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shellfish bed in Long Island Sound near Milford, Connecticut, where Northern quahag or hard clam, Mercenaria
mercenaria (Linnaeus 1758), aquaculture is conducted. Six 1 ha plots were sampled at 1-2 weelk intervals from
June through October of 2010. One-time hydraulic dredging to harvest hard clams was conducted on 3 dredged
treatment plots in mid-June, while 3 control plots remained not dredged, Repeated measures analysis indicated
no significant differences between dredged and not dredged plots for any of the ecological indices or sediment
chemistry measurements, Numbers of newly settled hard clams were significantly higher on dredged plots. Clus-
ter analysis indicated a strong seasonal influence on benthic community structure distinguishing between early
and late season assemblages. Hydraulic shellfish harvesting as conducted on leased beds in Long Island Sound did
not appear to significantly impact benthic assemblages or sediment biogeochemistry, while sediment grain size
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1. Introduction

The increasing demand for fresh locally grown fish and shellfish
underscores the impartance of sound aquaculture practices in food pro-
duction. Sustainable cultivation and harvest of hard clams, Mercenaria
mercenaria (Linnaeus 1758), has been practiced in coastal Connecticut
for decades. Annual clam production has increased steadily from a few
thousand bushels in the early 1960s (Getchis, 2006) to more than
450,000 bushels harvested during 2010, valued at over $17 million dol-
lars (Connecticut Department of Agriculture, 2013).

Aquaculture of hard clams in Long Island Sound has similarities to
terrestrial farming practices. Clam beds are located primarily in near-
shore shallow waters, less than 15 m in depth. In Connecticut, shellfish
beds are leased to growers by the state’s Department of Agriculture,
Bureau of Aquaculture, Beds are left fallow for several years until natural
sets of young clams attain marketable size and can be harvested with
hydraulic dredges. These dredges rely on pressurized water to loosen
surface sediments and efficiently remove clams from shellfish beds
(MacKenzie et al,, 2001). Dredging activity on Connecticut clam beds
is generally of short duration, conducted intermittently, and harvest is
restricted to the lease holder.
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and sampling date had a greater influence on benthic community structure,
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Composition of soft sediment communities in Long Island Sound
varies from east to west and relates elosely to the physical and biogenic
structure and characteristics of the local seafloor (Zajac et al., 2000).
Long Island Sound is dominated by unstructured benthic communities,
composed of opportunistic organisms, which are well-adapted to peri-
odic seafloor disturbance and are commonly associated with the in-
shore coastal zone (McCall, 1977). Benthic infauna impact sediment
biogeochemistry through bioturbation and in turn, chemical processes
at the sediment/water interface influence the composition of species
assemblages (Widdicombe et al,, 2004), Disturbance of the seafloor dur-
ing dredging can release chemicals from deeper sediment, thereby al-
tering conditions for benthic organisms. Dredging can also loosen and
oxygenate compacted sediments, increasing porosity and potentially
enhancing the quality of henthie habitat (Visel, 1990ab).

Sediment grain size, biogeochemistry, hydrodynamics, biological
assemblages, gear type and configuration, and many other factors can
influence the effects of hydraulic dredging. Recent reviews have com-
piled information on the physical, biological, and chemical changes
associated with shellfish harvesting to evaluate habitat impacts (e.g.,
Mercaldo-Allen and Goldberg, 2011; Stokesbury et al., 2011). These re-
views suggest that effects of hydraulic dredging are difficult to general-
ize and therefore require experimental studies which evaluate specific
harvesting activities.

Relatively few data exist that describe the effects of hydraulic dredg-
ing on benthic ecology and sediment hiogeochemistry. Studies at
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different geographic locations and spatial scales are necessary to better
understand the impact of hard clam cultivation on marine habitat. Pre-
viously, we deseribed the limited biological (Goldberg et al., 2012) and
chemical (Meseck et al., in press) effects of a July hydraulic dredging
event on benthic infauna within a leased, cultivated clam bed. Our
current study further examines the effects of shellfish cultivation on
benthic assemblages and sediment biogeochemistry of nearshore habi-
tat over a longer time period, post-dredging, For this experiment at a
different site, dredging was conducted earlier in the season, at a larger
spatial scale, more relevant to industry practices.

2. Materials and methods
2.1, Site characteristics and hydraulic dredging

Our study site, on a leased, cultivated clam bed, was located off
Milford, Connecticut at approximately 41° 12.208' N latitude and

—73° 3.305' W longitude, in the central basin of Long Island Sound
(Fig. 1). We delineated &, 1 ha plots, where 3 treatment plots (1, 3, 5)

Connecticut
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were to be dredged and 3 control plots (2, 4, 6) remained not dredged.
The approximate distance from shore of the midpoints of plots 1 and 4
was GO0 m, 700 m for plots 2 and 5, and 800 m for plots 3 and 6. These
plots were further subdivided into 9 boxes to allow for spatially ran-
domized sampling events within plots. Seawater depth at the study
site varied over tidal cycles from 3.1 m to 4.9 m.

Hydraulic shellfish dredging was conducted on plots 1, 3,and 5 on
June 14, 2010 by the G. & B. Shellfish Farm Inc. of Stratford, Connect-
icut with a 13.7 m clam boat, the F/V Stacie Frances. The hydraulic
dredge weighed 408 kg, measured 1 m wide, and had 30, 1 cm hy-
draulic jets. The manifold was pasitioned 61 em from the teeth
which were set at a 45° angle, resulting in sediment penetration to
a depth of about 2 em. Each 1 ha test plot was dredged over a
1 hour period at a speed of about 2 nautical miles h=? (3.7 km h™1),
covering approximately 50% of the area of each plot. Cage bars of the
dredge were spaced 38.1 mm apart, allowing small sub-legal clams to
pass through. During the experimental dredging approximately 7.9-
19.9 bushels of marketable clams of varying sizes was removed from
each of the dredged plots.
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Fig. 1. Studly site in Long 1sland Sound (inset) off the coast of Milford, CT. Projection shows a schematic of the 6 1 ha experimental plots indicating dredged (D) and not dredged (ND),
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2.2, Benthic sampling

Benthic field sampling was conducted at 1-2 week intervals from
aboard NOAA's R/V Victor Loosanoll. Seventeen sampling trips were
conducted from June 1 until October 28, 2010. Environmental data
(temperature, salinity and dissolved oxygen) were measured near the
sediment-water interface at the beginning and end of each trip using
handheld Yellow Springs Instrument Co, optical dissolved oxygen, tem-
perature, and salinity meters.

Sediment was sampled from 3 randomly selected boxes within each
of the 6 plots using a Smith-McIntyre grab, providing a total of 18 sed-
iment samples, each with a surface area of 0.1 m®. GPS coordinates were
recorded for each individual grab. The sediment depth in each grab sam-
ple was measured in millimeters and a subsample of 50 g of sediment
was removed for grain size analysis. Sediment samples were dried at
60 “C, acid washed with 1 M hydrochloric acid to remove shell matter,
wet sieved to remove fine sediment (<63 pm) and dried again at
60 °C, Next, sediment was dry sieved for 20 min using a Meinzer [I
sieve shaker into the following size fractions: 1 mm, 500 pm, 250 pum,
125 pm, 63 pm, and <63 pm (from wet sieving) for classification accord-
ing to Wentworth (1922).

Sediment collected in the grab was immediately washed through
4 mm and 1 mm sieves while aboard the boat. Live animals on the
4 mm screen and all the material retained on the 1 mm screen were
transferred to storage jars for sorting at the laboratory. Samples were
picked using 10x lighted magnifiers and all live organisms were
removed and held in a refrigerator for 24-48 h. Organisms were then
counted and identified to the lowest taxon possible (Gosner, 1978;
Morris, 1947; Pollock, 1943; Smith, 1964; Weiss, 1995).

During most weeks that sediment was collected, epibenthic assem-
blages of mobile juvenile finfish and invertebrates on the plots were
sampled using a 1-m wide beam trawl with a 3-mm mesh net. Three
boxes were randomly selected from within each of the dredged and
not dredged areas with two trawls conducted per box, for a total of 12
samples, 6 each from each treatment. Tows were made over the longest
dimension of each plot, an approximate distance of 137 m, for 2-3 min
at a speed of approximately 1 nautical mile h™'. Juvenile fish were
identified by species and counted.

2.3, Chemistry sampling and analytical procedures

Sediment cores were obtained from various locations in the study
area using a sediment corer designed for this study and described by
Alix et al. (2013). Two 45 mm diameter sediment cores were collected
at each station. The first core was analyzed for hydrogen sulfide (not
reported), and the second core was used to determine pH, oxygen,
and total ammonia concentrations in sediments.

Measurements of pH and oxygen were determined in 1 mm incre-
ments from the top 10-mm of each core. For pH readings, a M1-414 pH
electrade in a 16-gauge needle was attached to a micro-manipulator to
attain millimeter-scale resolution for pH. For dissolved oxygen measure-
ments, an oxygen micro-optical, 140-pm probe in a needle (Loligo Sys-
tems, Denmark) attached to a micro-manipulator provided millimeter-
scale resolution of oxygen profiles. Probes were calibrated before each
use according to the manufacturer’s instructions. The cores were extrud-
ed and sectioned at 2-cm intervals; each section was placed in a 50-ml
eentrifuge tube and centrifuged at 1000 =g for 20 min to obtain the
porewater. The porewater was decanted, hand-filtered by syringe
through a 0.45-yum filter, and the effluent collected in 15-ml centrifuge
tubes that were placed immediately on ice in the dark for subsequent
total ammonia determination, Sediment which remained in the centri-
fuge tube was sieved for analysis of particulate nitrogen, carbon, and
sulfur,

Total ammonia was determined within 24-h of sample collection
using a Quattro autoanalyzer (Seal Analytical, Wisconsin). Detailed de-
scriptions for quantifying total ammonia can be found in Methods of

Seawaler Analysis (Hansen and Koroleff, 1999), Briefly, total ammonia
was determined using the Berthelot reaction (detection limit, 0.05 uM;
Hansen and Koroleff, 1999).

Particulate earbon, nitrogen, and sulfur were determined with a
Costech ECS 4010 CHNS elemental analyzer (Valencia, California). All
samples were dried in an oven at 60 °C, overnight. Sediments were
ground using a Retsch PM 200 (Newton, Pennsylvania) grinder to a size
of 63 um. Approximately 3-pg subsamples of sediment were weighed
into tin boats with 0.50 pg of vanadium oxide added for Lotal carbon, ni-
trogen, and sulfur determination. A subsample of each sediment section
was also acidified for determination of organic carbon and nitrogen
using an elemental analyzer. A standard reference material (SRM 8704
Buffalo River Sediment) was analyzed along with the samples, with a re-
ported total carbon value of 3.35%, The measured (otal carbon recovery,
3.15 4 0.33% (n = 50), was within the reported value range

2.4, Flux calculations

Sediment ammonia, oxygen, and hydrogen fluxes were calculated
with Fick's first law of diffusion (Berner, 1980), commonly used for
shallow-water estuarine sediments (Emerson et al.,, 1984; Hammaond
et al, 1985). The assumption is that molecular diffusion represents the
major component in exchange of dissolved substances between bottom
sediments and overlying water and is expressed by the formula:

ey 0C
1= —¢"D, =

where | is the Mux, g is the porosity, m has a value of 3 for these surface
sediments (Ullman and Aller, 1982), D, is the effective diffusion coeffi-
cient, and I is the observed concentration gradient of parewater. Mo-
lecular diffusion coefficients in seawater were corrected for the in situ,
bottom-water temperature. Positive numbers indicate a net flux into
the sediment while negative numbers indicate a net flux out of the
sediments.

2.5, Data analysis and statistics

Repeated measures analysis was used to compare dredged versus
not dredged plots over time, post-dredging, for a variety of environmen-
tal parameters. Results for dredged and not dredged plots were aver-
aged for each time point. A bootstrap-t method for comparing 20%
trimmed means of two dependent groups based on difference scores
was used (Wilcox, 2003). The bootstrap methad was selected for its
robust nature and lack of assumptions about normality or homoscedas-
ticity. The bootstrap-t method was chosen over a percentile bootstrap
method due to the generally small sample sizes (i.e., n = 20). Familywise
error rate was controlled using the method of Hochberg (1988) as de-
scribed in Wilcox (2003). The statistical software program R version
2.13 was used to perform these comparisons (http://www.r-project.
org). Differences in sediment grain size, with regard to plot position rel-
ative to the shoreline, were assessed using a percentile bootstrap-based
multiple comparisons test (Wilcox, 2003).

Benthic assemblage data and chemistry data were analyzed sepa-
rately using the statistical software program PRIMER version G with
the PERMANOVA add-on (Anderson et al., 2008; Clarke and Gorley,
2006). A square root transformation was applied and the Bray-Curtis
resemblance measure was used to generate similarity matrices across
all plots and sampling dates. Agglomerative, hierarchical cluster analysis
using group average linkage was combined with the SIMPROF permuta-
tion test to explore internal structure in the benthic assemblage data.
Non-metric multidimensional scaling (MDS) was also used to visualize
sample relationships in the benthic assemblage data. The canonical
analysis of principal coordinates (CAFP) routine was used to identify
members of the benthic assemblage that were associated with the
early- and late-season assemblages distinguished in the clustering and
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MDS visualization. CAP was also used to visualize sample relationships
assaciated with plot position relative to the shoreline (inshore vs.
midshare vs. offshore). Eaily and late-season samples were examined
separately to avoid masking of significant results for other parameters
by the strong seasonal signal. The Analysis of Similarity (ANOSIM) test
was used to look for effects of dredging treatment on benthic assemblage
composition and effects of dredging treatment, sampling date, and shore
position on chemistry data. The CAP routine was also used to perform a
discriminant analysis to explore potential dredging effects on benthic as-
semblages, and the PERMANOVA routine was used, with mean grain size
as a covariate, as another technigue to try to identify dredging effects on
the biology and chemistry of the experimental plots. The CAP routine
was also used to look at the chemical parameters in relation to distance
of the experimental plots from shore. Finfish assemblages on dredged
and not dredged sites were also compared using Primer (version 6) soft-
ware and the Bray-Curtis resemblance measure on the untransformed
data followed hy the ANOSIM procedure.

3. Results
3.1. Sediment grain size and environmental parameters

Sediment grain size analysis revealed a slight gradient of larger to
smaller particle sizes from nearshore plots (lower ¢ values) toward
offshore plots (greater  values) while & size of adjacent plots did not
differ significantly and no dredging effect on grain size was detected.
We assigned three groupings of paired plots (based on position relative
to the shoreline) designated as inshore (plots 1 and 4), midshaore (plots
2 and 5), and offshore (plots 3 and 6) for further statistical analysis.
When grouped, ANOVA detected a significant difference (p < 0.01) in
the mean ¢ size hetween each of these groupings (inshore vs, midshaore,
inshore vs. offshore and midshore vs. offshore) (Table 1). Based on
mean values, all of the paired plots were categorized as very fine sand,
as defined by the Wentworth scale. Seawater temperatures over the
sampling period ranged from 16.7 to 24.3 “C. The mean salinity mea-
sured was 25.8 + 0.75 and mean dissolved oxygen values remained
above saturation at 7,24 = 1,70 ppm,

3.2 Effects of dredge treatment, sampling date, and plot location on benthic
and finfish assemblages

Repeated measures analyses indicated no significant differences
between dredged and not dredged plots for the most abundant phyla,
the most common bivalves, and for the most common polychaetes
(Table 2). No significant differences were observed between dredged
and not dredged plots over time for any of the ecological diversity
measures including number of species, number of individuals, and
Margalef, Pielou, Shannon, and Simpson indices (Table 3). No significant
differences between dredged and not dredged plots by sampling date
were detected for biovolumes of organisms collected in the sediment
grabs,

A total of 110 species were identified in the sediment grab samples,
Cluster analysis with SIMPROF indicated groupings of species by season,
with a clear separation between early (June/July/early August) and late

Table 1

Mean & size and number of newly settled M. mercenaria sampled at 3 locations relative to
shore, M. mercenaria abundance on each sampling date, for each plot, was summed over
the entire season to obtain the total number, Superseript letters indicate a significant
difference among grouped plots (p < 0.05),

Location Mean & size Number af clams
Inshore (plots 1, 4) 3027 + 036 1867

Midshore (plots 2, 5) 341" £+ 039 2487

Offshore (plots 3, G) 3.63° -+ 037 10a"

Table 2
Repeated measures analysis for most abundant phyla, bivalve species, and polychaete
taxa, comparing dredged to not dredged plots,

Phyla Genus species p
Annelid 0.26
Clymenella orquata 0.69
Glycera spp. 0.35
Nepthys spp. 0.03
Pectinaria gouldii 0.15
Spiochactopterus ocularus 0.58
Arthrapoda 057
Echinadermata D14
Mollusca 049
Mercenaria mercenaria 0.70
Mulinia laternlis 038
Myt arenaria 0.2G
Memertea 025

(late August/September/October) seasonal occurrence. This seasonal
jprogression was apparent in the MDS plot of sample relationships
(Fig. 2). The CAP routine was used to identily taxa that were correlated
with early versus late season assemblages, Taxa comprising the early
community include the amphipod Ampelisca spp., the polychaetes
Clymenella terquata and Leitoscoloplos fragilis, the crustaceans Caprella
spp., Crangon seplemspinosa, Mysidae, Ovalipes ocellatus, and Unicola
irrorata, the gastropod Turbonilla, the echinoderm Leptosynapta spp.,
and the bivalves Ensis directus, and Mya arenaria. Species dominating
the late community include the gastropod Hominoea solitaria, the
bivalves Anadara transversa, M. mercenaria, Mulinia lateralis, and
Petricolaria pholadiformis, the echinoderm Chiredata laevis, the nemer-
teans Amphiporus hioculatus and Lineus spp., the polychaetes Glycera
spp., Lepidametria commensalis, Pectinaria gouldii, Phylodoce, Polydora
spp., and Spiochactopterus oculatus, and the crustaceans Cumacea and
Hemigrapsus sanguineus.

ANOSIM of early and late season assemblages examined separately
found no significant difference in community structure between
dredged and not dredged plots for either grouping (early summer
R = —0.01, p = 0.58; late summer R = =002, p = 0.66). The
PERMANOVA analysis, with grain size as a covariate, also yielded no
significant difference between communities from dredged vs. not
dredged plots (p = 0.97). Within the early and late season communities,
organisms showed associations with position relative to shore location
(inshore, midshore, and offshore), corresponding to minor differences
in sediment « size (Fig. 3).

Eighty-two beam trawls were conducted, and twenty-five species of
finfish collected. Pipefish, Syngnathus fuscus (Storer 1839), were the
most abundant fish species (975 individuals), followed by anchaovy,
Anchoa mitchilli (Linnaeus 1758) (874), cunner, Tautogolabrus adspersus
(115) and porgy/scup, Stenotomus chrysops (49). All other species
occurred at densities of =35 individuals, ANOSIM found no difference
in finfish assemblages between dredged and not dredged plots
(p = 0.12). MDS plot of the data indicates that composition of the
trawls corresponded closely with season (not shown).

Table 3
Repeated measures analysis of ecological indices and biovolume
for dredged versus not dredged plots.

Indices p

MNumber of species 0.08
Number of individuals 041
Margalef richness 015
Pielou evenness 0.05
Shannon diversity 0N
Simpson diversity 032
Biovolume 0.75
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Fig. 2. Non-metric multidimensional scaling plot of benthic community samples. Symbols correspond to the month of sampling. Labels indicate treatment: dredged (D) or not dredged (ND).

3.3. Effects of dredge treatment, sampling date, and plot location on hard
clam settlement

Repeated measures analysis indicated significantly more newly set-
tled M. mercenaria in the 0.1 m* sediment samples (n = 3) on dredged
versus not dredged plots for the last six sampling dates (p = 0.03;
Fig. 4). Repeated measures analysis for these last six sampling dates,
based on shore position, indicated no statistical difference in abundance
of newly settled M. mercenaria between inshore and midshore plots,
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Fig. 3. Canonical analysis of principal coordinates (CAP) plots showing early scason
(A) and late season (B) benthic community assemblages in relation to distance from shore.

while the midshore plots had a significantly greater number of set com-
pared to the offshore plots (p = 0.01) (Table 1). Hard clam set, recov-
ered from samples during this time period, measured from 2 to 8 mm
in shell length. Densities of hard clams were estimated to be 40-100
m™~* on the dredged plots, up to 10 times greater than on not dredged
plots.

3.4. Effects of dredge treatment, sampling dute, and plot location on
sediment chemistry

Repeated measures analysis detected no significant difference
hetween dredged and not dredged plots for any of the chemical param-
eters (Table 4). Generally for both dredged and not dredged plots, am-
monia fluxed out of the sediments, oxygen fluxed in and hydrogen
fux was variable (Table 5). Carbon and nitrogen ratios are typical of ma-
rine detritus and phytoplankton (i.e., Redfield ratio—G.625). Sulfur
levels combined with organic carbon levels indicate that sulfur was
deposited under a water column that was mostly oxic.

ANOSIM tests indicated some differences in the suite of chemical
parameters related to shore position and/or sediment grain size (global

14
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Fig. 4. Mean number of M. mercenaria set in the 0.1 m” sediment samples (n = 3) on
dredged and not dredged plots over the sampling season, An asterisk above paired bars
indicates a significant difference (p = 0,03),
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Table 4

p-Values of repeated measures analysis for chemical param-
eters comparing dredged (D) o not dredged (ND) plots over
thi growing season,

Chemical parameter P

Mean grain size 023
Total NHi flux 043
Dxygen fux n.70
Hydrogen flux 0.73
Organic carban D41
Total carbon 0.08
Nitrogen 0.15
Total sulfur 048
Organic C:N 039
Total C:N 0,89
Total C:5 0.82
Total N:S 072

test p < 0.01; inshore vs, midshore p = 0.08; inshore vs. offshore
p = 0.01; midshore vs. offshore p = 0.01). There was no significant dif-
ference detected when comparing month of sampling (p = 0.25) or
dredging treatment (p = 0.67).

CAP analysis was used to examine differences in chemical parameters
based on distance of plots from shore (Fig. 5). All chemical parameters,
except hydrogen flux, showed a high correlation with shore position,

with a trend toward decreasing values moving away from shore (Table 6).

4, Discussion

4.1. Effects of dredge treatment, sampling date, and plot location on benthic
and finfish assemblages

We found that a one-time hydraulic shellfish dredging event did not
significantly affect the composition of benthic assemblages on a culti-
vated clam bed. Ecological indices showed no differences between
dredged and not dredged plots in abundance or diversity of the henthic
community over the course of the growing season. Disturbance of the
benthaos by clam dredging was either insufficient to disrupt benthic
community structure or if changes accurred, they resolved quickly and
could not be detected. The extent and duration of disturbance and the
rate of recovery among benthic organisms may be influenced by the
physical characteristics of the seabed, proximity of the clam beds to
shore, and the suite of organisms inhabiting the benthos.

Benthic communities in coastal Connecticut are inhabited by resil-
ient organisms which tolerate and recover quickly from dynamic envi-
ronmental conditions found in shallow inshore waters (Dobbs and
Vozarik, 1983; McCall, 1977). Natural physical disturbances, such as
wave action, tidal currents, and wind and storm events (Stokesbury

Table 5

Range of values for chemical parameters on dredged and not dredged plots. Units for
chemical parameters: mean grain size (&), luxes (mmol m~? d="), and carbon (C),
nitrogen (N) and sulfur (5) (mg g~ ").

Chemical Diveged Diredged Not dredged Not dredged
parameter (min) (max) {min) (max)
Mean grain size 3.9 364 280 377
Total NH7 flux —G68.26 —2152 —79.25 =962
Dxygen flux 0.71 038 069 034
Hydrogen flux =10.25 1.15 —1035 0.61
Organic carbon 26 691 3.03 6,27
Total carbon 026 14.62 921 1318
Nitrogen 062 1.28 062 1.27
Total sulfur 130 282 146 261
Organic C:N 381 753 426 7.42
Total ©:N 12,61 1845 11.76 19.21
Total C:5 13.68 2091 11.78 20,96
Tatal N:S 0.79 143 091 138
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Flg. 5. Canonlcal analysis of principal coordinates (CAP) plots showing the association of
chemical variables in relation to distance from shore,

etal,, 2011), are common in the coastal zone, continually disrupting bot-
tom sediments (Falcio et al,, 2003). In high energy environments where
disturbance is frequent, the effects of shellfish dredging on bottom sed-
iments and henthic assemblages may be indistinguishable from natural-
ly occurring changes to the seabed (Constantino et al,, 2009; Sciberras
et al, 2013). In a study within Long Island Sound, McCall (1977) found
rapid recolonization by opportunistic species after removal of benthic
fauna by either natural or simulated disturbance, Abundant infaunal
populations and diverse benthic species assemblages have been report-
ed in areas historically subject to long-term, continual molluscan shell-
fish harvesting (Bigford, 1997).

Recruitment processes, driven by seasonal changes in water tempera-
ture, timing of spawning cycles, and patterns of larval settlement all influ-
ence the population dynamics of inshore benthic communities in the
coastal zone of Long Island Sound (McCall, 1977) and likely account for
the temporal variations in species abundance we observed. Sampling
date strongly influenced community structure with ohserved differences
in benthic assemblages between early and late season sampling, Shifts in
benthic community structure, resulting from annual cycles of settlement
and recruitment, can exceed short-term changes associated with shellfish
harvesting (e.g., Alves et al., 2003; Goldberg et al,, 2012; Sparsiset al.,
1993). For example, although ecological differences were not detected
in Cardigan Bay, UK between seafloor continually dredged for scallops
and adjacent areas closed to scalloping, seasonal fluctuations in epifaunal
diversity and benthic community composition were apparent (Sciberras
et al,, 2013). Commercial harvesting of clams from leased beds is generally
completed within hours or days while temporal changes in population
dynamics with regard to seasonal cycles are ongoing. Effects of discrete
shellfish harvesting during our study appear minor when compared
to natural fluctuations in the composition of benthic assemblages which
occurred over the course of our sampling period.

Maobile macrofauna can avoid active dredge harvesting and studies
have shown that finfish drawn to dredge tracks, following harvest, con-
sume organisms exposed by disturbance of the sediments (Gilkinson
el al,, 2005). In our study, composition of finfish assemblages did not
differ between dredged and not dredged plots at any time during sam-
pling, but a seasonal trend was indicated as abundance and occurrence
of species corresponded closely with sampling date. Results of this study
are consistent with our previous study (Goldberg et al., 2012) and sug-
gest little or no effect of one-time hydraulic dredging on fish popula-
tions inhabiting clam beds in Long Island Sound.

Benthic assemblages were also affected by plot location relative to
the shoreline, a proxy for sediment grain size. Across our study area
we observed a minor gradient, where sediment grain size decreased
with distance from shore, but all plots were still classified as very fine
sand. This typical size distribution of sediments, caused by wave and
tidal energy, has been well described (Grasso et al., 2011; Silva et al.,
2009; Wildish and Kristmanson, 1997). We found that relatively small
differences in sediment grain size across the clam bed had a greater
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Table 6

Canonical analysis of principal caoordinates showlng Spearman correlatton coefficients and mean (= 5E) values {or chemical parameters by proximity from shore, Units for chemical
parameters: mean grain size (&), fluxes (mmal m™2 d~'), and carbon, nitrogen and sulfur (my g™ '), Units for chemical parameters: mean grain size (), fluxes (mmaol m=2 4=,

and earban (C), nitrogen (N) and sulfur () (mg 2~ '),

Chemical parameter Inshore Midshore Offshore Correlation coelficient
Mean grain size 3.65 (0.08) 337 (0.06) 3.03 (0.07) —0,68
Total NH7 flux —56.48 (6.70) —43,17 (5.23) —27.85 (4.51) 0.70
Oxygen (lux 0,64 (0.03) 0.56 (0.48) 0.41 (0.03) =0.66
Hydrogen Mux =2.56(1.13) —129 (0.50) —221(1.52) 0.09
Organic carbon 6.70 (0.58) 3.97 (0.46) 284 (041) —0388
Taral carbon 1597 (0.77) 10.72 (0.60) 8.28 (0.75) =089
Nitrogen 1.20(0.07) 0.84(0.05) 0.73 (0.6) ~0.86
Tatal sulfur 2.53 (0.20) 173 (0.14) 1.69 (0.18) —0.78

influence on benthic community composition than one-time hydraulie
shellfish dredging.

4.2, Effects of dredge treatment, sampling date, and plot location on
sediment chemistry

In our study, no detectable changes to sediment chemistry resulted
from clam dredging. No significant differences were observed for
the measured suite of chemical parameters between dredged or not
dredged plots or among sampling dates. In a study of clam dredging in
southern Portugal, Falcdo et al. (2003) found an immediate drop in
porewater chemical parameters including ammonium, nitrates, organic
nitrogen, phosphate, and silicate, just after dredging, which returned to
initial values within minutes to hours. Meseck et al. (in press) found
similar results on another Long Island Sound clam bed, where sediment
chemistry was not significantly different between dredged and not
dredged sites, but was more of a function of season and plot location.
Other studies of clam harvesting found no measurable changes to bio-
logical oxygen demand, nitrogen, sulfide, phosphate (Goodwin, 1977;
Goodwin and Shaul, 1978), or total organic carbon (Sparsiset al.,
1993) measurements. Any changes to sediment chemistry related to
dredging during our study may have been immediate and short-lived,
resolving before our first post-dredge sampling on the following day.
Nearshore coastal sediments, prone to frequent natural disruption, are
likely to recover chemical equilibrium rapidly following brief, pulse
disturbance events.

4.3, Effects of dredge treatment, sampling date, chemistry, and plot location
on hard clam settlement and survival

Bivalve settlement involves larval and post larval site selection in re-
sponse to biological, chemical, and/or physical cues (Rodriguez et al.,
1993). Settlement and/or survival of juvenile hard clams during our
study may have been enhanced by the effects of hydraulic dredging
on habitat. For the last six weeks of sampling we found significantly
greater numbers of newly settled hard clams on dredged, compared to
not dredged plots, independent of sediment grain size. During this peri-
od, post-settlement clams, likely resulting from a spawning pulse sever-
al weeks earlier, had grown to a size where they were readily detectable
in our samples,

Cultivated clam beds may have more diverse and productive ecologi-
cal communities than undisturbed areas because of potentially beneficial
effects of dredging on habitat (Stokesbury et al., 2011). Anecdotally, clam
fishermen have reported increased hard clam settlement following major
storm events, where the seafloor is disturbed. Enhanced settlement has
been attributed to resuspension of organic material, increased oxygena-
tion, and reduced acidity of sediments (Mercaldo-Allen and Goldberg,
2011; Visel, 1990a,b). Although clam density and settlement were not ini-
tially enhanced by hydraulic escalator dredging in Maryland, recruitment
and/or survival of young soft shell clams (M. arenarin Linnaeus 1758) in-
creased following the harvest of adult clams, and greater porosity of sed-
iments was observed for a year post-dredging (Pfitzenmeyer, 1972a,b).

Periodic clam harvesting may also increase settling or survival of young
clams by removing larger clams, which reduces intraspecific competition
(Goodwin and Shaul, 1980; Kyte and Chew, 1975; Rice et al., 1989). Alter-
natively, Keclk et al. (1974) reported that coarser grained sediments and
the presence of adult clam juices enhanced settlement, suggesting that
occurrence of adult clams in proper numbers might act to increase num-
bers of settling clams.

Although not the focus of our study, we found that differences in
sediment chemistry and grain size, related to the distance of plots rela-
tive to the shoreline, resulted in hiotic effects. The relatively lower num-
bers of newly settled M. mercenaria found on the offshore sites may
reflect less suitable habitat, based on subtle differences in sediment
chemistry. Laboratory “still-water” experiments have investigated
chemical settlement cues for bivalves, including ammonia and oxygen
levels (Coon et al,, 1990; Marinelli and Woodin, 2004), but dynamic
field conditions introduce many more variables.

Sediment grain size has been reported to influence post-settlement
survival of bivalve spat (Cardoso et al., 2006). We observed many
newly settled hard clams at the plots closer to shore where sediment
grain sizes were largest, ranging from 3.02 to 3.41 ¢, which may indicate
a preferential habitat selection. Hard clam density was positively associ-
ated with increasing sediment grain size in both Chesapeake (Mann
et al., 2005) and Chincoteague (Weils, 1957) Bays. Conversely, we
found the fewest newly settled M. mercenaria in the finer grain sedi-
ments on the offshore plots. Alternatively, the recently settled hard
clams we observed in finer sediments may have been prone Lo erosional
transport by currents and some may have been relocated to inshore
areas with slightly coarser sediments (Hunt, 2004). These slightly coars-
er sediments may also have inhibited the activity of some predators,
leading to greater hard clam survival (Kracuter, 2001),

Enhanced settlement and survival of bivalves may relate to changes
in sediment chemistry resulting from shellfish cultivation. Natural dis-
turbance of nearshore coastal sediments from storm events may raise
pH and/or calcium carbonate concentrations, beneficially altering bio-
geochemical parameters to favor post-set survival and recruitment of
bivalves. In a laboratory study, hard clams increased burrowing activity
at increasing carbonate saturation states and soft shell clam recruitment
increased three-fold when crushed shell (CaC05) was applied to an in-
tertidal mudflat, elevating the saturation state of surface sediments
(Green et al., 2013). Our results suggest that the relationship between
sediment biogeochemistry and bivalve settlement and survival merits
further study.

5. Conclusion

We found that hydraulic clam dredging, as conducted for our exper-
iment, did not cause measurable disturbance to the benthic community
or sediment chemistry. Abundance of newly settled hard clams, howev-
er, was greater on plots that were hydraulically dredged as compared to
adjacent plots that were not dredged. Sampling date and sediment grain
size were shown to significantly influence the composition of benthic
assemblages. Our experimental data suggest that a clam dredging
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event on a leased, cultivated bed had limited effects on benthic biota
and that physical and chemical properties of sediment may have en-
hanced hard clam recruitment and post-set survival.
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