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Increased turbidity and light attenuation (Kd) in the suspended sediment plumes created by hydraulic clam dredging were
examined in Chesapeake Bay, MD, U.S.A. Turbidity and Kd values were measured along transects in areas with and
without dredge plumes. The turbidity and Kd of individual plumes were tracked as they returned to background levels
using both Lagrangian and Eulerian techniques. Existing aerial photographs and a geographical information system
(ARC/INFO) were used to examine plume sizes and dredge boat locations in relation to bathymetry.

Hydraulic clam dredging produced plumes with significantly higher turbidity and light attenuation compared to
background values. Plume characteristics were determined primarily by bottom sediment type and water depth. The
greatest increase in turbidity and light attenuation occurred when dredges operated in shallow water (<1·0 m) where
bottom sediments had increased amounts of silt and clay. Plume turbidity and Kd dissipated exponentially over time. The
initial change in concentration of suspended sediments was rapid as the coarse sediments settled to the bottom. The rate
of plume decay slowed as diffusion and resuspension acted on the finer sediments remaining in suspension. Some
Lagrangian rates of plume dissipation were faster than Eulerian rates due to resuspension in shallow waters. Examination
of aerial photographs indicated that 72% of the dredge boats digitized in the Chester River were operating in less than 2 m
water. The area of a plume measured per boat in the Chester River was highly variable, ranging from 0·01 to 0·64 m2.
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Introduction

The resuspension of bottom sediments in coastal
waters is controlled by a wide variety of factors over a
full range of scales. Resuspension results from both
naturally occurring (e.g. storms, waves, etc.) and
anthropogenic forces (e.g. trawling, dredging, etc.).
Anthropogenic sources of resuspension have become
increasingly important in recent decades when exam-
ining both estuarine and oceanic waters (Churchill,
1989; Schoellhamer, 1996). This shift is due to both
an increase in quantity of anthropogenic involvement
in the world’s waters as well as the continuous devel-
opment of sophisticated technology used in fisheries
and waterway engineering.

The Chesapeake Bay’s estuarine waters support
many commercial fisheries, utilizing a wide array of
modern fishing equipment. The soft-shell clam, Mya
arenaria, was originally harvested along the shallow
waters of the east coast of the United States using
hand techniques until the early 1950s when the hy-
draulic dredge was introduced into commercial use.
This new technique provided an efficient method of
harvesting previously unattainable subtidal stocks of
clams. The dredge is used primarily in near-shore
0272–7714/98/110579+14 $30.00/0
waters (<3 m), causing concern that this activity is
negatively affecting submerged aquatic vegetation
(SAV) and oysters that rely on near-shore habitats.
Coastal waters worldwide have experienced a decline
in the abundance of SAV and in the Chesapeake Bay
this decline has been dramatic since the 1960s (Orth
& Moore, 1984). Hydraulic clam dredging affects the
environment through direct disturbance of bottom
substrates by the dredge itself. Indirect effects on
biological communities may also occur as a result of
decreased light availability and increased sediment
deposition rates. Presently, there are no laws restrict-
ing clamming adjacent to or in areas of SAV in the
state of Maryland. The purpose of this study was to
examine the magnitude of resuspension caused by the
hydraulic clam dredge and the persistence of the
created plumes along a depth gradient.

Hydraulic clam dredge

The hydraulic clam dredge directs jets of water
(~88 kg cm"2) into the substrate, dislodging sedi-
ment and biota, creating troughs that average 92 cm
wide and 46 cm deep (Manning, 1957; Godcharles,
? 1998 Academic Press
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F 1. Hydraulic clam dredge in operation. Modified from Manning (1957).
1971). The dislodged material is scooped onto a
2·5 cm mesh conveyor belt. Small sediment particles,
animals and debris wash through the mesh while
larger material is carried to the surface where the
desired clams are removed. Unwanted material and
organisms are returned to the water at the end of the
belt (Figure 1). Large organisms and sediment will
settle to the bottom fairly rapidly, often partially
refilling the trenches. The finer grained silt and mud
material stay in suspension for longer periods of time
and are subsequently transported by local currents
(Kyte & Chew, 1975).

The direct disturbance effects of dredging activities
on SAV have been examined in several locations from
Florida to Maine (Glude & Landers, 1953; Manning,
1957; Godcharles, 1971; Kyte et al. 1976). In all
instances, dredging was demonstrated to uproot com-
pletely all SAV in the dredge path. Studies that
resampled troughs periodically after dredging found
that it took months to years for SAV to recolonize
after dredging (Manning, 1957; Godcharles, 1971;
Kyte & Chew, 1975). More recently, Peterson et al.
(1987) examined the effects of clam kicking (a form of
clam harvesting using the boat propeller to scour the
substrate) on SAV in North Carolina and found
that seagrass recovery did not begin until more than
2 years had passed. After 4 years, seagrass biomass
was still 35% below the controls.

Submerged aquatic vegetation not directly up-
rooted by the dredge may be indirectly affected by
the increased turbidity created from the resulting
sediment plumes. Increased turbidity may decrease
light penetration in the water column to the extent
that SAV cannot photosynthesize. Submerged aquatic
vegetation growth in mesohaline portions of the
Chesapeake Bay is impaired by total suspended solids
(TSS) concentrations above 15 mg l"1 (Dennison
et al., 1993). The TSS in the water column after
hydraulic clam dredging has been measured in only a
few previous studies in regions with different sediment
and water column characteristics than the Chesapeake
Bay (Kyte et al., 1976). Direct measurements of light
attenuation in plumes and the persistence of these
plumes have not been examined in previous studies of
hydraulic clam dredging.

Total suspended solids, turbidity and light attenu-
ation are important measurements of water suitability
for SAV growth. Monitoring programmes in coastal
waters often use these parameters to determine if a
particular body of water is meeting the minimum
requirements for SAV growth. Many of the monitor-
ing stations, however, are located in the deeper mid-
channel regions of a body of water and are used to
judge the entire system. As SAV grows in the
shallower near-shore regions of the Chesapeake Bay,
there was concern that mid-channel measurements
may not be representative of near-shore conditions
(Batiuk et al., 1992).

The primary objective of this study was to investi-
gate the effects of sediments resuspended as a result
of hydraulic clam dredging on turbidity and light
attenuation in near-shore regions of Chesapeake
Bay. Specifically, the following questions were
examined: (1) Is there an increase in turbidity and
light attenuation in dredge plumes relative to regions
outside of the plume and if so, what factors determine
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the size of that increase? (2) How long after dredging
ends do plumes persist? (3) What is the areal extent of
plumes created by hydraulic clam dredging?

In examining the questions stated above, a supple-
mental objective of determining whether mid-channel
turbidity and light attenuation values are equivalent
to near-shore values (1·0 m) is also discussed. The
objectives in this research lend some insight as to
whether turbidity and light attenuation in SAV beds
near hydraulic clam dredging activity are increased
enough to adversely impact the growth of SAV.
Materials and methods
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F 2. Map of Chester River transect locations. (– – –), 2 m depth contour.
Chester River transects

This study was conducted in the Chester River, a
major tributary to the upper Chesapeake Bay (Figure
2), which has supported a substantial portion of
Maryland’s clam harvest in recent years. The water-
shed covers an area of about 1140 km2 of the upper
Eastern Shore. The lower part of the river is wide,
with a deep, narrow channel averaging 6 m in depth,
with portions up to 15 m deep. The channel is sur-
rounded by large areas of shallow submerged marine
terraces with water depths typically less than 3 m
(Clarke, 1972).

Water quality was monitored along three transects
(C1–C3) that were established in the Chester River
starting at Eastern Neck Island and extending offshore
(Figure 2). Turbidity and Kd measurements were
taken along each transect at four depth-determined
stations: station 1 at 1·0 m; station 2 at 1·5 m; station
3 at 2·0 m and station 4 at 3·0 m. A lead line was used
to determine water depths during sampling. Samples
were collected on a weekly to bi-weekly basis during
the SAV growing season from April to October in
1993 and 1994. The measurements taken at each



582 K. K. Ruffin
station were light attenuation coefficient (Kd) and a
depth-integrated water sample for turbidity analysis at
the laboratory. At the time of sampling, stations were
scored as ‘ in ’ or ‘ out ’ of a sediment plume caused by
hydraulic clam dredging. Plumes were most often
distinct enough to make this classification, however,
when a sample was not clearly ‘ in ’ or ‘ out ’ a ‘ near ’
category was used.

To calculate Kd for the water column, photo-
synthetically active radiation (PAR) measurements
were taken using a LI-COR PAR meter that included
a LI-1000 Datalogger, a LI-190SA quantum sensor
and a LI-192SA quantum sensor. One quantum
sensor was mounted on the boat and the second
was lowered into the water on the sunny side of the
boat, stopping at three depths in the water column.
Simultaneous 30 s average PAR readings were logged
for both meters to smooth effects of waves/chop and
cloud cover. In highly turbid plumes, light was attenu-
ated so rapidly with depth that only the first few
decimetres of the water column were measured. The
paired observations were used to determine PAR
values for the water column that are independent of
atmospheric conditions such as sun angle, cloud cover
and time of day (Onuf, 1994). The Kd value for the
water column was calculated by using the paired
readings and the Lambert-Beer exponential light
attenuation equation:

Iz=Ioe"Kdz (1)

where Iz is the PAR at depth z, Io is the PAR at the
surface, z is the depth in the water and Kd is the light
attenuation coefficient. Each PAR observation, Iz, at
the particular depth the quantum sensor was located,
was normalized to the available surface light, Io. The
Kd value for the water column was then determined as
the negative slope of the regression of the three
log-transformed, normalized PAR readings on water
sensor depth.

The depth integrated water samples for turbidity
analysis were collected using a weighted bottle with
holes at the top, placed to allow gradual filling under
water. The bottle was lowered to the bottom and
slowly raised to the surface, filling along the way. The
samples were transferred to 250 ml amber bottles and
placed on ice until analysed in the laboratory, within
24 h. After the samples adjusted to room tempera-
ture, they were stirred and turbidity (NTU) was
determined using a Turner TD-40 Nephelometer.

Additional water samples were collected on
several occasions in 1993 and 1994 for a comparative
analysis of (TSS) and turbidity. The samples were
from stations both in and out of dredge plumes. The
samples were filtered through pre-weighed Whatman
GF/F glass microfibre filters with a nominal retention
of particles greater than 0·7 ìm. The filters were then
dried in an oven at 60 )C and reweighed to determine
the TSS in mg l"1. A regression analysis was used to
compare TSS to turbidity, in order to calibrate the
turbidity measurements.

A two way factorial analysis of variance (ANOVA)
was run on the turbidity and Kd transect data for April
through October of 1993 and 1994. The transects
(C1–C3) were treated as blocks in the ANOVA to
account for spatial variability. Before running the
ANOVA, a log-transformation was used to convert
exponential data trends to linear trends, thereby
satisfying the assumptions of an ANOVA (Steel &
Torrie, 1980). The two factors or independent
variables in the analysis were water depth and plume
position. Plume position refers to whether or not the
station was ‘ in ’ or ‘ out ’ of a plume.

To compare mid-channel and near-shore water
quality, transects C1 and C3 had an additional station
located in the mid-channel of the Chester River in
about 15 m of water. Measurements of turbidity and
Kd were collected as described above. The Kd and
turbidity values were compared with the near-shore
station values of the same transect sampled on the
same day. Observations when both stations were
‘ out ’ of a plume were used. A paired t-test was run
to see if there was a significant difference between
near-shore and mid-channel water quality. By pairing
the observations, spatial and temporal variation was
minimized.

Core samples (4·5 cm wide#45 cm deep) were
collected by a diver using a hand corer in August
1994. The core depth of 45 cm was used because this
is the depth of sediment disruption caused by a
hydraulic clam dredge (Manning, 1957; Godcharles,
1971). Three cores were taken at each station along
transects C1 and C3 and one core was obtained at C2,
St1. The cores were placed into a bucket and stirred
to disaggregate clumps. Three subsamples were taken
from each core and placed in plastic containers.
Grain-size analysis determined percentages of sand,
silt and clay weight by using standard sieve and pipette
methods (Folk, 1980; Lewis, 1984).
Drogue time-series

To measure plume dispersion rates, a drogue was
used for tracking a parcel of plume water over time.
The drogue was constructed of PVC pipe and nylon
sails and measured 1·0 m across by 0·6 m deep. The
upper PVC pipes were watertight so that the top of
the frame floated just at the surface of the water. The
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drogue was deployed in the centre of a plume upon
completion of clamming activity. At this time, initial
measurements of water depth, PAR and a water
sample were collected for the water column. After
20–30 min, the boat was repositioned next to the
drogue and the measurements were repeated. Each
turbidity and Kd observation had the background
value subtracted from it. The background value was
the nearest out-of-plume sample collected on that day,
at the same water depth. The data were then normal-
ized as a percent of the initial parameter value and
plotted over time. The resulting decay curves were
analysed to estimate rates for turbidity and Kd to
return to background values. The length of time for
the tracked parcel of water to reach 95% of back-
ground values was estimated by setting y=0·05 and
solving for x in the decay equations. A second smaller
drogue (0·5 m#0·3 m) was constructed for use when
the larger drogue was grounded in shallow water. It
was used for portions of the tracking of two plumes.

A Trimble global positioning system (GPS) was
used to determine the position of each sampling
location while tracking the plumes with the drogue.
These values were later corrected by subtracting
deviations from a stationary GPS unit located on
Eastern Neck Wildlife Refuge, providing a differential
position. The drogue tracks were plotted using
ARC/INFO (GIS). Distances between stations were
determined providing estimates of drogue speeds and
current speeds.
Eulerian time-series

Plume dispersion was also measured using Eulerian
methods by sampling in a stationary location over
time. The boat was anchored in the middle of a plume
after dredging was completed so that repeated
measures of turbidity and light attenuation could be
obtained. Again, observations had the background
values subtracted out and were normalized to initial
values at time zero. Time-series were plotted for
turbidity and Kd.

Eulerian Kd observations were also plotted on an
irradiance vs time of day graph to compare light
availability in-plumes and out-of-plumes. Model data
of incident irradiance were attenuated using the
measured background Kd values to obtain light avail-
ability at 1·0 m water depth for the particular days of
the Eulerian time-series (Iqbal, 1983; Platt et al.,
1990). The relationship of the observed light condi-
tions to the saturation irradiance (Ik) and the compen-
sation irradiance (Ic) were examined for a common
SAV species found in the study area, Potomogetan
perfoliatus (redhead grass). Irradiance levels above the
Ik line indicate photosynthesis was saturated. Irradi-
ance levels below the Ic line signify that respiration was
greater than photosynthesis. Estimates of Ik and Ic

were made from photosynthesis/irradiance curves of
P. perfoliatus documented in Goldsborough and Kemp
(1988).
Analysis of aerial photographs with GIS

Aerial photographs of the Chester River were exam-
ined to obtain information about the spatial distribu-
tion of clam dredging boats and areal coverage of
plumes visible on the photographs. The photographs
are taken once a year as a means for estimating SAV
abundance in the Chesapeake Bay (Orth et al. 1993)
and provide a random snap shot of clam dredging
activity. ARC/INFO was used to digitize the locations
of dredge boats and the outline of the plumes visible
on the aerial photographs. The number of boats, total
plume area, average plume area and plume area per
boat were calculated. It was assumed that the boats
had not moved into or out of a plume, thus the
number of boats seen in a plume were responsible for
its size. Data on bathymetry were used to overlay on
the boat and plume data to examine boat locations
relative to the 2 m depth contour. The 2 m contour
was used because it is the target depth set for re-
colonization of SAV in the Chesapeake Bay (Batiuk
et al., 1992).
Results

A general pattern of fine to coarse to fine bottom
sediments was observed along transects progressing
from shore towards the mid-channel (Figure 3). Sedi-
ment in cores from the 1·0 m stations were sandy silts
to silty sands. The cores from the intermediate depths
were primarily sand. The cores from transect C1 at
3·0 m depth remained sand while those from transect
C3 at 3·0 m depth were silty sand. The differences of
the 3·0 m depth cores shows there is spatial variation
of sediment type not just along the depth gradient but
along the shoreline as well.
Turbidity and Kd measurements in and out-of-plumes

The average r2 for the regressions used to calculate
water column Kd was 0·985 with a standard deviation
of 0·089. The mean turbidity and Kd for water
samples collected in a plume compared to those taken
out of a plume are plotted against water depth in
Figure 4. Turbidity and Kd were both significantly
increased for the in-plume samples compared to the
out-of-plume samples (P<0·001). There was also a
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significant effect of water depth for both turbidity and
Kd (P<0·001). Higher values of turbidity and Kd were
recorded at water depths of 1·0 m than at the deeper
depths. Both turbidity and Kd had a significant inter-
action effect between depth and plume position
(P<0·05) (Table 1). That is, there was a greater
increase in turbidity in-plumes at 1·0 m and 3·0 m
depths, than at 1·5 and 2·0 m depths. Kd in-plume
values showed a greater increase above out-of-plume
values at the 1·0 m depth compared to the increases at
the 1·5, 2·0 and 3·0 m depths.

Turbidity and total suspended solids correlated
closely and can be described by the equation,
TSS=2·127 (NTU)+1·639 (R2=0·968, N=61)
(Figure 5). This relationship provides an estimate of
TSS from the weekly turbidity readings.
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T 1. Results of ANOVA for log transformed turbidity
and Kd

Source of variation F Value Pr>F

(a) Turbidity
Transect (Block) 3·92 0·0209
Plume 57·02 0·0001
Depth 7·18 0·0001

Plume#depth 3·08 0·0280

MSE=0·006
d.f.=279

(b) Light attenuation coefficient (Kd)
Transect (Block) 1·05 0·3506
Plume 91·60 0·0001
Depth 9·97 0·0001
Plume#depth 3·60 0·0139

MSE=0·019
d.f.=300

MSE is the mean square error. d.f. is the error degrees of freedom.
Near-shore vs mid-channel

Near-shore waters almost always had higher turbidity
and Kd values than mid-channel waters (Figure 6). In
a paired t-test, turbidity at 1·0 m depth was on average
higher by 4·8 NTU compared to mid-channel
(P<0·0001, N=27). Kd was on average 0·71 m"1

higher at 1·0 m compared to mid-channel (P<0·0001,
N=27). These differences were for days when both
the near-shore and the mid-channel stations were out
of a plume. Significant differences were also found
between the mid-channel and the 1·5 m, 2·0 m and
3·0 m deep stations in paired t-tests, with decreasing
differences found with increasing distance offshore.
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Drogue time-series

Nine sediment plumes were tracked with drogues on
different days, covering an array of hydrological and
meteorological conditions. Beginning water depths of
the dredge sites ranged from 0·8 to 3·0 m. Horizontal
velocities ranged from 0·01 to 0·2 m s"1 during drogue
tracking of plumes. Initial plume turbidities ranged
from 28 to 121 NTU (60–260 mg l"1) and initial Kd

ranged from 2·5 to 12 m"1. The drogue time-series
could be grouped into two categories: plumes that
remained in deep water (>1·0 m); and plumes that
progressed into water depths less than 1·0 m.

The six plume tracks that remained in water greater
than 1·0 m showed an exponential decay of turbidity
and Kd towards background values (Figure 7). The
rates of decay were fairly constant, with a faster rate
for turbidity than for Kd. These six plume tracks
varied in initial concentration, depth and speed yet all
showed relatively similar rates of decay. It took an
average of 2·9 h for the turbidity of the parcel of water
to return to 95% of background values after dredging
ended. An average of 4·8 h was needed for Kd to reach
95% of background. The three drogue tracks that
grounded in shallow water showed positive or zero
slopes for all of the Kd and one of the turbidity
time-series, therefore, slopes and times to reach back-
ground values could not be determined.
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Eulerian time-series

The Eulerian time-series obtained from monitoring in
a stationary location showed exponential decay for
both turbidity and Kd (Figure 8). The rates of return
to background values were less than the plume tracks
which remained in water greater than 1·0 m. Three of
the five Eulerian time-series were in shallow water
(1·0 m). The D8 and D9 time-series were at slightly
deeper water depths of 1·6 and 1·3 m . The average
time for 95% of background values to be reached was
9·9 h for turbidity and 14·5 h for Kd.

Irradiance values at 1·0 m water depth were calcu-
lated using the water column Kd values measured
during the Eulerian time-series. These were plotted
on a graph along with modelled background irradi-
ance curves for each particular day of a time-series
(Figure 9). The background irradiance curves show
the amount of light available to plants at 1·0 m depth
on a typical sunny day. Variation in the background
curves is due to changes in the sun angle over the
course of a year. The Kd measurements taken in the
plumes show decreased irradiance levels, well below
the background curve of available light on that day.
The three shallow time-series were in plumes where
elevated Kd decreased the available light below the Ic

level, where respiration is greater than photosynthesis.
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Analysis of aerial photographs with GIS

Clam boats and sediment plumes were digitized in
ARC/INFO for the Chester (1989–1991) (e.g. Figure
10), providing estimates of the areal extent of sedi-
ment plumes from clam dredging. The majority of
clamming activity was found to occur in water depths
less than 2 m. An average plume area per boat of
0·08 m2 was found in the Chester River. The range for
the plume area associated with a single boat was
<0·01–0·64 m2 (Ruffin, 1995).
Discussion
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Areal extent of direct disturbance

The areal extent of the bottom that is directly dis-
turbed by the dredge can be estimated using the rate
of dredging and available catch statistics from the
Maryland Department of Natural Resources (DNR).
An estimated dredge speed of 4·5 m min"1 can
be used for the Chesapeake Bay sandy sediments
(Manning, 1957). Assuming a 6 h work day per clam
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boat and a 0·915 m wide dredge, the clamming rate
would be 1482 m2 per boatday. Maryland DNR catch
data shows an average of 6065 boatdays yr"1

(SE=1069) in the Chester River for 1976–1992,
resulting in 5% of the bottom being reworked in a year
(9#106 m2 yr"1). The analysis of aerial photographs
estimated that 72% of the effort in the Chester River
was in depths less than 2·0 m. The estimate of the
portion of the Chester that is reworked becomes
10% annually when only looking at areas in water
less than 2·0 m.
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Areal extent of indirect disturbance (plumes)

ARC/INFO provides a means of determining the size
and location of plumes and boats seen on the aerial
photographs. The plume areas, however, will be
underestimated because an aerial photograph only
captures an image of the water surface. Studies of
dredge plumes have shown an increasing area of
coverage with depth, as the sediments settle towards
the bottom (Gordon, 1974; Wolanski & Gibbs,
1992). The analysis of aerial photographs provided an
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estimate of the areal extent of suspended sediment
plumes created by hydraulic clam dredging. Not
surprisingly, the areas were found to be quite variable.
Some of the variability in plume sizes could be due to
differing lengths of time that the clammers have
dredged in a particular area, which can not be deter-
mined from the photographs. Most of the variability in
plume size, however, is probably due to differing
bottom sediment types and water depths at the site of
dredging.
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F 9. Irradiance curves for Eulerian time-series data. Ik is the saturation irradiance and Ic is the compensation irradiance
for Potomogetan perfoliatus (Goldsborough & Kemp, 1988).
Factors that affect initial plume intensity

Bottom sediment grain size and water depth are the
major variables that determine the initial turbidity and
light attenuation of the dredge plume. The pattern of
the in-plume turbidity values (Figure 4) correlates
with the bottom sediment types found along the depth
gradient. Although dredge plumes increased turbidity
and light attenuation at all depths, plumes in the
shallow areas (<1·0 m) caused the greatest increase
in turbidity and light attenuation over background
values, with the deepest stations (3 m) in the
middle and the mid-stations (1·5 and 2 m) the
smallest increase. The interaction between water
depth and sediment size distribution can explain
much of this unequal response of water quality to
dredging.

Water depth influences the initial concentration
of suspended sediments because of the volume of
water associated with differing depths over which the
material is suspended. Dredging suspends the same
amount of material regardless of depth, thus in
shallow water the dredged material is suspended into a
smaller volume of water causing an increased initial
concentration.
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Bottom sediment type affects initial plume intensity
because the suspension of sediments containing
higher proportions of silt and clay will cause higher
turbidity and light attenuation. The slower settling
velocities of smaller particles will result in more
material remaining in the water column for a longer
period of time. Smaller particles also have a larger
surface area to volume ratio than larger particles.
This size difference would result in smaller particles
absorbing more light due to their greater overall
absorption surface area, on a per volume basis (Kirk,
1975). The finer bottom sediments coupled with
shallow water depth creates the highest initial values
for turbidity and light attenuation in dredge plumes.
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F 10. Sample ARC/INFO map created from the 1990 aerial photographs of the Chester River, U.S.A.
Factors that influence plume dissipation

The rate of plume dissipation was relatively constant
for the plumes (drogues) in water deeper than 1·0 m.
The drogues were deployed in shallow and deep
plumes with varying initial values of turbidity and
light attenuation. The drogues had differing water
velocities associated with each plume. The relatively
constant rate of plume decay over varying conditions
implies that the sediment settling velocities dominate
the initial plume decay. This suggests that sediment
grain size is, at least initially, the primary factor
influencing plume dissipation rates. As the rate is
constant, those plumes with higher initial values
will take longer to dissipate and reach background
conditions.

After the initial settlement of the sand-sized
particles, the silts and clays remain in suspension. The
dominant forces working on the decaying concen-
tration now switches from settlement to diffusion and
resuspension. The plumes that remain in deep water
will have a higher rate of diffusion relative to those
plumes in shallow water. Diffusion is proportional to
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water depth times water velocity (u*). In shallow
water, not only will the water depth decrease but
current velocities and therefore u* will also decrease
(Signell & Butman, 1992). The slower the diffusion
rate, the slower a plume will dissipate.

Resuspension due to currents and wave action is
another factor contributing to long-lived plumes in
shallow waters. Currents and waves, due to both wind
and boating activities, will not only keep finer material
from settling out but also will increase resuspension of
bottom sediments. The potential for resuspension of
bottom sediments due to waves is greater in shallow
water than in deeper water. Ward et al. (1984) showed
that there was a significant positive correlation
between wind speed and suspended particulate
material at depths less than 2 m in the Choptank
River. The maximum depth and fetch for the Chester
River study site is similar to the criteria used for the
Choptank River site used in Ward et al. (1984). Based
on this assumption, the sediments in 1·0 m water
depths and less are susceptible to resuspension due to
waves at winds greater than 6·9 m s"1. For winds as
low as 4·2 m s"1, sediments would be resuspended in
water depths of 0·6 m and less. The kind of influence
these waves will have on the bottom, as in resuspen-
sion or bedload transport, will depend on sediment
characteristics such as grain size and sediment
compaction.

The increased potential for resuspension in shallow
waters helps to explain the pattern of plume decay
rates observed. It would be expected that the Eulerian
decay rates would be faster than the Lagrangian rates
because measurements started after dredging was
completed. The Eulerian rates, however, were slower
than the Lagrangian decay rates of the plumes that
stayed in deeper water. These results can be explained
by the relatively shallow depths of the Eulerian
measurements. The Lagrangian decay rates of the
plumes that floated into shore were the slowest and
in some cases positive which can only mean an
additional source of material was added to the plumes
due to resuspension.

Dredging activities also cause a decrease in the
compaction and binding of bottom sediments. A
Florida study found some trenches created by clam
dredging to remain ‘ soft ’ for over 500 days after
dredging occurred (Godcharles, 1971). Tidal currents
have been found to resuspend recently deposited
sediments from trawling activities more easily than
undisturbed bottom (Schoellhamer, 1996). Wind
generated waves will also cause greater resuspension
of newly deposited dredge sediments compared to an
undisturbed bottom (Onuf, 1994; Sanford, 1994).
The change in bottom sediment compaction and
binding after dredging results in potential effects on
water column turbidity and Kd long after dredging has
ceased in an area.

Storm events and tidal currents are the major
‘ natural ’ causes of increased turbidity and light at-
tenuation in coastal waters. Storm events, however,
were found to resuspend only the top 2 mm of the
bottom at a shallow (3·5–5·5 m depth) dredge dis-
posal site in the main stem of the Chesapeake Bay
(Sanford, 1994), while clam dredging digs approxi-
mately 457 mm into the substrate. Anthropogenic
causes of resuspension (trawling and vessel-generated
long waves) were found to be greater than natural
causes (storm events and tidal currents) in an estuary
in Florida (Schoellhamer, 1996). Storm events affect
a large area of the estuary at a low intensity compared
to dredging, which intensely affects a more localized
area.

The difference in the rate of return to background
of turbidity and Kd can be explained by the nature of
the measurements themselves. Turbidity is a measure
of the scatterance of light. The scattering of light is
influenced to a greater extent by larger particles com-
pared to smaller particles. As the larger particles settle
out fairly rapidly in the plumes, turbidity decreases
rapidly as well. Light attenuation, on the other hand,
is a measure of the scattering and to a greater extent
the absorbance of light as it passes through the water
column. Smaller particles will absorb light more than
larger particles because of their increased surface area
to volume ratio (Kirk, 1975). The smaller silt and clay
sized particles stay in suspension for greater periods of
time in the plumes, thus increasing the length of time
that Kd is affected compared to turbidity.
Effects of dredging on biota

The direct impact of dredging on keystone species,
such as SAV and oysters, has been shown to be
complete devastation (Manning, 1957; Godcharles,
1971; Kyte et al., 1976). Organisms not directly in the
path of the dredge, however, can also be detrimentally
affected by dredging. The indirect effects are primarily
a result of sediment settling (burial) and decreased
water quality due to increased suspended sediments.
Manning (1957) examined the effects of resuspended
sediments on the burial of oysters and concluded that
there was complete mortality of oysters within the
dredge area due to burial, significant mortality 25 ft
(7·6 m) down current and possible mortality of oyster
spat up to 75 ft (23 m) down current of a dredge.
There were measurable quantities of displaced and
deposited sediments up to 75 ft down current of the
dredge.
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The burial of SAV also occurs in estuarine ecosys-
tems and has adverse effects on the plants. Sediment
settles on the leaves of the SAV and would, therefore,
continue to attenuate light even after the sediment
plume had dissipated within the water column (Twilley
et al., 1985). The indirect effects of hydraulic clam
dredging, (increased turbidity in plumes, increased re-
suspension of bottom sediments and burial) lead to
increased light attenuation in an already turbid en-
vironment. Plants subjected to decreased light penetra-
tion will grow higher into the water column, resulting
in a structurally weaker plant which is more susceptible
to breakage (Goldsborough & Kemp, 1988). Repro-
duction has also been shown to be inhibited in SAV
exposed to low light conditions. Goldsborough and
Kemp (1988) showed that propagule abundance (tu-
bers) was directly proportional to light intensity and
that under low light conditions (11% ambient) there
was a significant reduction in abundance.

The rate of return to background of the Eulerian
time-series is important when discussing sessile biota
such as SAV. This rate gives an estimate on the length
of time an organism, such as a blade of grass, will be
under elevated turbidity and reduced light conditions.
Assuming dredging began at sunrise and ended
around noon, the additional 14 h of increased light
attenuation from a remaining plume means that plants
in the area of dredging are under low light condi-
tions for a full day. Measurements for the time-series
shown in Figure 8 began when dredging was com-
pleted. The plumes, however, are also present during
the morning hours when active clamming is occurring.
As mentioned earlier, the increased ease of resuspen-
sion of newly deposited sediments will potentially
decrease light availability to SAV even after the initial
settlement of the plume.

Seasonality is also important when discussing the
effects of clam dredging on SAV. The direct distur-
bance will be the same at all times of the year. The
magnitude of the indirect effects, however, will vary
with the seasons. During the winter when SAV is
dormant and the above ground biomass is diminished,
the suspended sediment plumes should have their
minimum affect. The rest of the year, however, SAV
relies on light for growth. Decreased light availability
could be most devastating in the early spring when
new plant material (tubers and seeds) at the sediment
surface is just beginning to form.
Comparison of near-shore vs mid-channel turbidity and
Kd

Mid-channel locations are often used as monitoring
stations of water quality in the Chesapeake Bay and its
tributaries. These stations may be sufficient to define
some long-term water quality trends. Care should be
taken, however, when using these data to estimate
turbidity and light attenuation in the near-shore
regions, especially in areas where there is active clam
dredging or other disruptions. When paired mid-
channel and near-shore observations are compared,
41% of the time the mid-channel Kd value was suit-
able for SAV growth (less than 1·5 m"1), the near-
shore value was not. ‘ Suitable ’ refers to meeting the
1·0 m light requirements determined for SAV in
Chesapeake Bay (Batiuk et al., 1992). The mid-
channel turbidity was suitable for SAV growth (less
than 7·0 NTU) 60% of the time when the near-shore
values were not. If in/near plume data are included in
the analysis, the percentages jump to 44% for Kd and
64% for turbidity. Previously, Batiuk et al., 1992
found that mid-channel Kd readings were suitable for
SAV growth only 7·5% of the times when the paired
near-shore value was not suitable. They found TSS
readings were suitable in the mid-channel 28·6% of
the times when the near-shore readings were not.
These values are substantially lower than those
reported here.
Summary

Direct effects of hydraulic clam dredging on the
benthos, particularly SAV, have been shown to be
damaging in the area of the dredge paths (Glude &
Landers, 1953; Manning, 1957; Godcharles, 1971;
Kyte et al.,1976). When indirect effects of clam dredg-
ing are included in the evaluation, the potential for the
area of influence of dredging on SAV growth is
increased. Does clam dredging increase light attenua-
tion to the point that SAV growth is inhibited? This
research indicates that it is on a daily time-scale, at
least in the shallower portions of the Chester River
where sediments have an increased amount of silt
and clay. It is the duration of light inhibition that
will determine whether longer-term SAV growth is
affected because estuarine plants and animals are
adapted to intermittent events of high turbidity/low
light. Submerged aquatic vegetation could tolerate a
day or two of clam dredging in a shallow region,
however, the cumulative effects of multiple days of
clamming combined with naturally occurring storm
events may increase the duration of light limitation
above the threshold levels required to sustain growth
of SAV at a healthy level.

Future research should focus on long-term effects
of clam dredging on turbidity and light attenuation in
the water column. Monitoring these parameters over
an extended period (months) in a dredged site and a
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control site would help to understand the effects of the
disrupted bottom on resuspension due to storms,
currents, bioturbation etc.
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