
S 10— 10
U) -
2 . Mean wind speed (ms™') . Mean wind speed (ms™')
% 30 33 3’5 a8 30 33 35 38
2 e i
g 40~ r=0.795, p<0.001 il non-significant
£
© + +
% 30 . 30—
t " .
20— . ¢ 20 i .
®
10— 10—
Cloud cover (%) Cloud cover (%)
0= T T T T 0—— T T T e
0 20 40 60 80 100 0 40 60 80 100
D i
gl r=0.629, p<0.001 i R 0.%630? p<
¢
30— 30—
T ¢ ‘o,
20 - + 20 ® .
L ]
10— 10—
Tidal range (m) Tidalrange (m)
0 T T T T o T T T T

FIGURE 6 | Relationship between water column Chl. a concentration (mean + SE, n = 3) in (i) flood and (ii) ebb-tide water over the salt marsh with (A) sum of rainfall
for 3 days; (B) averaged wind speed for 3 days; (C) percentage of cloud cover; and (D) the tidal range, during spring tides at Fingringhoe Wick, Colne Estuary,

5.4 5.6 5.8 6.0 6.2

Essex, United Kingdom, in August and September 2015.

5.6 5.8 6.0 6.2

Frontiers in Marine Science | www.frontiersin.org 10

July 2020 | Volume 7 | Article 496


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Redzuan and Underwood

Movement of Microphytobenthos During Tidal Cover

A
1.0
¥
®
0.5 s
Assemblage
% FANETT
o
@ 0.0 g g O flood
% | n HE ® B mudfiat
ﬁ @® saltmarsh
-0.51
& sed.trap
-1.04
-1.5 -1.0 -0.5 0.0 05 1.0 15
NMDS1
B ) =
Ebb tide
Cc
Salt marsh
Flood tide
Sediment B
traps
A
Transition
/ Mud flat
[ T T T T T 1 N
0.28 04 0.52 0.64 0.76 0.88 1
Modified Morisita’s Similarity \
FIGURE 7 | (A) NMDS plot of species composition of diatom assemblages (relative abundance) sampled from ebb-tide water, salt marsh sediment surface,
flood-tide water, sediment traps (deployed on transition zone of the mudflat), and transition zone of the mudflat sediment surface samples. (B) Dendrogram
showing% similarity (Modified Morista’s) in MPB diatom species composition for the five assemblage types.

around with sediment (Underwood, 1994). Salt marsh plants slow
water flow and enhance sediment deposition, trapping sediments
around their roots and also on their leave surfaces (Mason et al.,
2003; Reed et al.,, 2018; Ladd et al,, 2019). This “trapping” of
sediment may facilitate the deposition of those mudflat taxa also
found in the salt marsh assemblage (Table 3).

Wind speed and tidal range during spring tides were the two
abiotic factors that were important in MPB resuspension on the

salt marsh. Loss of Chl. a from salt marsh biofilms is promoted
by increasing tidal range (Horton et al., 2006). The negative
effect of increased tidal range on Chl. a concentrations on the
sediment surface is potentially associated with water depth and
the wind speed (de Jonge and van Beusekom, 1995; van der
Wal et al., 2010; Savelli et al., 2019). Wind speed is positively
correlated with wave height at the study site (Redzuan, 2017), so
that increases in suspended Chl. a and sediment concentrations
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TABLE 3 | Relative abundance + SE (%) (n = 8) of MPB diatom species present in mudflat and salt marsh sediments and sampled in sediment traps and in flood and

ebb-tide water at Fingringhoe Wick, Colne Estuary, Essex, United Kingdom.

MPB species On sediment surface In sediment trap on Collected in flood Collected in ebb tide
transition zone tide on salt marsh on salt marsh
Mud flat Salt marsh

Gyrosigma balticum # 21.88+1.78 - — - —
Gyrosigma limosum # 4.454+1.08 - — - —
Psammodictyon panduriforme # 5.47 +£0.48 - - — -
Synedra sp. # 417 £0.62 - - — —
Synedra sp. 1# 4.35+0.65 - - - -
Tryblionella sp. 2# 4.08+0.35 - — - —
Pleurosigma angulatum 3.32 £0.47 1.89+0.49 2.95+0.34 3.66 + 1.29 -
Surirella ovata* 0.60+0.24 1.68 £0.33 1.44 +£0.25 2.06 £0.19 6.04 +£0.92
Diploneis didyma*, # 5.47 £1.06 3.34 £0.68 5.74 +0.68 1.98 £0.70 6.12 +0.88
Nitzschia dubia 1.05+£0.26 0.70£0.33 0.78 £ 0.17 1.92 £ 0.68 -
Nitzschia sigma”*, # 4.02+0.79 2.18+0.45 3.85 +0.48 1.83 +£ 0.65 7.68 £1.19
Navicula gregaria 1.95+0.24 3.52 +£0.81 1.83 £0.33 1.77 £0.63 -
Actinoptychus undulatus™ 0.58 +£0.18 0.32 +£0.19 0.13 £ 0.04 1.60 £ 0.57 8.21 +£1.60
Gyrosigma wansbeckii # 4.124+0.69 0.83+0.30 3.99 + 0.59 1.55 + 0.55 —
Navicula sp. 1 2.83+0.37 0.88+0.36 0.85 £+ 0.01 1.49 4+ 0.53 —
Navicula gracilis 0.93+0.23 1.23+0.26 0.96 £0.24 1.41 £ 0.50 —
Pleurosigma sp. 1 3.95+0.81 0.50+0.29 1.81 £ 0.31 1.41 £ 0.50 —
Berkeleya scopulorum 2.40 +£0.65 1.02 +0.41 476 £0.73 1.36 £ 0.48 -
Stauroneis producta 0.80+0.24 0.15+0.09 2.01£0.19 1.36 £ 0.48 —
Diploneis litoralis* 0.78 £ 0.31 2.20+0.52 221 +£0.36 1.30 +£ 0.46 6.64 +£1.28
Nitzschia scalproides 2.40+0.63 0.45+0.19 2.46 £ 0.30 1.256+0.44 —
Gyrosigma scalproides # 5.28+1.03 3.18 £ 0.61 4.66 + 0.47 1.20 £0.42 -
Achnanthes longipes 1.08 + 0.31 0.57 £0.33 2.06 £0.19 0.92 £0.32 -
Raphoneis amphiceros 1.45+0.41 1.68 £0.45 0.75 +0.19 0.64 +0.23 —
Amphora sp. 1* — 1.43+£0.58 — — 8.39 +1.00
Nitzschia sp. 1* — 7.30+0.95 — — 7.80 £0.98
Opephora sp. 2* — 13.95+1.85 — — 7.68 +1.19
Surirella fastuosa* - 3.5+0.82 — - 7.45+£0.72
Neidium sp.* — 10.68 £ 1.55 — - 7.42 £1.23
Nitzschia vitrea* - 5.37 £0.59 - - 7.33 +£1.09
Diploneis stroemii* - 1.99+0.78 - - 6.96 + 1.41
Opephora sp. 1* — 14.3+1.42 — — 6.71 £ 1.11
Nitzschia bilobata* - 6.27 +£0.89 — - 556 +£1.15
Overall species recorded 64 34 30 27 14

Hashtag (#) indicates taxa, which represent the top 10 most common species on the mudfiat. Asterisk (*) indicates diatom species potentially involved in resuspension on
the salt marsh during ebb tide. The relative abundance was calculated based on the pooled overall (surveys 1, 2) data in August and September 2015. Taxa ordered in

the table by major habitat groupings and then abundance in flood or ebb-tide water.

on the salt marsh will be a product of water depth and wave
energy (Leonardi et al., 2015). The wind speed values during this
study were less that those found by de Jonge and van Beusekom
(1995) to cause major resuspension, but even lower speeds can
resuspend surface cells and sediments loosely associated in a
“fluff” layer (Savelli et al., 2019). Such resuspension of biofilm
material also weakens the potential for further biostabilization,
leading to further resuspension (Ubertini et al., 2015). This
chronic resuspension may play an important role in the gradual
transfer of material from mudflats to salt marshes (as is clearly
indicated by the diatom assemblage composition data), rather
than major erosional and resuspension events, which also cause
sediments to be lost from salt marshes (Ladd et al., 2019).

As hypothesized, greater tidal range positively increased
suspended Chl. a concentrations and had a significant negative
correlation with Chl. a concentrations on sediment surfaces of
the salt marsh (Table 2). These two correlations further supported
the occurrence of opposing influences on the salt marsh at our
study site, which potentially caused the lower relative abundance
of dominant salt marsh MPB species during spring tides
(Redzuan, 2017). Tidal cover is reported to replenish resources
such as nutrients on the salt marshes sediment (Blanchard et al.,
2001), which may support MPB growth, but is also reported as
one of major disturbance to MPB biofilms of the zone (Horton
et al,, 2006; Le Rouzic, 2012). It is clear that a number of
characteristic salt marsh diatom taxa were resuspended and
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carried off the marsh in the ebb tides, indicating that some
resuspension of salt marsh sediments did occur, even under the
relatively benign summer weather conditions during this study.

Earlier work conducted in 2013 (Redzuan, 2017) highlighted
that the diatom species composition in MPB assemblages on salt
marsh, which mostly comprised small, “edaphic,” and epiphytic
species during neap tides (Zong and Horton, 1998), was found
to shift its assemblage composition toward diatom species
common on the transition zone and the mudflat during spring
tides. Characteristic mudflat taxa groups such as Pleurosigma,
Gyrosigma, large Nitzschia spp., Diploneis, Navicula gregaria,
and dominant on European mudflats (Underwood et al., 1998;
Ribeiro et al., 2013) were found both in overlying water on the salt
marsh and in marsh sediments. Suspended diatom assemblages in
the flood-tide samples (sampled on salt marsh) were most similar
to the transition zone MPB diatom assemblages (Figure 7),
indicating that MPB coupling between the transition zone and
the salt marsh occurs during flood tides. Flood-tide tidal currents
have been reported by Koh et al. (2006) to cause simultaneous
MPB resuspension on the mudflat, appearing to carry MPB
biomass from the transition zone onto the salt marsh during
the spring tide.

Chl. a concentrations on salt marsh sediment surfaces were
negatively correlated with the suspended Chl. a in ebb and
flood tides (Figure 6B). Species composition data showed that
five out of the six dominant MPB species on the salt marsh
sediment surface in neap tide were recorded in the ebb-tide tidal
water samples (Table 3). The observation further supported the
hypothesis that there was resuspension and possibly wash away
of some epipelic, edaphic, and epiphytic salt marsh MPB species
during ebb tides. Such taxa (e.g., Opephora) do not form EPS-rich
biofilms that provide protection from resuspension or were more
oligohaline to freshwater taxa, e.g., Neidium (Licursi et al., 2010).
Disturbance during submersion in Spring tides has been shown
to decrease in microphytobenthic biomass on the salt marshes
(Le Rouzic, 2012).

CONCLUSION

This study confirmed that transfer of MPB biomass and
sediments within a single mudflat and salt marsh tidal flat system
can occur over individual tides in the absence of acute erosion
events. Resuspension of MPB in both flood and ebb tidal waters
strongly connected to spring tide tidal range. Biostabilization
was implicated in controlling the amount of MPB resuspension
on the mudflat transition zone and was closely linked to the
availability of sunlight (based on the cloud cover percentage).
Both flood and ebb tides resulted in exchanges of MPB between
the zones. Weather-related abiotic factors, cloud cover and wind,
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