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Abstract: Oyster aquaculture is one of several methods for the restoration of Delaware Inland Bays;
however, little is known about its potential impacts on the benthic community of the bays. In this
study, water quality parameters were measured and polychaetes were collected from 24 sampling
locations at Rehoboth, Indian River, and Little Assawoman Bays from July to October 2016 and 2017.
We aimed to assess the impact of Eastern oyster farming under different stocking densities (50 and
250 oysters/gear) and distances away from the sites where the off-bottom gears are implemented
(under gears, one meter, and five meters away). No significant impact was detected on polychaetes’
abundance and richness in regard to the presence of oyster gears. The number of polychaetes and
species richness was significantly higher in Little Assawoman Bay in comparison to the Indian
River and Rehoboth Bays. Results showed that the Ulva lactuca bloom that happened in 2016 could
negatively impact the low abundance and richness observed in the polychaetes community. Similarly,
the values of polychaetes abundance and species richness did not change significantly in samples
that were taken far from the oyster gears. Dominant polychaetes families were Capitellidae and
Glyceridae contributing to more than 70% of polychaetes’ number of individuals. Our results help
to understand the role of oyster aquaculture in restoring the viability in the natural habitat of the
Delaware Inland Bays.

Keywords: aquaculture; eastern oyster; polychaetes; richness; stocking density

1. Introduction

The Delaware Inland Bays (DIBs) have been experiencing severe habitat and water
quality degradation as a consequence of chronic eutrophication and sediment erosion
resulting from anthropogenic non-point source pollutions [1–5]. Indian River, for example,
experienced nitrogen loading greater than six times the healthy limit, which ultimately
accumulated in the bays [4]. Since the DIBs are shallow and poorly flushed [6], the
accumulated pollutants in water and sediments have been associated with disturbances
happening including nutrient enrichment, high turbidity, sedimentation, hypoxic/anoxic
condition, harmful algal bloom, and annual fish kills [7–10]. The cumulative impacts of
these disturbances decreased the diversity and abundance of submerged vegetation [11]
and various aquatic species [5,12], especially benthic communities in DIBs [13]. Therefore,
there is an urgent need to mitigate the negative impact of the declined water quality [14–17].

One prospective method for the restoration of DIBs is the introduction of oyster gar-
dening [18] to restore the wild population and to take advantage of the ecological services
oysters provide such as enhancing the water quality and supporting other species in terms
of habitat and grazing ground [13,17,19–21]. The recent implementation of commercial-
scale aquaculture could greatly increase oyster abundance [15]; however, the introduction
of large densities of oysters in off-bottom cultures may cause changes in the bed’s geochem-
istry in the farming sites and increase the organic matter due to oyster’s deposition [22–25].
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The resultant effects on the benthic communities are highly variable according to pre-
vious reports depends on site and cultural characteristics [26–28]. Therefore, there is a
critical need for baseline data to better understand how it potentially impacts the local
macrobenthic communities before implementing oyster gardening as a restoration solution.

Several studies have found that the implementation of oyster aquaculture has less or
no dramatic impacts on benthic community population dynamics [29,30]. Having been
filter feeders, oyster farming does not rely on external food input [31]. In this regard,
negligible effects were detected on the abundance, diversity, and richness of benthic
macroinvertebrates in studies by [32–34]. Conversely, increased biomass, abundance, and
the number of macrofauna species have been documented in sites of oyster cultivation,
eastern Canada, in association with oyster biodeposition [35]. Oyster aquaculture can
alter the benthic community composition [36]; increasing opportunistic polychaetes [37,38],
which reflects the habitat disturbance [39].

Characteristics of the surrounding environment [40], farming intensity [41], and
proximity of the oyster gardens to valuable habitats define the extent of oyster aquaculture’s
impacts [31,42]. While the beds exposed to currents and wave action experience fewer
impacts [43], water bodies with high flushing time or nutrient-enriched ecosystems are
more susceptible [44]. Moreover, the benthic community is negatively influenced by
shellfish culture at high stocking density because farming intensity increases the rate
of organic matter deposition and hence the frequency of the anoxic condition [44,45].
Although, the effects are diluted with the increasing distance from oyster gardens and tend
to be subtle at 20–80 m [46]. According to Kaiser et al. [47], using a proper farming plan
could ensure the least environmental impacts of intensive shellfish culture.

Polychaetes are often utilized to reveal the effect of poor environmental conditions
and pollutions [48–50]. Polychaetes are widely distributed in all marine environments [51]
and exhibit diverse morphological and life history characteristics [52]. Not only do these
characteristics make polychaetes a good candidate to be bioindicators [53], but also they
can be an excellent representative of total marine biodiversity [54,55]. Previous studies
have confirmed that they are able to reflect the impact of aquaculture on the benthic
communities [56–58]. Therefore, this project aims to 1- collect and identify polychaetes,
2-evaluate the impact of the presence of oyster gear on the polychaetes community, and
3-evaluate the extent of farming impacts associated with different stocking densities and
distance from the oyster gears. The results will help to understand the role of oyster
aquaculture in restoring the natural habitat of DIBs.

2. Materials and Methods
2.1. Study Area

The study was comprised of a series of coastal bays, Rehoboth Bay (RB), Indian River Bay
(IR), and Little Assawoman (LAW) Bay, collectively known as the DIBs in southern Delaware
(Figure 1). The RB is a shallow bar-built estuarine lagoon with a surface area of 35 km2, a mean
depth of 1.3 m, and a tidal range of about 1 m [1,59–61]. The bay receives marine waters
from the Indian River Inlet (south) and Lewes-Rehoboth Canal (north, [62]) Freshwater
discharge comes from several small creeks (White Oak Creek, Love Creek, Herring Creek,
and Guinea Creek), groundwater drainage, and surface runoff [60,61]. Since the RB is
poorly flushed, the residence time is estimated at 80 days [63]. The sedimentation rates vary
from 0.3 cm/yr in the north part to 1.5 cm/yr in the south [61,63]. The sediment texture
in the RB is mainly classified as mud with approximately 25% sand, as the distribution of
sediments changes from sand in the south part to silty clay in the north [60]. According
to Lee [64], the mean total organic carbon (TOC) of sediments ranges from 0.37% to 5.65%
in the open water, 4.69% to 8.20% in the channel, and 1.88% to 6.49% in the shorelines
in September 2011. The mean concentration of chlorophyll-a in water and sediments are
13.31 µg/L and 22.1 µg/g, respectively [1].
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Figure 1. Sampling sites in the Delaware Inland Bays. The RB, IR, and LAW indicate Rehoboth Bay,
Indian River Bay, and Little Assawoman Bay (Map Credit: [65]).

The IR Bay is also an estuarine lagoon enclosed by the RB from the north and LAW
from the south. The bay is oriented in the east-west direction and exchanges water with
the Atlantic Ocean via the Indian River Inlet on the east and is fed mainly by freshwater
of Indian River on the west part [5,66,67]. The surface area is about 38 km2 with a mean
depth of 1.5 m and a mean tide range of 1.25 m at the inlet [1,63,68,69]. According to
Weston [70], the flushing time is estimated at about 90–100 days for the bay. However,
the flushing occurs unevenly in different parts of the bay depending on how closely be
connected with the Atlantic Ocean [71]. The sedimentation rate ranges from 0.57 cm/yr
to 1.47 cm/yr [72]. Similar to the RB, the major proportion of the sediment texture in
the IR Bay is comprised of mud on the west and mud-sand on the east side [60]. The
distribution of the TOC in the sediments varies spatially, as it changes from 0.33% to
3.64% in the open water, 2.91–3.04% in the channel, and 0.53–3.15% in the shorelines in
September 2011 [64]. Water and sediments in the IR Bay contain 20.68 µg/L and 9.71 µg/g
chlorophyll-a, respectively [1].

The LAW Bay is a lagoon in the southernmost part of the DIBs system, connected to
the IR Bay through the Assawoman Canal from the north and to Assawoman via The Ditch
from the south [5,73]. Freshwater discharges into the bay mostly from Miller Creek and
Dirickson Creek [73]. The bay covers an area of approximately 6 km2 with an average depth
of 1.4 m and a tide range of 0.6–0.9 m in the Ditch [1,74–76]. It takes 1–7 days for the water
to be replaced completely [1,77]. While the sediment texture in the eastern part is mainly
sand, the central and western part is covered with silty clay sediments [78]. The mean TOC
in the sediments collected from the channel and shorelines was reported to be 55.4% and
3.34%, respectively, in September 2011 [64]. The mean concentration of chlorophyll-a is
recorded as 15.78 µg/L and 6.22 µg/g in the water and sediments [1].

2.2. Water Quality Monitoring

Water samples were collected from three locations in DIBs (Figure 1) and monitored
weekly from 24 June to 25 October 2016 and from 1 June to 10 October 2017. A handheld
multiparameter water quality instrument YSI 556 (YSI Inc., Yellow Springs, OH, USA)
was used to measure temperature (◦C), salinity (ppt), pH, and dissolved oxygen (mg/L).
The concentration of chlorophyll-a (mg/L) was measured using a portable Aquaflour
Flourmeter, version 1.00 (Turner Designs, Inc., San Jose, CA, USA). Water turbidity (NTU)
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was recorded by Turbidity Meter WQ770 (Global Water Instrumentation, College Station,
TX, USA).

2.3. Set Up Oyster Gears and Trays

Three aquaculture pilot projects, one in each bay, were used as the sampling locations
in DIBs. Each location contained two off-bottom gear types: one set of metal aquaculture
cages (Ketchum Triple Stack cage, 0.61 m × 0.91 m × 0.76 m, mesh size 12.7 mm × 12.7 mm
mesh) and one set of double-stacked aquaculture trays with lids (Aqua Trays 0.91 m ×
0.91 m, mesh size 12 mm × 12 mm). The trays were suspended approximately 10 cm from
the bottom and were anchored using PVC pipes placed in each corner of the gear. The
cages were anchored using one anchor at either end of the gear. Oyster density in the first
year of the experiment (2016) was 50 oysters/gear and increased to 250 oysters/gear in the
second year (2017). As a control, a gear was placed in the sampling location in IR Bay with
no oysters in the second year.

2.4. Benthic Community Assessment

Polychaetes were sampled as a surrogate for the benthic community regarding their
ability to reveal the environmental condition and pollution. Sediment core samples were
collected monthly using a PVC pipe and cap with an approximate volume of 47.88 cm3.
A total number of 24 samples were taken from each bay; including four samples under the
cages, four samples under the trays, eight samples one meter away from the gear, and eight
samples five meters away from the gear. Sediment samples were sieved through a 1 mm
sieve, and all polychaetes were preserved in series of fixative solutions; a 15% ethanol
solution for 15 min, 10% Formalin Rose Bengal solution for several days, and 70% ethanol
solution. Polychaetes were then identified using a polychaetes identification guide from
the Virginia Institute of Marine Science [79]. The number of specimens was enumerated,
and species richness (d) was calculated according to [80]. It was assumed that polychaetes
were randomly distributed in our study area [81].

d =
(S − 1)
LogN

where S indicates the number of taxa identified in each sampling location and N stands for
the number of organisms present.

2.5. Statistical Analysis

The statistical analysis was performed using R statistical software version 3.6.2 [82].
Normality and homoscedasticity were tested prior to statistical analysis using Shapiro–Wilk
and Levene tests. The spatial and temporal variation of water quality data were analyzed
using ANOVA, where sampling location (bays) and time (month or year) were used as
factors [83]. If needed, data were log10 transferred to normalize the skewness prior to
the statistical analysis. Having violated the normality assumptions, the abundance of
polychaetes and richness index were compared between the control groups and farming
locations at different distance levels from the oyster gears using a Mann–Whitney U
test. A rank MANOVA test was performed on the polychaetes richness index and total
abundance in response to farming location, density, and sampling distance from the
gear [84]. The bootstrap resampling method was applied with 1000 iterators. The significant
differences were assessed using a Tukey Post-hoc test (p < 0.05).

3. Results
3.1. Physicochemical Parameters in Water Samples

Surface water temperature varied from 12.5 ◦C to 31.4 ◦C in the first sampling year and
from 19.1 ◦C to 29.7 ◦C in the second year (Figure 2A). The mean water temperature was
24.9 ± 4.2 ◦C, 24.5 ± 3.7 ◦C, and 24.6 ± 3.4 ◦C in RB, IR, and LAW, respectively. There was a
significant difference in water temperature between sampling months (Table 1). A uniform
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temporal trend was observed in all the inland bays, as mean water temperature increased
from June to August, started decreasing since then, and reached its minimum in October
(Figure 2A). Tukey-test showed that the mean temperature was significant between all the
pairs except for September-June and August-July.
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Figure 2. Spatial and temporal variation in water quality parameters of Delaware Inland Bays; (A) temperature, (B) salinity,
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year of sampling (2017, gray dots and lines). Sampling locations at Rehoboth Bay, Indian River Bay, and Little Assawoman
Bay are indicated as squares, circles, and triangles, respectively.
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Table 1. ANOVA on water quality parameters of Delaware Inland Bays during June to October 2016, 2017.

Parameter
Location Effect Year Effect Month Effect

F2, 109 p-Value F1, 109 p-Value F4, 109 p-Value

Surface temperature 1.641 0.1990 n.s 0.692 0.4070 n.s 33.575 <2.2−16 ***
Surface salinity 59.981 <2.2−16 *** 3.018 0.0852 n.s 5.381 0.0006 ***

pH 0.605 0.5481 n.s 4.581 0.0345 * 8.681 4.03 × 10−6 ***
Turbidity 3.784 0.0258 * 6.676 0.0111 * 8.971 2.66 × 10−6 ***

Dissolved oxygen 2.358 0.0994 n.s 14.667 0.0002 *** 7.303 3−05 ***
Chlorophyll a 8.959 0.0003 *** 47.411 3.85−10 *** 2.875 0.0262 *

Significant level: *** 0.001 ** 0.01 * 0.05. n.s shows non-significant difference.

Although mean surface salinity was not significantly different between the two sam-
pling years, it was lower in the second year (27.2 ± 5.3 ppt) in comparison to the first year
(28.3 ± 5 ppt) (Table 1, Figure 2B). The inland bays showed a significant difference in terms
of surface salinity; the mean salinity was lower in LAW (24.5 ± 3.4 ppt) as compared to
RB (28.6 ± 4.5 ppt) and IR (28.4 ± 4.5 ppt) (Table 1, Figure 2B). Similarly, the mean salinity
significantly changed during the sampling months (Table 1). In all the inland bays, the
mean surface salinity was significantly decreased from August to October and reached its
minimum in October (RB; 27.7± 4.7 ppt, IR; 27.9± 4.7 ppt, LAW; 26.6± 5.6 ppt) (Figure 2B).

Sampling location has no significant effect on the value of pH (Table 1), and it ranges
from 7.1 to 9.3 in RB, 7 to 9.1 in IR, and 6.4 to 9.3 in LAW (Figure 2C). Water was slightly
alkaline in the first year (8 ± 0.4) compared to the first year (7.8 ± 0.4), and the pH value
fluctuated in the second year more (Table 1, Figure 2C). The value of pH showed significant
differences among sampling months (Table 1).

The minimum (0 NTU) and maximum (45.5 ± 12.2 NTU) mean turbidity were measured
in June (RB, 2016), August (IR, 2016), and October (RB, 2016), respectively (Figure 2D).
Turbidity showed significant variations in response to year and month of sampling in all
the inland bays (Table 1).

The sampling year resulted in a significant difference in the concentration of dissolved
oxygen (Table 1); the mean concentration of dissolved oxygen was higher in the second
year (7 ± 2.3 mg/L) in comparison to the first year (5.6 ± 2 mg/L). Tukey-test showed that
the mean concentration of oxygen was significantly higher in October (6.6 ± 2.2 mg/L,
Figure 2E).

The mean concentration of chlorophyll-a was influenced by both sampling location
(bays) and time (years/ months) (Table 1). The minimum (0.07 ± 0.06 mg/L) and maximum
(0.74±0.2 mg/L) mean chlorophyll-a were measured in October in LAW (2017), August (IR,
2016), and August in LAW (2016), respectively (Figure 2F). It was higher in first sampling
year (0.32 ± 0.2 mg/L vs 0.14 ± 0.09 mg/L in the second year) and in RB (0.27 ± 0.19 mg/L
vs 0.22 ± 0.18 mg/L in IR and 0.21 ± 0.18 mg/L in LAW) (Table 1).

3.2. Polychaetes Abundance and Richness

A total number of 710 specimens were collected, representing 12 families (Table 2).
Almost 98% of the polychaetes’ population is comprised of Capitellidae (~42.1%), Glyceri-
dae (~31.3%), Orbiniidae (~8.5%), Spionidae (~6.5%), Not identified (~5.5%), and Oweni-
idae (~4.1%).
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Table 2. Polychaetes collected from Delaware Inland Bays from June to October 2016, 2017. Plus sign indicates the occurrence of the given family at different sampling locations (bays and
distance) and time (month and year). Oster density was 50 and 250 oysters/gear in 2016 and 2017, respectively 1.

Family Number of
Specimens

Month Distance Bay Year 1

June July August September October Under
Gear One Meter Five

Meters RB IR LAW 2016 2017

Arenicolidae 3 + + + + + +
Capitellidae 299 + + + + + + + + + + + + +
Chaetopteridae 4 + + + + +
Eunicidae 1 + + + +

Glyceridae

19 + + + + + + + + + + +
2 + + + + + +
2 + + + +

199 + + + + + + + + + + + +
Orbiniidae 60 + + + + + + + + + + + + +
Oweniidae 29 + + + + + + + + + + + + +
Phyllodocidae 3 + + + + + +
Spionidae 46 + + + + + + + + + + + + +
Spirobidae 3 + + + + + +
Not identified 39 + + + + + + + + +
Polycladida 1 + + + +
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The richness indexes varied from 0 to 4.19 in this study (1.08 ± 1.24) as it was calculated
between 0–3.55 (0.95 ± 1.14) in the first year of sampling with the oyster density of
50 oysters/gear and between 0–4.19 (1.18 ± 1.31) in the second year in which oysters were
cultured with the density of 250 oysters/gear. In RB, the index was in a narrow range
(0–3.32) in comparison to the other sampling sites. The same pattern was observed for the
samples collected under the gears (0–3.32) compared to those were taken from sites one
meter or five meters away.

In IR Bay, the mean abundance of polychaetes was higher in sampling locations: under
oyster gear (4.29 ± 0.39), one meter away (0.69 ± 0.64), and five meters away (0.95 ± 0.81)
compared to those for the controls (1.43 ± 0.47, 0.23 ± 0.46, and 0.16 ± 0.30) (Figure 3A).
The same results were obtained for the richness index (Figure 3B). However, the differences
were not statistically significant for both the abundance and richness index.
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According to the rankMANOVA, sampling location, including bay and distance from
the oyster gears, oyster density, and the interaction effect of oyster density and distance
from the gears, had significant effects on polychaetes’ richness index in DIBs during our
sampling time (Table 3). The abundance of polychaetes was influenced by a combination
of oyster density, distance from the gears, and interaction of oyster density and distance
from the gears (Table 3). For both abundance and richness index, no significant effect was
detected for the interaction of sampling location in the bay and oyster density and the
interaction of sampling location in the bay, oyster density, and distance from the gears
(Table 3).
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Table 3. Summary of rankMANOVA on polychaetes abundance and richness in Delaware Inland Bays during June to
October 2016, 2017.

Source df
Multivariate Abundance Richness

F-Value p-Value F-Value p-Value F-Value p-Value

Bay 2.72 12.069 0.009 ** 6.732 0.020 * 5.336 0.042 *
Density 1.72 6.239 0.034 * 0.854 0.053 n.s 5.385 0.021 *
Distance 2.72 60.855 <0.001 *** 48.709 <0.001 *** 12.146 <0.001 ***

Bay × Density 2.72 2.400 0.494 n.s 0.171 0.642 n.s 2.229 0.304 n.s

Bay × Distance 4.72 11.404 0.090 n.s 3.684 0.160 n.s 7.719 0.082 n.s

Density × Distance 2.72 23.512 <0.001 *** 14.915 <0.001*** 8.597 0.010***
Bay × Density × Distance 4.72 2.792 0.824 n.s 1.942 0.931 n.s 0.850 0.914 n.s

Significant level: *** 0.001 ** 0.01 * 0.05. n.s shows non-significant difference.

4. Discussion

Water physicochemical parameters revealed spatial and temporal heterogeneity in
the water quality of DIBs. The range of water temperature, salinity, the concentration
of dissolved oxygen, and chlorophyll-a measured in this study was in accordance with
the historical ranges reported by the previous studies. Eichler et al. [61] reported the
corresponding ranges for RB to be 24–31 ◦C, 14.8–28.6 ppt, and 4.57–11.9 mg/L in August
2005. Erbland and Ozbay [14] observed that the water temperature changed from 18 ◦C to
24 ◦C, salinity varied from 28 ppt to 32 ppt, and concentration of dissolved oxygen ranged
from 7 mg/L to 12.6 mg/L during June–October 2006 in IR. The mean temperature, salinity,
concentration of dissolved oxygen, and chlorophyll-a ranged from 19.7 ◦C to 27.5 ◦C, from
22.3 ppt to 28.4 ppt, from 3.6 mg/L to 6 mg/L, and from 64.2 µg/L to 173 µg/L during
June–October 2007 in LAW, respectively [16]. The mean concentration of chlorophyll-a
was reported to be 13.31 ± 2.85 µg/L (RB), 20.68 ± 4.21 µg/L (IR), and 17.78 ± 1.52 µg/L
(LAW) between June and September by Chaillou et al. [1]

Almost all water quality parameters had higher mean values in the first sampling
year, except for the concentration of dissolved oxygen which showed an inverse trend. At
the beginning of the 2016 field season, there was an Ulva Lactuca bloom in RB [65]. One
of the reasons that promote macroalgae growth might be the elevated water temperature,
salinity, and pH in the region. In general, large biomass of Ulva sp. has been observed in
spring and during warm summer months due to the long length of days and high water
temperature [85]. Many studies have reported the bloom of Ulva sp. in response to elevated
water temperature and pH in marine habitats [86,87]. Ryback and Gabka [88] reported that
water temperature, pH, and sulfate concentration are the most important environmental
variables triggering the bloom of U. flexuosa. The authors suggested that a higher pH value
stimulates the carbon uptake (CO2) from ambient water [88]. We observed an increase
in the values of water turbidity and concentration of chlorophyll-a and a decline in the
concentration of dissolved oxygen in the same sampling year. In RB, these variations
could be partly the consequence of U. lactuca bloom and decaying vegetation. It has been
accepted that the death and decomposition of macroalgal biomass can deoxygenate water
and cause hypoxia and anoxia conditions [89].

In our study, the mean richness index of polychaetes was 1.08 for all the sampling
locations throughout the two-year study. As polychaetes are wide-ranging constituents
of benthic communities and mirror the general health of the benthic community [52,90],
these results suggest poor benthic communities in DIBs. Previous studies have confirmed
that benthic communities are severely degraded in DIBs [1]. According to Marenghi
et al. [11], siltation as a result of sediment erosion and bed destruction due to overfishing
has declined the benthic condition in DIBs. The bays also suffer from nutrient enrichment,
meaning excess inputs of nitrogen and phosphorus caused by poor land-use practices in
the watershed [4,5,91,92]. The collaboration of eutrophication and the occurrence of algal
bloom have led to the accumulation of high-level organic matter and the anoxic situation
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in sediments, decreasing the benthic community richness and biomass [6]. Our results on
polychaetes richness suggesting a poor benthic community are consistent with the previous
findings that confirmed the degradation of the benthic communities in DIBs.

Additionally, the dominant polychaetes families in terms of abundance and occurrence
in the present study were Capitellidae, Glyceridae, Orbiniidae, Spionidae, and Oweni-
idae. Polychaetes are considered to be bio-indicators of environmental alternations, given
that they respond to both natural and anthropogenic stressors [53]. Species belonging
to Capitellids and Spionids are considered indicators of pollution and usually occur in
organically enriched sediments [37,38,53,93–96]. Some genera from Capitellids (Capitata
sp.) are believed to be signs of environmental degradation [51,52]. Levin et al. [97] reported
that Spionids have physical features and behaviors adapted to inhabit unstable muddy
sediments and survive in permanent hypoxia conditions. Similarly, Glyceridae occurs in
beds with a high percentage of organic carbon [98]. Many studies have named Glyceridae
(Glycera sp.) as an indicator of organic enrichment and found an association between
sediment organic carbon and its occurrence [98,99]. Kruse et al. [100] observed that some
specific taxa of Orbiniidae (Scoloplos sp.) are able to resist hypoxic and sulphidic conditions
in the intertidal zone because they take advantage of the anaerobic pathway to obtain
energy. Bellan et al. [101] assigned Orbiniidae as one of the pollution indicators in the
annelid pollution index to characterize the Mediterranean benthic condition with regard to
pollution and disturbance. Although it is suggested not to generalize the benthic condition
only based on a particular Polychaete species [52], the community structure of polychaetes
in favor of concurring pollution indicators can be a sign of pollution in DIBs. Likewise, the
dominant polychaetes in our study were similar to those were identified in beds under fish
farms by Martinez-Garcia et al. [50]; Capitellidae, Dorvilleidae, Glyceridae, Nereididae,
Oweniidae, and Spionidae and Gao et al. [102]; Capitellidae, Glyceridae, and Spionidae
and were categorized as tolerant to aquaculture-influenced habitats.

A significant difference was detected in both the number of species and the number of
organisms collected from the bays. One factor that may have contributed to the significant
difference is the variations in the characteristics of bottom substrates. Generally, bottom
type, sedimentation rate, depth, sediment temperature, total organic matter, oxygen level,
and pollution are named to be key local factors explaining the spatiotemporal distribution
of benthic fauna, including polychaetes [103]. Sediment texture and organic matter content
are akin in RB and IR, mostly consisting of thick mud [60] enriched with a high level
of organic matter [64]. Due to the high sedimentation rate [61,63,72] and over 80 days
of water residency time [63,71], the anoxic condition is frequently observed in the beds.
Our results showed that the mean total abundance of polychaetes was roughly the same
and significantly lower than LAW in which the sediment condition is distinctive. In
LAW, a higher abundance of polychaetes was attributed to a more favorable condition
resulting from a low flushing rate [1,77] and receiving relatively fewer nutrients and other
contaminants from a point source [77] and non-point source pollutants [4,5,13].

Although control groups had lower values of polychaetes abundance and richness,
our results revealed that oyster farming has no significant impact on the community.
Previous studies have shown that oysters enhance the benthic condition by releasing the
pile of nutrients enclosed in the biodeposit or providing a habitat for lower trophic level
residents to occupy [11,13,17,104]. Some studies, however, suggested that oyster culture
has less impact on the benthic community because they are mostly filter feeders grazing on
phytoplankton, and there is no need for food or chemical supplements [105]. Conversely,
Beadman et al. [46] observed that the presence of mussels significantly decreased the
number of individuals and species in infaunal communities. It seems that the effects varied
from site to site [28,106,107]. Liao et al. [31] observed that despite a little enhancement
in the values of macrobenthic abundance and Shannon–Wiener diversity index, oyster
culture has less impact on the macrobenthic abundance and Shannon–Wiener diversity
index, and there was no significant difference from the control sites. Similar results have
been observed by [29,32,33,108]. According to our results, oyster gardening had fewer
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impacts on the benthic life of DIBs and could be implemented as a restoration solution,
specifically in LAW which has better general health of the benthic community.

An augment in oyster density increases the load of biodeposit and can cause nutrient
enrichment and hypoxia [109–111]. According to Rice [112], the high level of stocking
density adds an excessive amount of nitrogen, alters the nitrogen cycle, and inhibits
denitrification. This may increase the anoxic incidences depends on the original sediment
texture and current chemical profile; hence it influences the macroinvertebrate community
negatively. Yet, observations regarding the effect of oyster density on the benthic infauna
have been contradictory. Dubois et al. [108] found no significant enrichment in the nutrient
profile of the sediment of sampling site under high stocking density (2000 oysters·m−2),
and the increase in infauna abundance in favor of opportunistic species and deposit feeders
was not statistically significant. In our study, polychaetes abundance and richness increased
in RB when the stocking density increased. One reason associated with a really low number
of polychaetes species and organisms in 2016 (stocking density of 50 oysters/gear) is the
event of U. lactuca bloom covering the sampling site with decaying sea lettuce almost all
over the sampling months. The detritus developed an anoxic condition and inhibited
polychaetes from establishing a diverse community. Our finding is in accordance with the
previous findings in which oxygen depletion and eutrophication led to a decrease in species
richness and abundance of microbenthic species in Chesapeake Bay [113]. The following
year, the decaying vegetation was washed out and sediment condition improved, and there
were fewer anoxic clay patches. Since the values increased in all the sampling locations
in RB regarding how far they were from the gears, the enhancement could attribute to
the general improvement in benthic conditions. The number of polychaetes in IR and
LAW was influenced negatively by increasing the stocking density; however, it was not
statistically significant. The results were consistent with the findings of Beadman et al. [46],
in which the species richness and abundance declined with an increased stocking density
of mussels. The authors suggested that reducing the stocking density could mitigate the
negative effect of bivalve farming on benthic communities in marine beds. Our results
confirmed that keeping the stocking density up to 250 oysters/gear can meet the target
and can be considered as a proper farming practice.

Our results suggested that neither the number of polychaetes nor richness index was
significantly changed in sediment samples farm from the oyster gear (1 m and 5 m). A
similar study on the impact of mussel farming on infauna indicated that the effect of
mussels on benthic communities declined with increasing distance from the mussel bed,
and the effect is not detectable at a distance of 20 m and 80 m from the farm bed [46].
Our result was in agreement with Crawford et al. [29], in which there was no significant
difference between benthic organisms in and around the shellfish farms studied. Callier
et al. [28] suggested that the abundance and number of benthic species increased with
increasing distance from mussel farms. The observation was in association with a decline
in organic matter which was the result of decreasing biodeposition far from the culture.
They reported the greatest density at intermediate distances (3 to 30 m) from the farming
sites. Since we only studied the effect of oyster gears within the buffer of 5 m, we suggest
evaluating the effects at multiple distances over 5 m to have an accurate interpretation of
the variations in polychaetes abundance and richness. Considering the variations between
and within the cultures [22,25] would help managers to choose the right distance at which
oyster gears can be implemented in order to minimize the impacts, support the diversity
of benthic communities, and meet the restoration targets. It was our intention that our
findings will be helpful for our overall understanding of the role of oyster aquaculture in
restoring the viability in the natural habitat of the Delaware Inland Bays.
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