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Abstract
One method of preserving beaches against the effects of erosion and sea level rise is beach renourishment. While there have been
many studies assessing the impact of renourishment on macrofauna, few studies have looked at its effects on microbes. Benthic
microalgae (BMA) are important primary producers, representing the basis of nearshore food webs. BMA also secrete extracel-
lular polymeric substances (EPS), which bind sediment and thus help prevent erosion. The objective of this study was to monitor
recovery of BMA in terms of relative biomass (estimated as sediment chlorophyll a) and community structure (characterized
using high-throughput DNA sequencing) following renourishment of Folly Beach, SC in 2014. We also examined the relation-
ships among biomass, EPS, and erosion. Sediment samples were collected intermittently (n = 9) from two renourished and two
control sites within three intertidal zones (high, mid, low) from June 2014 to January 2015. Biomass recovered in sequence from
low to high intertidal, corresponding to when the artificially-raised beach once again experienced regular tidal inundation
(between 93 and 169 days post-renourishment). Alpha diversity metrics misleadingly indicated recovery around this same time
within the high intertidal, but compositional changes through time were unlike those seen in control samples, and these com-
munities had yet to recover at ~ 7 months post-renourishment. Renourishment therefore appears to impact BMA communities via
artificial elevation of the beach face. While there were relationships between chl a, EPS, and erosion, BMA most likely play a
minimal role in sediment stabilization in high-energy environments like Folly Beach.
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Introduction

Beach renourishment has been applied to reduce the effects of
erosion along the U.S. Atlantic coast since 1923 (Valverde
et al. 1999). While it is considered to be a better option both
economically and ecologically compared to hard structures
(Speybroeck et al. 2006), renourishment can change
granulometric character and beach morphology (Speybroeck

et al. 2006), thus impacting beach ecosystems. These impacts
have varied greatly—from negative to positive to unclear
(Cahoon et al. 2012). Studies conducted to better understand
the impacts of beach renourishment have mainly focused on
macrofauna, sea turtles, fish, and shorebirds (for summary see
Peterson and Bishop 2005), while little has been done to as-
sess how renourishment affects primary producers (but see
Cahoon et al. 2012, Snigirova 2013).

Benthic microalgae (BMA) are essential primary producers
in nearshore intertidal and shallow, subtidal habitats (MacIntyre
et al. 1996), e.g., contributing up to 50% of primary productiv-
ity in estuaries (Underwood and Kromkamp 1999). They also
secrete extracellular polymeric substances (EPS) that bind sed-
iment particles (Decho 1990; Underwood et al. 1995), which
many studies have shown to increase resistance to erosive con-
ditions (e.g., Holland et al. 1974; Madsen et al. 1993; Yallop
et al. 2000). Correlations between BMA biomass, EPS produc-
tion, and sediment grain size have been found, and interesting-
ly, sediment armoring by EPS can increase the stability of sed-
iment ten-fold (Tolhurst et al. 2003; Lubarsky et al. 2010).
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Studies also have shown that BMA composition can affect the
quantity and structure of the EPS produced (Stal 2010). BMA
productivity and community composition has been extensively
studied in estuaries and tidal flats (Underwood & Kromkamp
1999), but very few studies have examined productivity of
BMA in sandy beach habitats, with even fewer examining
those exposed to open-ocean conditions (but see e.g.,
Snigirova 2013 (Ukraine), Cahoon et al. 2012 (NC, USA),
McLachlan et al. 1981 (South Africa); Nilsson 1995
(Sweden); Sousa and David 1996 (Brazil); Steele and Baird
1968 (Scotland)). Further, very little is known regarding the
role of BMA and EPS in these higher-energy environments,
and more specifically, whether EPS is providing stabilization
of sediments here as in estuaries.

Our main objective was to assess BMA community recov-
ery in terms of biomass (estimated as chlorophyll a (chl a)) and
community structure following a renourishment event. Further,
we wanted to determine if recovery differed within the inter-
tidal zone given the different physical and granulometric char-
acteristics of high, mid, and low intertidal environments.
Secondarily, we wanted to examine the relationships among
BMA, EPS, and sediment stability in sandy sediments since
one of the main reasons for beach renourishment is to reverse
the effects of erosion. To address these objectives, we collected
sediment intermittently from June 2014 to January 2015 from
Folly Beach, South Carolina (SC), USA following a
renourishment event and measured chl a, EPS, erosion/depo-
sition, performed granulometric analyses, and assessed BMA
community structure using high-throughput DNA sequencing.

Based on the high dispersal ability and short generation
time of BMA, we expected recovery of biomass to occur
relatively quickly (within days to weeks). We expected that
renourishment would cause a decrease in diversity due to the
burial of existing populations, but through time, communities
would be reestablished and diversity restored. We also expect-
ed that the community composition from the renourished sites
would differ from those of the controls initially, but recovery
would be indicated by the communities becoming more sim-
ilar through time. To our knowledge, this is the first study to
examine the impacts of beach renourishment on BMA com-
munity structure using molecular methods, and it also pro-
vides baseline chl a and EPS data for SC beaches as these
have not been described previously.

Materials and Methods

Sampling Sites and Collection

This study was conducted on Folly Island, which is a barrier
island ~ 14 km south of Charleston, SC and is bounded by
Lighthouse Inlet to the northeast and Stono Inlet to the south-
west (Fig. 1). The mean tidal range for Folly Island is 1.6 m,

and the average wave height is 0.6 m (0.2 to 2.5 m) (Levine
et al. 2009). The beach is gently sloped so that waves, which
predominantly come from the northeast, inundate the beach-
front at a low angle of incidence, and produce a south-
southwest longshore current (Levine et al. 2009). Between
January and June 2014, 1.1 million m3 of sand was deposited
along 8.6 km of Folly Beach (Fig. 1; City of Folly Beach
2015) starting near the northeast end of the island and
progressed to the southwest. The sediment was excavated
using a hydraulic cutter head dredge from borrow sites
4.8 km offshore at a depth of 8.8 to 13.4 m and transported
onto the beachfront via pipeline (USACE 2013). Bulldozers
then leveled the beach face. Because there was restricted ac-
cess to the renourished zones, we were unable to ascertain the
exact time a zone had been completed (from deposition to
leveling). Therefore, our sampling, which began on June 12,
2014, was somewhere between 3 and 5 days after
renourishment—the earliest we could access the renourished
zone. Four total sites were chosen for sampling: twowithin the
renourished zone (R1 and R2) and two within areas that were
not renourished to serve as controls (C1 and C2; Fig. 1).
Again, because we had limited access to construction zones,
which were ~ 150-m wide, it was necessary to space the R1
and R2 transects 100 m apart in order to ensure we sampled
replicates at the same time interval after renourishment.
Selection of C1 and C2 was restricted to two narrow swaths
of unaltered beach on opposite ends of the island, because
renourishment had taken place just a year earlier in May–
June 2013 on the southwest end of the beach at Folly Beach
County Park (City of Folly Beach 2015). C1 and C2 were ~
100 m outside the renourished zone (Fig. 1).

Vertical transects ~ 100-m long for each site were situated
perpendicular to the shore (Fig. 2). Sampling took place at 0
(just below the wrack line or “high” intertidal zone), 50

Fig. 1 Google Earth aerial view of Folly Beach, South Carolina (SC).
Bracketed area indicates the portion that was renourished January to
June 2014. Bold crossbars indicate the location of our sampling
transects and sites. C = control, R = renourished. Source: Esri,
DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping,
Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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(“mid”), and 100 m (just above the swash zone at low tide or
“low”) along the transect at each site (Fig. 2). At the first
sampling time, PVC pipe was used to mark each site so that
the same sites and their respective intertidal zones were sam-
pled through time. Approximate tidal elevations of each inter-
tidal zone at each site were determined by comparing tidal
inundation times for Folly Island (outer coast) on NOAA’s
Tides and Currents webpage (www.tidesandcurrents.noaa.
gov) in July 2014 following the renourishment event and
can be found in Supplementary Table 1. Our intention was
for the zones to be equal at each site, but elevations at the
renourished sites were inevitably higher due to deposited
sand. Sediment samples were collected randomly within a
50 × 50-cm quadrat using a 10-cc syringe with the Luer-end
cutoff. Each sample contained ~ 1 cm3 of the top 1 cm of
sediment and was placed on ice until returned to the lab.
Samples taken for chl a (n = 3) were then placed at − 20 °C,
and samples for molecular analyses (n = 3) were placed at
either − 20 or − 80 °C until processing. Samples taken for
EPS quantification (n = 2) were placed at 4 °C overnight for
processing the following day.

Sites were resampled until chl a concentrations were similar
(within 0.025-μg chl a g-1 dry sediment) at all sites and
resampled once more, with a total of nine sampling times:
June 11–12, June 16–17, June 23–24, July 10 and 14, August

12–13, September 7 and 9, October 7 and 9, November 22 and
24, 2014, and January 21, 2015 corresponding to approximate-
ly 3, 9, 16, 36, 66, 93, 121, 169, and 230 days post-
renourishment. It was necessary to sample over a 2-day period
in all cases except the last because of the tide, distance between
C2 and the other sites, and limited personnel. There were no
major storms or flooding events during the sampling period.
Sediment temperature was taken at each intertidal zone at each
site for all sampling times, and wind speed data were accessed
from an offshore buoy (Station FBIS1 located at 32° 41′ 6″ N
79° 53′ 18 ″W) maintained by the National Data Buoy Center
(http://www.ndbc.noaa.gov/station_page.php?station=fbis).

Erosion/Deposition

Sediment erosion and deposition were measured for all sam-
pling times as in Thistle et al. (1995). Three erosion pins were
spaced 0.5 m apart at each intertidal zone (high, mid, low) at
each site except for C2. Metal pins (~ 0.1-cm thick, 500-mm
long) were inserted normal to the sediment surface ~ 300-mm
deep up to a labeled zero point. A small metal washer (0.1-cm
thick, 0.95 cm in diameter with a 0.5-cm diameter hole in the
center) was then placed around the pin such that the washer
was flush with the sediment at the zero point. After ~ 24 h, net
erosion/deposition was measured from the sediment level to
the zero point, and maximum (max) erosion was measured
from the position of the washer to the zero point.

Quantification of Chl a

For all sampling times, three samples from each intertidal
zone at each site were extracted in HPLC-grade acetone. To
estimate BMA biomass, chl awas quantified using a fluorom-
eter (TD-700; Turner Designs, Inc. Sunnyvale, CA, USA)
according to the Welschmeyer (1994) non-acidification meth-
od. Sediment was then rinsed with deionized water ~ 3 times
to remove salts, dried at 65 °C for > 48 h, and weighed to
calculate μg chl a g-1 dry sediment.

Quantification of EPS

EPS was extracted as in Hernandez et al. (2014) from two
sediment samples from each intertidal zone at each site for all
sampling times. Briefly, ~ 2–3-g sediment from each sample
was incubated in 0.5-mM EDTA for 15 min at 40 °C with
gentle shaking every 5 min, three consecutive times.
Following each incubation, samples were centrifuged at
8000 ×g, and the supernates were pooled. Cold ethanol (4 °C)
was mixed with the supernate so that the final concentration
was 70% and then placed at 4 °C overnight to precipitate ex-
tracted EPS. Samples were centrifuged at 8000 ×g to collect the
precipitate, which was then dissolved in 1 ml of deionized
water, and used for quantification of EPS by the phenol-

Fig. 2 Schematic of each of the four sampling sites (two renourished and
two control). A 100-m transect (I-bar) was laid perpendicular to the
shoreline starting just below the wrack line and ending just above the
swash zone at low tide. Samples (circles) were randomly collected
within a 50 × 50-cm quadrat (squares) from three intertidal zones (high,
mid, low) between July 2014 and January 2015: three samples for
chlorophyll a (chl a) quantification, two samples for extracellular
polymeric substance (EPS) quantification and particle size analysis
(PSA), and three samples for high-throughput DNA sequencing (DNA).
Three erosion pins (flag) were also placed at each quadrat to measure
erosion/deposition at each site (except for the second control site
because of logistical constraints)
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sulfuric acid method. Absorbance was measured using a
Spectronic 601 spectrophotomer (Milton Roy, Rochester, NY,
USA) at 490 nm, and the amount of carbohydrate present was
determined by comparison to a D-glucose calibration curve.
Sediment samples were rinsed, dried, and weighed as in the
above chl a methods to calculate mg EPS g-1 dry sediment.

Particle Size Analyses

Median grain size, percent silt-clay, percent shell hash, and
inclusive graphic standard deviation (σ1, a measurement of
particle sorting) based on 10 measurements per sample were
characterized using a Malvern Mastersizer 3000 Laser
Diffraction-Particle Size Analyzer (Malvern, UK) fitted with
a red light laser (λ = 632.8 nm) and a blue light laser (λ =
470 nm) following the manufacturer’s protocol. This instru-
ment determines particle sizes between 0.01 and 3500 μm in
diameter, and the resulting average size distributions are based
on an average volume distribution. Water was used as a dis-
persant (refractive index = 1.330), the particle refractive index
was 1.500, and the Mie scattering model was used. Two rep-
licate samples that were previously used for EPS quantifica-
tion were pooled to obtain ~ 5 g of sediment after dry weights
were taken. All analyses included samples collected from only
the high and low intertidal zones at five of the nine sampling
times (3, 36, 93, 169, and 230 days post-renourishment) to
correspond to the samples chosen for high throughput DNA
sequencing (HTS; see below). Although the maximum parti-
cle size for the instrument is 3 mm in one dimension, we found
that small shell hash (~ 2.8 mm) would clog the instrument.
Therefore, all samples were sieved prior to analysis to remove
particles greater than 1 mm, and the weight percent of > 1-mm
particles in each sample was calculated (i.e., percent shell
hash). For σ1, σ1 < 0.350Φ = very well sorted, and >
4.00Φ = extremely poorly sorted (Folk and Ward 1957).

DNA Extractions

Two sediment samples from the high and low intertidal zones
at each site for five of the nine sampling times (3, 36, 93, 169,
and 230 days post-renourishment) were selected for subse-
quent library preparation and high-throughput sequencing
(HTS). It was unfeasible to do HTS for all three intertidal
zones and nine sampling times, so we selected the high and
low zones because the mid zone had more variation with re-
spect to elevation, and therefore tidal inundation, throughout
the sampling period compared to the high and low. We chose
to analyze the first and last sampling times and three times in
between in order to capture changes throughout the entire
sampling period. DNA was extracted using an E.Z.N.A Soil
DNAKit (Omega Bio-tek, Norcross, GA, USA) following the
manufacturer’s protocol with modifications to increase DNA
yields as in Bézy et al. (2014). Samples were subjected to ~

2000 oscillations min−1 for 5 min in a bead beater (Mini
Beadbeater-8, Biospec Products, Bartlesville, OK, USA) and
3 freeze-thaw cycles (− 20 and 70 °C for 30min each) during
the lysis step. Multiple (2–3) extractions were done for some
samples that did not PCR-amplify initially and were subse-
quently pooled and concentrated to also increase DNA
concentration.

Library Preparation

Amplicon libraries were generated using the Ion Amplicon
Library Preparation (Fusion Method) protocol (Life
Technologies, Grand Island, NY, USA). Primers D512for
(5′-ATTCCAGCTCCAATAGCG-3′) and D978rev (5′-
GACTACGATGGTATCTAATC-3′) were used to amplify a
region of the small subunit ribosomal RNA (SSU rRNA)
gene, which contains the V4 region, and were designed spe-
cifically for amplification and barcoding of diatoms
(Zimmermann et al. 2011). The forward and reverse primers
included a 5′ tail for Ion Torrent sequencing (adapter A: 5′-
CCATCTCATCCCTGCGTGTCTCCGAC-3′, adapter TrP1:
5′-CCTCTCTATGGGCAGTCGGTGAT-3′, resp.). The for-
ward primer also contained the 4-bp library key, an individual
barcode for each sample (Ion Xpress Barcode Adapter Nos. 1,
2, 4–41, Life Technologies), and a barcode adapter. Replicates
from the same site collected from the same intertidal zone and
time were given the same barcode based on preliminary de-
naturing gradient gel electrophoresis results (data not shown).
A 50-μl total reaction contained 1× TaKaRa Ex Taq Buffer
(Clontech, Mountain View, CA, USA), 0.2-mM dNTPs,
0.5 μM each primer, 0.025-U μl−1 TaKaRa Ex Taq DNA
polymerase (Clontech), and 5 μl of DNA template. An initial
denaturation at 94 °C for 2 min was followed by 32 cycles of
denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, and
extension at 72 °C for 30 s, and then by a final extension at
72 °C for 2 min. Products were mixed with GelRed (Biotium,
Hayward, CA, USA), electrophoresed on 1% agarose gels,
and visualized under UV light.

Individual libraries were purified using 0.8× Agencourt
AMPure XP beads (Beckman Coulter, Brea, CA, USA) or a
Qiagen QIAquick Gel Extraction Kit (Valencia, CA, USA)
according to the manufacturers’ protocols and were then sized
and quantified using a Bioanalyzer 2100 and DNA 1000 kit
(Agilent Technologies, Santa Clara, CA, USA). Eighty librar-
ies (with 40 barcodes) were pooled in equal concentrations,
and the pool was quantified, again using a Bioanalyzer 2100
and DNA 1000 kit. The pooled library was sent to theMedical
University of South Carolina Proteogenomics Facility
(Charleston, SC, USA) for further size selection using a
BluePippin (Sage, Beverly, MA, USA) and sequencing on
an Ion Torrent Personal Genome Machine using an Ion 314
v2 chip (Life Technologies).
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Statistical Analyses

Sequencing data analyses were performed using Quantitative
Insights into Microbial Ecology v 1.9.1 (QIIME; Caporaso
et al. 2010a). Raw reads were first demultiplexed and filtered
to remove sequences with quality scores less than 20 and for
sequence lengths less than 300 and greater than 600 base pairs
(bp). USEARCH v5.2.236 (Edgar 2010) was used to detect
and remove chimeras using UCHIME (Edgar et al. 2011),
filter singletons, and assign operational taxonomic units
(OTUs) using a sequence similarity threshold of 98% based
on the diatom phylogenies in Luddington et al. (2012).
Representative sequences for each OTU were then chosen
and compared to the Silva rRNA database version 128
(Quast et al. 2013) at 94% clustering identity using the RDP
classifier to assign taxonomy to each representative sequence
(Wang et al. 2007). Sequences were aligned using PyNAST
(Caporaso et al. 2010b), filtered (gap filter threshold = 0.8; en-
tropy threshold = 0.10), and an approximately-maximum-
likelihood phylogenetic tree was generated using FastTree
2.1.3 (Price et al. 2010). The OTU table was rarefied (or sub-
sampled) for subsequent alpha and beta diversity analyses based
on the sample with the fewest sequences. The OTU table was
also used to generate the relative abundance of each taxonomic
group within each sample. Because the primers amplified some
non-target taxa (e.g., metazoans and fungi), we filtered the data
to only include the following groups that were detected in our
samples: Archaeplastida (Chloroplastida, Rhodophyceae),
Cryptophyceae (excluding Goniomoas), Closteriaceae,
Haptophyta, Ochrophyta, Tubulinea, Centrohelida,
Apicomplexa (excluding gregarines), Ciliophora, and Rhizaria.

Shannon-Wiener diversity (H′), the number of distinct
OTUs (S), Heip’s evenness (E; Heip 1974), and Chao1 richness
(Chao 1984) were calculated in QIIME. Weighted and un-
weighted UniFrac distance matrices (Lozupone and Knight
2005) were also generated in QIIME, and analyses of similarity
(ANOSIM; Clarke 1993) were used to explore differences in
community structure within and between samples from differ-
ing treatments, intertidal zones, and days post-renourishment.
Resulting ANOSIM R values were interpreted as in Clarke and
Gorley (2001); R > 0.75 = well separated, R > 0.5 = overlap-
ping, but different, R > 0.25 = barely separable, and R <
0.25 = indistinguishable. Lastly, principal coordinate analyses
(PCoA) were performed using QIIME and visualized using
EMPeror (Vázquez-Baeza et al. 2013).

All other statistics were performed using either R statistical
package (R Core Team 2013) or JMP Pro 12 (SAS, Cary, NC).
Shapiro-Wilk tests were performed to test for normality, and the
Levene test was used to test for equal variances. If data were
normally distributed and had equal variances (p > 0.05), analy-
ses of variance (ANOVA) and subsequent Tukey pairwise tests
were performed. If data and the transformations of these data
were found to be non-parametric (p < 0.05), Kruskal-Wallis

(KW) tests were performed and subsequent non-parametric
comparisons were done using the Wilcoxon method for each
pair. If there was no significant difference or variation between
sites within a treatment (e.g., R1 v R2, C1 v C2), data from both
sites were combined for subsequent analyses. Where applica-
ble, the standard error of the mean was calculated and reported
below. Spearman’s ρ correlation and jackknife distances outlier
analyses were also performed using JMP Pro 12.

Results

Erosion/Deposition

Overall, max erosion was significantly different among inter-
tidal zones (high, mid, low) (KW p < 0.0001) and sampling
times (p = 0.003), but not sites (C1, R1, R2). Net erosion/
deposition varied significantly with respect to all variables
(p < 0.001). There was more erosion (max and net) at the low
and mid intertidal zones compared to the high (p < 0.0001),
with no significant difference between the low and mid.
There was less net erosion at C1 compared to both R1 and
R2 overall (p < 0.0001). Mean max and net erosion/
deposition for all sites at each intertidal zone can be found in
Supplementary Table 1.

At the high intertidal zone, there were low levels of max
and net erosion throughout, but erosion at the control and
renourished sites were significantly different from one another
(p < 0.05): C1 had greater max erosion compared to R1 and
R2 (p < 0.001; Fig. 3a), but had less net erosion (p < 0.05). At
the mid and low intertidal zones, there were clear temporal
patterns with respect to erosion (Fig. 3b, c). At all of the low
intertidal sites, there were distinct peaks in max erosion at 36
and 169 days post-renourishment (July and November;
Fig. 3c); both times were significantly greater than all other
sampling times (p < 0.05), but not significantly different from
one another. At the mid intertidal zone, day 169 (November)
also had significantly greater max erosion compared to all
other sampling times (p < 0.05) except day 93 (September)
(Fig. 3b). Net erosion followed a similar temporal pattern at
the low and mid intertidal zones (data not shown).

Chlorophyll a

Average chl a varied significantly with respect to treatment
(renourished, control), intertidal zone (high, mid, low), and
sampling time (KW p < 0.0001 for all). There was significant-
ly less chl a in sediments from the renourished treatment
(p < 0.0001). Chl a peaked in August (66 days post-
renourishment) and again in October (121 days post-
renourishment) in samples from the control sites, while chl a
in samples from the renourished sites peaked only once in
September (93 days post-renourishment)—a month later
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compared to the control sites (Fig. 4a). After September, chl a
levels in sediments from both treatments were comparable and
followed a similar temporal pattern (Fig. 4a).

Chl a concentrations were lowest in sediment from the high
intertidal zone (p < 0.0001; Supplementary Table 1) where
there was variation with respect to site (R1, R2, C1, C2;
p < 0.0001) and sampling time (p = 0.004; Fig. 4b). Here,
chl a in sediments fromR1 and R2 were significantly different
from one another (R1 > R2, p = 0.003). Sediment fromC1 and
C2 had comparable chl a levels, with both sites having signif-
icantly higher chl a when compared to the sediments from
both R1 and R2 (p ≤ 0.0005). Temporally, we saw a peak in
chl a in sediment from all sites at 66 days post-renourishment
(day 66 > 3, 16, 36, 66, 121, 169, p < 0.05; Fig. 4b).

Chl a in samples collected from the mid intertidal zone
varied by treatment and sampling time (p < 0.0001 for both).
The renourished samples had significantly less chl a than the
control samples throughout the sampling period (p < 0.010;
Fig. 4c; Supplementary Table 1). Average chl a values were

low in sediments from both treatments at 3 to 16 days post-
renourishment (June), but peaked at 66 and 121 days post-
renourishment (August and October) in control sediments
(Fig. 4c). Chl a in renourished samples only had a small peak
121 days post-renourishment (October), after which chl a
levels were again similar between treatments (Fig. 4c).

Chl a in samples collected from the low intertidal zone
varied only by sampling time (p < 0.0001). Average chl a
values in sediment from both treatments were low from 3 to
16 days post-renourishment (Fig. 4d) as we saw in those from
the mid intertidal zone. The temporal pattern differed from the
mid thereafter, with chl a levels increasing in both treatments
to peak at 93 days post-renourishment, with higher levels in
renourished samples (Fig. 4d).

EPS

Some EPS concentrations were undetectable (≤ 0), with
no more than 0.061-mg g−1 dry sediment detected at all
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sites (R1, R2, C1, C2), intertidal zones (high, mid,
low), and sampling times. EPS did not vary significant-
ly by treatment, but did vary by intertidal zone and
sampling time (KW p < 0.0001 for both). Sediment col-
lected from the high intertidal zone had significantly
higher EPS than mid and low intertidal samples (p ≤
0.0002; Supplementary Table 1).

EPS in high intertidal samples varied by site, with C2 sam-
ples having significantly less EPS compared to C1 (p =
0.009), R1 (p = 0.0005), and R2 samples (p = 0.001;
Fig. 5a). There was no significant variation in EPS with re-
spect to sampling time in high intertidal samples, but we did
see variation through time in samples from both the mid and
low intertidal zones (p < 0.0001 for both). The temporal
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Fig. 4 Mean chlorophyll a
(μg g−1 dry sediment) in sediment
collected from control and
renourished sites from a all
intertidal zones, and the b high, c
mid, and d low intertidal zones
from June 2014 to January 2015.
All control (C1 and C2) and
renourished (R1 and R2) sites are
represented for the high intertidal
zone because there was a
significant difference between the
two renourished sites; also note
the difference in scale. Data from
replicate sites were averaged for
the mid and low. Error bars
represent standard error

Estuaries and Coasts (2019) 42:157–172 163



pattern of EPS in sediments from these intertidal zones were
very similar, peaking at 93 days post-renourishment in
September and having less EPS on the final sampling date
compared to other times (Fig. 5b, c). This pattern was seen
in both treatments at the low intertidal, but was only seen in
the control treatment in the mid intertidal. At the latter, the
renourished treatment remained approximately the same
throughout with the exception of 3 days post-renourishment
when EPS concentration was the highest (Fig. 5b).

Particle Size Analyses

Median Grain Size

Median grain size varied significantly with respect to sam-
pling time (ANOVA p = 0.01), but not treatment (renourished,
control), intertidal zone (high, low), or the interactions of these
variables overall. Means can be found in Table 1. Sediment
samples collected from the high intertidal zone did not vary by
treatment or intertidal zone. However, the renourished

samples had higher median grain size compared to control
samples for most sampling times, though these differences
were not significant (Supplementary Fig. 1a). Median grain
size from low intertidal sediments varied by sampling time
(p = 0.002), and the interaction of sampling time and treatment
was marginally significant (p = 0.053). Here, sediment from
the renourished treatment at 3 days post-renourishment
(June) had significantly smaller median grain size com-
pared to 230 and 169 days post-renourishment (November
and January; p < 0.01; Supplementary Fig. 1b). Median
grain size of sediments from the renourished treatment
mirrors what was seen in the control (i.e., no significant
change with respect to time) initially, but by November
and January, median grain size of renourished samples
exceeded that of the control. Median grain size of
renourished samples at day 3 was also significantly small-
er compared to control samples at day 230 (January; p =
0.035), while median grain size of control sediments did
not vary significantly with respect to sampling time
throughout (Supplementary Fig. 1b).
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Fig. 5 Mean extracellular
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sediment) in sediment collected
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sites are represented for the high
intertidal zone because there was
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represent standard error
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Percent Silt-Clay

Percent silt-clay by volume was well below 1% for all sam-
ples, with a range of 0 to 0.09% and mean of 0.01 ± 0.003%.
However, we did see variation with respect to treatment (KW
p = 0.011; R > C, p = 0.012) and intertidal zone (KW p =
0.045; high > low, p = 0.03), but not sampling time. In the
high intertidal zone, samples from the renourished sites had
significantly higher percentages than those from the control
sites (p = 0.002; Table 1). Percent silt-clay in low intertidal
samples did not vary with respect to treatment, but did vary
with respect to sampling time (p = 0.003), with significantly
lower percentages at all subsequent sampling times compared
to 3 days post-renourishment (June) (p < 0.03; Supplementary
Fig. 2).

Percent Shell Hash

Percent shell hash by volume ranged from 0 to 6.37% with an
overall mean of 1.13 ± 0.28%. Percent shell hash varied with
respect to treatment (KW p < 0.0001; R >C, p < 0.0001) and
intertidal zone (p = 0.039; high > low, p = 0.041), but did not
vary significantly with respect to sampling time. In the high
intertidal, percent shell hash varied with respect to treatment
(p = 0.0001; R >C, p = 0.0001; Table 1), but not sampling
time (Supplementary Fig. 2a). Percent shell hash did not vary
at the low intertidal between treatments or among sampling
times (Table 1; Supplementary Fig. 3b and c).

Sorting

σ1 ranged from 0.44 (well-sorted) to 0.96Φ (moderately well-
sorted) with a mean of 0.63 ± 0.02Φ. σ1 varied with respect to
treatment (p = 0.0004), but not intertidal zone (high, low) or
sampling time (Supplementary Fig. 4a). Post hoc comparisons
showed that the renourished treatment was more poorly sorted
compared to the control (p = 0.0004; Table 1). At the high
intertidal zone only, σ1 varied with respect to site (p =
0.002): C1 was more poorly sorted compared to C2 (p =
0.02), but both renourished sites were more poorly sorted
compared to C1 and C2 (p < 0.05; Supplementary Fig. 4b).
The low intertidal zone varied with respect to sampling time

(p = 0.04), with sediment 230 days post-renourishment being
more poorly sorted than that from 36 days post-renourishment
(p = 0.03; Supplementary Fig. 4c).

High-Throughput DNA Sequencing

A total of 473,622 raw reads from 40 total samples were
generated. After quality and size filtering, 282,480 sequences
remained with an average sequence length of 462 bp. After
removal of chimeras and singletons, 201,898 reads remained
with an average of 5047 ± 436 reads per sample. Data were
rarefied to 1614 sequences per sample for subsequent alpha
and beta diversity analyses.

Alpha Diversity

H′, S, and Chao1 varied significantly with respect to intertidal
zone (high and low; KW p < 0.001), with low intertidal sam-
ples being more diverse than those from the high intertidal
(p < 0.001 for all metrics; Supplementary Table 2). E also
varied significantly, but by treatment (p = 0.020), with the
control being more even than the renourished overall (p =
0.021; Supplementary Table 2).

In the high intertidal zone, the control treatment had mar-
ginally higher evenness compared to the renourished treat-
ment (p < 0.10; Supplementary Table 2). S and Chao1 also
varied marginally by sampling time (p < 0.10): there was
higher diversity and richness in both treatments at day 93
(September) compared to day 3 (June) and 36 (July) days
post-renourishment (Fig. 6a). In fact, the renourished treat-
ment maintained higher species diversity from day 93 to the
end of the sampling period compared to the control and had
greater diversity and evenness in samples collected in January
2015 (230 days post-renourishment) compared to those col-
lected at 36 days post-renourishment in July 2014 (p < 0.05
for both; Fig. 6a). In the low intertidal, H′ and E varied by
treatment, with sediments from the control being more diverse
and more even than the renourished treatment (p = 0.026,
0.064, resp.; Supplementary Table 2; Fig. 6b). When examin-
ing each treatment separately, H′, S, and Chao1 for the control
samples varied with respect to intertidal zone (p < 0.001). The
low intertidal was significantly more diverse than the high

Table 1 Mean particle size analysis data ± standard error of the mean
for samples collected from the renourished and control sites at each
intertidal zone (high and low). σ1 = inclusive graphic standard

deviation, a measurement of particle sorting, where σ1 < 0.350 Φ = very
well sorted and > 4.00Φ = extremely poorly sorted (Folk andWard 1957)

Intertidal zone Treatment Median grain size (μm) % shell hash % silt-clay σ1 (Φ)

High Control 218.00 ± 7.65 0.00 ± 0.00 0.00 ± 0.00 0.50 ± 0.02

Renourished 236.70 ± 8.51 3.63 ± 0.49 0.01 ± 0.00 0.81 ± 0.04

Low Control 227.80 ± 7.40 0.23 ± 0.17 0.00 ± 0.00 0.59 ± 0.03

Renourished 223.30 ± 13.12 0.67 ± 0.38 0.01 ± 0.01 0.61 ± 0.03
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throughout the sampling period (p < 0.001; Supplementary
Table 2). These differences in diversity between intertidal
zones were not evident for the renourished treatment, where
H′ and E varied only by sampling time (p < 0.05).

Beta Diversity

ANOSIM based on unweighted and weighted UniFrac dis-
tances were qualitatively similar in that the R values differed
slightly, but not in level of significance (data not shown). For
simplicity, we chose to present the results based on unweighted
distances here. ANOSIM revealed that the communities from
both treatments (renourished and control) were indistinguish-
able overall, despite having a p value < 0.05 (Supplementary
Table 3; Clarke and Gorley 2001). Communities from the high
and low intertidal zones, however, were different from one
another with some overlap (Fig. 7; Supplementary Table 3).

Examining samples from only the high intertidal zone re-
vealed a difference in community structure between
renourished and control samples and among communities
from different sampling times (Supplementary Table 3;
Fig. 7). Immediately following renourishment (days 3 and
36 in June and July, resp.), the communities from the
renourished treatment were similar to the control sites from
all sampling times (Supplementary Table 3, Fig. 7).
Communities from the high intertidal renourished sites from
later sampling dates (93, 169, and 230 days post-
renourishment in September 2014, November 2014, and
January 2015, resp.), however, differed from all other samples

collected from the high intertidal zone, but were similar to one
another (Supplementary Table 3, Fig. 7).

At the low intertidal zone, there were only differences in
community structure among sampling times (Supplementary
Table 3). The PCoA plot of samples collected only at the low
intertidal zone (Supplementary Fig. 5) showed that the com-
munities from later sampling times (169 and 230 days post-
renourishment in November 2014 and January 2015, resp.)
appear to be more similar to the communities collected from
those same times than those from the earlier sampling times
(3, 36, 93 days post-renourishment in June, July, and
September 2014, resp.), regardless of treatment.

Taxonomy

Ochrophyta (composed primarily of diatoms (Bacillariophyceae,
Mediophyceae, and Diatomea)) dominated the communities at
the control sites throughout the sampling period (31.5–51.9%
relative abundance), while the dominant groups from the
renourished sediments were more variable through time
(Fig. 8). From the renourished samples, the greatest relative
abundance of diatoms was at 3 days post-renourishment
(30.7%) and was surprisingly comparable to the abundance
found in control samples (31.5%; Fig. 8a). When examining
each intertidal zone more closely, we found that diatoms were
actually the dominant taxa in the high intertidal renourished sed-
iment samples 3 days post-renourishment (52.3%), with a shift in
dominance to Euamoebida 36 days post-renourishment (81.7%)
and then to chlorophytes thereafter (57–87.4%; Fig. 8b). The
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high intertidal control sediment samples also showed a shift to-
ward chlorophytes and ciliates, but not until 169 and 230 days
post-renourishment, and diatoms were still at > 14% relative
abundance (compared to < 2% at the renourished sites;
Fig. 8b). The renourished low intertidal sediment samples also
had more diatoms at 3 days compared to 36 days post-
renourishment (14.7 vs. 24.7%), with ciliates dominating these
samples, but the relative abundance of diatoms increased there-
after—22.8% at 93 days, 28.2% at 169 days, and 40.3% at
230 days post-renourishment (Fig. 8c). A similar compositional
pattern through time occurred in the low intertidal control sam-
ples, with the exception of 36 days post-renourishment when
diatoms had a greater relative abundance compared to 3 days
post-renourishment (52.7% vs. 26.9%).

Correlation Analyses

We found a significant and positive relationship between EPS
and chl a at the control sites, but these variables were nega-
tively correlated at the renourished treatments (Table 2). For
both treatments, EPS and max erosion were significantly and
positively correlated, and chl a and max erosion were signif-
icantly and negatively correlated (Table 2). Examining each
intertidal zone separately, however, revealed that EPS and chl
a were positively correlated at the low and mid intertidal
zones, but were negatively correlated, though with marginal
significance, at the high intertidal zone (Table 2).

Chl a and EPSwere not significantly correlated with median
grain size (Supplementary Table 4). Overall, well-sorted sedi-
ment had more chl a, and sediments that had a higher percent-
age of shell hash and silt-clay had less chl a (Supplementary
Table 4). EPS, however, was positively correlated with percent
shell hash and percent silt-clay (Supplementary Table 4). More
poorly sorted sediment had higher max erosion, and sediments
with higher percentages of shell hash and silt-clay had less max
erosion (Supplementary Table 4).

H′, S, and Chao1 were significantly and positively corre-
lated with chl a at the control sites, with Chao1 also being
positively correlated with chl a in sediments from the
renourished sites (Supplementary Table 5). H′, S, and Chao1
were negatively correlated with EPS at the control sites with
Chao1 being negatively correlated with EPS sampled from the
renourished sites (Supplementary Table 5). More max erosion
was associated with higher diversity indices in sediments from
the control, but not the renourished treatment (Supplementary
Table 5). Max erosion and wind speed were positively corre-
lated in the mid (Spearman’s ρ = 0.48, p = 0.02), but not in the
other intertidal zones (Supplementary Fig. 6).

We found that sediment temperature was significantly
higher within the high intertidal compared to the low intertidal
zone overall (p = 0.009) and saw significant correlations be-
tween diversity and sediment temperature overall and at the
renourished sites (Supplementary Table 5). H′ and sediment
temperature were negatively correlated at both treatments, and
S and Chao1 were strongly and negatively correlated with sed-
iment temperature at the renourished sites (Supplementary
Table 5). Correlations with respect to most granulometric mea-
surements were not significant.

Discussion

Our first goal was to examine the recovery of BMA biomass
within the intertidal zone after a beach renourishment event in
Folly Beach, SC. Our data suggest that renourishment may
affect the seasonal pattern of BMA chl a, thereby affecting
the amount of primary production available in the ecosystem.
We also found differences between the intertidal zones—with
higher biomass at the low and mid intertidal zones compared
to the high. Surprisingly, chl a in sediments from the
renourished sites immediately following renourishment were
comparable to that of the control. Cahoon et al. (2012) also did

Fig. 7 Principal coordinate
analysis (PCoA) plot based on
unweighted UniFrac distances of
samples collected from the
renourished and control sites from
the high and low intertidal zones
from five sampling dates.
Groupings are defined based on
analysis of similarity results
(Supplementary Table 3). Refer to
Supplementary Fig. 5 to examine
the PCoA plot of samples from
the low intertidal zone only. t =
days post-renourishment
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not observe a reduction of chl a levels immediately following
renourishment of Carolina Beach, North Carolina and hypoth-
esized that the borrowed sediments used may have contained
BMA initially. However, in our study, the levels at the control
were also already very low in June and July, so this result

could be confounded with seasonality. We agree that the
borrowed sediment could have contained BMA (or phyto-
plankton from the water column) thus resulting in similar chl
a levels at both renourished and control sites. Despite the
borrowed material coming from depth (8.8–13.4 m) where
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Fig. 8 Bar charts summarizing
the relative abundance of taxa
found in samples collected from
the renourished and control sites
(a), from the high intertidal zone
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zone (c) from June 2014 to
January 2015 (3 to 230 days post-
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of the figure. Taxonomic level 4
of the SILVA v128 database
(Quast et al. 2013) was used here
to enable clear visualization of
individual taxonomic groupings

Table 2 Spearman’s rank correlation coefficients (ρ) that were
statistically significant (p < 0.05) or marginally significant (p < 0.1; in
italics) for chlorophyll a (chl a), extracellular polymeric substances
(EPS), maximum (max) erosion, and net erosion data when examining

all data (both treatments, three intertidal zones, and nine sampling dates),
each treatment separately, and each intertidal zone separately. n.s. not
statisically significant

Variable By variable All data Renourished Control High Mid Low
ρ ρ ρ ρ ρ ρ

Chl a EPS n.s. − 0.33 0.36 − 0.23 0.43 0.50

Max erosion − 0.65 − 0.74 − 0.52 − 0.41 n.s. − 0.22

Net erosion n.s. − 0.38 n.s. 0.33 0.29 n.s.

EPS Max erosion 0.52 0.63 0.28 0.28 0.35 n.s.

Net erosion 0.26 0.42 n.s. n.s. n.s. 0.40

Max erosion Net erosion 0.44 0.57 0.34 −0.30 0.65 0.56
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there is less light available, BMA are known to be present and
productive in surface sediments (0–0.5-cm deep) from the
South Atlantic Bight off Georgia and Florida at depths up to
40m (Nelson et al. 1999). Ideally, we would have sampled the
borrowed sediment or been able to sample as soon as the
sediment was deposited on the beach face (as opposed to ~
3 days post-renourishment), but logistical constraints preclud-
ed this. Contrary to Cahoon et al. (2012), we did observe a
delay in a seasonal peak of chl a in mid-summer by approxi-
mately a month at the renourished sites, with indication of
recovery only after 93 days in September when chl a levels
between sediments from the renourished and control sites
were again comparable.

When exploring each of the high, mid, and low intertidal
zones separately, data from both the low and mid intertidal
zones suggested that recovery of biomass may not have oc-
curred until November (169 days post-renourishment), though
unfortunately again this may be confounded with the natural
decline of chl a as summer turns to fall. Sediments from the
high intertidal zone had less chl a compared to sediments from
the mid and low zones regardless of treatment, and seasonal
trends were not easily discernable—the control sites peaked in
August and November, but negligibly. In a previous study,
BMA biomass was found to be inversely proportional to the
length of time sediment was immersed (van der Wal et al.
2010), so it was surprising that we found less chl a in sedi-
ments from the high intertidal zone where tidal inundation
occurred only with very large tides. While median grain size
was not significantly larger at the high intertidal zone com-
pared to the low, percentage of shell hash was greater, and
lower biomass has been associated with coarser sediments
(Miller et al. 1996; Cahoon et al. 2012, 1999). We did not
see a significant correlation between chl a and grain size nor
did grain size vary by intertidal zone. This indicates that per-
haps other factors that we did not measure (e.g., nutrient sup-
ply, grazing pressure) may have affected the differences in
recovery times among intertidal zones.

Because of the raised elevation of the renourished beach
face, a steep, ~ 0.5-m berm developed just below the mid
intertidal zone shortly following renourishment. This berm
prevented tidal inundation of the mid and high intertidal
renourished sites for several months following renourishment.
The eventual breakdown of the berm resulted in more regular
tidal inundation at the mid, and later, the high intertidal zone.
The delay in tidal inundation corresponded roughly to the
patterns in recoverywe saw in terms of chl a: the low intertidal
zone recovered more quickly, followed by the mid, and then
by the high intertidal zone. The halting of tidal inundation did
not appear to affect chl a differences between the renourished
and control high intertidal zone sites, but it may have contrib-
uted to differences we saw in community structure. It appears
that the communities that repopulated the high intertidal zone
quickly (or were already in the borrowed sediment) in June

and July were more similar to the control than the communi-
ties that were present in the renourished high intertidal zone
later on in September, November, and January. In fact, we saw
that the relative abundance of taxa present 3 days post-
renourishment was similar between the control and
renourished sites. Overall, diatoms were dominant in control
samples throughout the entire sampling period, with some
seasonal changes, but chlorophytes and ciliates became the
dominant groups found at the renourished sites 93, 169, and
230 days post-renourishment. This shift in dominant taxa was
mainly due to changes in the communities found in the high
intertidal zone; while the renourished, low intertidal zone also
had fewer diatoms at 36 days compared to 3 days post-
renourishment, the communities appeared to recover by
230 days post-renourishment, with diatoms becoming the
dominant taxa. This alteration in high intertidal communities
could be the result of having little to no tidal inundation for
months following renourishment. Therefore, artificially ele-
vating the beach may be more detrimental to BMA commu-
nities than the burial of extant communities or changes in
sediment. Further, renourishment may not immediately affect
BMA community structure as might be expected, but rather
the effects may be seen months after the disturbance.

Intertidal zonation patterns from high to low shore are com-
mon for a variety of organisms, and we found this to be true
with BMA community structure as well. Overall, we saw
striking differences between the high and low intertidal
BMA communities. These differences are most likely due to
the different physical environmental conditions experienced at
the high and low intertidal zones under normal circumstances,
and in our case, these differences were further exacerbated by
the formation of the berm at the renourished sites. Different
species of diatoms, for instance, demonstrate differential sen-
sitivity to tidal exposure and substratum (Sherrod 1999;
Weckström and Juggins 2005). We also found that diversity
was higher and communities were more even in sediments
from the low intertidal zone compared to those from the high
throughout the duration of our sampling, but only at the con-
trol sites. At the renourished sites, communities from both the
low and high intertidal zones were similar with respect to
diversity and evenness and only varied temporally; diversity
decreased immediately following renourishment in June to
July and then steadily increased from July 2014 to January
2015. This pattern was not evident at the control sites.
Therefore, it appears that while BMA communities from the
renourished sites were able to recover in terms of diversity,
renourishment appeared to disrupt the natural differences in
communities among intertidal zones. For BMA communities
found in the low intertidal zone, there appeared to be no com-
positional differences between the renourished and control
sites, but rather significant changes through time, which ap-
pear to be seasonal. The low intertidal BMA communities
endure resuspension with near-continuous tidal inundation
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and thus may be less impacted by renourishment and/or re-
cover more quickly than communities further inshore.

The direct relationship between diversity and richness and
biomass that we saw overall and in samples from the control
sites was as expected. This relationship has been documented
for natural diatom communities from estuarine mudflats both
in the field (Forster et al. 2006) and experimentally
(Vanelslander et al. 2009). While we did not find a significant
relationship between diversity and many of the granulometric
measurements, we saw a significant negative relationship be-
tween chl a and the proportion of fine sediments (i.e., percent
silt-clay). A previous study examining the effects of sediment
grain size on BMA biomass found this same relationship
across several estuaries in NC and MA, USA, and Manukau
Harbour Estuary, New Zealand (Cahoon et al. 1999). In the
current study, sediment from the renourished sites was more
poorly sorted; it was composed of a higher percentage of shell
hash and fine sediments compared to the control. It is possible
that poor sorting resulted in less chl a and thereby lower di-
versity until reestablishment of the granulometric norms.
However, sediment from the high intertidal renourished sites
remained more poorly sorted than the control throughout and
never seemed to recover, likely due to the formation of the
berm and lack of tidal inundation. Species richness exceeded
the control at these sites starting at 93 days post-
renourishment, but the community shifted such that diatoms
were ≤ 5% relative abundance. These communities instead
were dominated by chlorophytes and ciliates that were likely
better adapted to the altered granulometric and hotter, drier
conditions. This highlights the importance of using
community composition as a metric of recovery as opposed
to alpha diversity indices alone, as the latter can be
misleading. Peterson and Bishop (2005) called attention to
the fact that diversity indices are still being used to assess
the impact of beach renourishment, though Nelson (1993)
warned against their use, as the interpretations can be dubious.

Lastly, we examined the relationships among chl a, EPS,
and erosion. One of the main purposes of renourishment is
combating erosion, but because we know that BMA produce
sediment-stabilizing EPS, we proposed that renourished sites
would exhibit more erosion as an effect of reduced BMA. We
expected EPS to be lower in renourished sediments immedi-
ately following renourishment, assuming that the borrowed
sediment was near devoid of BMA, and gradually increase
with the reestablishment of BMA communities. Instead, chl
a and EPS in sediments from the renourished sites were com-
parable or exceeded that sampled from the control sites ini-
tially, and further, neither EPS nor max erosion varied by
treatment. We also expected to see a strong, positive correla-
tion between chl a and EPS and a strong, negative correlation
between EPS and max erosion based on previous studies done
in estuarine systems (e.g., Underwood et al. 1995, Underwood
& Smith 1998, Yallop et al. 2000). Chl a from control samples

was positively correlated with EPS, but we found an inverse
relationship between EPS and chl a in samples taken from the
renourished sites. Bacteria present in borrow sediment, whose
biomass was unaccounted for, may have contributed to EPS
production and sediment stabilization. Their presence could
explain the lack of variation in EPS and max erosion between
sites and the inverse relationship between EPS and chl a at the
renourished site. Non-BMA EPS producers in renourished
sediments could also explain why an inverse correlation be-
tween EPS and max erosion was observed, as expected, at
both control and renourished sites. Alternatively, some of
our EPS data were at or below the detection limit of the assay,
which may have affected our abilities to accurately quantify
EPS. In lower energy environments, like those in Charleston
Harbor, chl a concentrations in the summer have been report-
ed to be ~ 3–7-μg g−1 dry sediment in sandy sediments and ~
7–10-μg g−1 dry sediment in muddy sediments (Plante et al.
2016). Our concentrations did not exceed 2-μg g−1 dry sedi-
ment throughout the sampling period at either treatment.
Therefore, the role of EPS as a sediment stabilizer is likely
not as important in energetic, sandy sites such as Folly Beach,
because of lower biomass (and thus lower EPS production)
and higher erosion compared to lower-energy sites.

The study design for most renourishment experiments and
projects are wrought with issues (Peterson and Bishop 2005),
and the present study also has its limitations. Ideally, the sam-
pling sites would have been similarly spaced and the control
sites would be further away from the renourished zone, but
unfortunately site selection was largely out of our control. For
most analyses, however, the data collected from the two sites
from each treatment were similar enough to combine, so the
spatial differences appeared to be negligible. Being
constrained to these certain sites however did prevent us from
being able to collect from existing sediment prior to
renourishment, and as mentioned above, sampling immediate-
ly following renourishment (instead of 3–5 days post-
renourishment). We also acknowledge that using chl a for
estimating biomass has its limitations; chl a can vary based
on environmental conditions (e.g., light, temperature, nutri-
ents, grazing pressure) and BMA cell size and community
composition (Baulch et al. 2009). This method is commonly
used because of its ease and low cost, however, and thus is still
relevant for comparison to other studies. Furthermore, HTS
has its constraints with regard to characterizing communities.
We used primers that were designed to amplify diatom DNA,
but found that these also amplified DNA of metazoan and
fungal taxa. The primers we used also do not differentiate
between benthic and planktonic forms, so it is possible that
the differences found between the intertidal zones were aug-
mented due to the increased likelihood of plankton “contam-
inating” low intertidal sediments. More specific PCR primers
and more specific databases for taxonomic assignment would
be helpful for future studies.

170 Estuaries and Coasts (2019) 42:157–172



Conclusions

It appears that artificially elevating the beach face, which can
prevent regular tidal immersion, may have more of a long-
term impact on BMA communities than the initial burial of
existing communities. We saw the development of a steep
berm at the renourished sites, which seemed to shape when
and how BMA recovered in terms of biomass and community
structure.

Recovery of BMA biomass appeared to occur between
93 and 169 days post-renourishment in the intertidal zone
of Folly Beach, SC. Biomass recovered in sequence from
the low to the high intertidal zone—a sequence that roughly
corresponded to when each experienced more frequent tidal
inundation due to the eventual breakdown of the berm.
Renourishment also disturbed the natural intertidal zona-
tion of BMA communities from the low to high intertidal
zone. Further, the community structure within the high in-
tertidal zone was only ever comparable to the control im-
mediately following renourishment, i.e., communities here
still had not recovered ~ 7 months after renourishment.
Compositional changes in primary producers can result in
changes in nutrient cycling and this can have cascading
effects on upper trophic levels. While our study provides
some evidence that EPS may be important to stabilizing
sediment on high-energy beaches, it is likely unrelated to
BMA in particular, and additional studies, using a more
sensitive EPS assay, are needed in order to better under-
stand its importance in high-energy environments. Beach
renourishment will likely become increasingly prevalent
as a means to mitigate beach erosion as sea levels rise and
storm frequencies increase due to climate change. Thus,
information about the effects of renourishment on the pri-
mary producers of coastal ecosystems is crucial.
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