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Abstract
There is a proposal for deepening and widening the Matagorda Ship Channel. However, there
are concerns about specific environmental impacts to Matagorda Bay and Lavaca Bay such as: 1)
Circulation and storm surge changes due to changing the bathymetry of Matagorda and Lavaca
Bays due to deepening the channel and placement of dredge spoil parallel to the channel, which
will funnel tidal movement along the axis of the bay and restrict mixing perpendicular to the
channel. 2) Salinity changes due to the circulation changes and connecting with the puncturing of
the groundwater lens beneath the bay. 3) Placement of dredge spoil could smother benthic
habitats, such as oysters, seagrasses, or muddy bay bottoms and affect forage for desirable fish
species. 4) Effects to primary producers or bottom dwelling organisms due to an increase in
turbidity during the actual dredging. 5) Mobilization of mercury by the dredging because there
are considerable amounts of mercury in sediments of the bay. 6) Plastic and microplastics
interactions with sediments, turbidity, and other pollutants. The current study was undertaken to
assess these possible concerns. The assessment has been done in two parts to identify potential
physical and ecological effects. The assessments were based on a literature review of existing
information. No sampling was conducted.
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Introduction
The Calhoun Port Authority has initiated a study with the U.S. Army Corps of Engineers
(USACE) to acquire a permit for improving the Matagorda Ship Channel (MSC), Port Lavaca,
Texas (USACE 2019). The MSC is 26 miles long and extends from offshore in the Gulf of
Mexico through Matagorda Bay and Lavaca Bay to the Port. The existing channel is used by
vessels with drafts up to 38 feet deep at mean lower low water (MLLW). The channel bottom is
200 feet wide. The existing turning basin is 1000 by 1000 feet wide.
The current alternative plan A is to deepen the channel to 47 feet MLLW, widen it to 350 feet in
the bay and 600 feet in the Gulf, and expand the dimensions of the turning basin to 1,200 by
1,200 feet. The study predicts this would provide $6,539,000 in total net benefits, with a benefitto-cost ratio of 1.3 (USACE 2019).
The study also assesses the effects on the natural system and human environment, including the
economic development effects of existing inefficiencies (USACE 2019). The study does identify
environmental resources in Lavaca and Matagorda Bays in Section 2 and concludes there will be
no changes to any natural resources due to the deepening and widening of the MSC as proposed
in Section 3. In Section 5, it states “Cumulative impacts due to past, existing, and reasonably
foreseeable future projects, along with the Recommended Plan, are not expected to have
significant adverse effects to resources in the study area.”
However, there are concerns specific to Matagorda Bay and Lavaca Bay that there could be the
following potential environmental changes:
1) Physical changes
a. Circulation and storm surge changes due to changing the bathymetry of
Matagorda and Lavaca Bays due to deepening the channel and placement of
dredge spoil parallel to the channel, which will funnel tidal movement along the
axis of the bay and restrict mixing perpendicular to the channel.
b. Salinity changes due to the circulation changes and connecting with the
groundwater lens.
c. Puncturing the groundwater lens beneath the bay.
2) Ecological changes
a. Placement of dredge spoil could smother benthic habitats, such as oysters,
seagrasses, or muddy bay bottoms. This would affect forage potential for
desirable fish species.
b. Effects to primary producers or bottom dwelling organisms due to increased
turbidity during the actual dredging.
c. Mobilization of mercury by the dredging. Lavaca Bay is a National Superfund
Site with considerable amounts of mercury in sediments of the bay.
d. Effects of plastics and microplastics because they can interact with pollutants
such as mercury to enhance toxicity, and sediments to enhance turbidity effects.
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Methods
The current study was undertaken to assess these possible issues of concern. The assessment
was done in two parts to identify potential physical and ecological effects. The assessments of
each issue were based on a literature review of past or similar projects performed in other areas,
and examining existing data and information about Lavaca and Matagorda Bays. No new
samples or statistical analyses were performed.
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Results and Discussion
Physical Assessment
A hydrodynamic and salinity modeling study for Matagorda Ship Channel (MSC) channel
improvement project was requested and funded by the USACE Galveston District (SWG). The
numerical modeling study was performed by the U. S. Army Engineer Research and
Development Centers’ (ERDC) Coastal and Hydraulics Laboratory (CHL) Coastal Engineering
Branch, Navigation Division. The modeling study investigated the impact to water levels,
currents, and salinity in and around Matagorda Bay from the proposed ship channel
widening/deepening project (Lin et al. 2018). An ERDC Letter Report (Lin et al. 2018) based on
the study was prepared for the SWG in July 2018 and reviewed for the current report.
Additionally, two conference proceedings (Lin et al. 2020a, Lin et al. 2020b) that are based on
the modeling study have been reviewed.
Hydrodynamic and Salinity Model Settings
The USACE Coastal Modeling System (CMS) (Demirbilek and Rosati, 2011) was used to
simulate hydrodynamics and salinity variation in Matagorda Bay with and without a proposed
channel widening and deepening project of the MSC. Although one of the conference papers
(Lin et al. 2020b) also mentioned using the ADvanced CIRCulation model (ADCIRC) as a
regional hydrodynamic model to provide boundary conditions input to the CMS modeling, the
ERDC Letter Report (Lin et al. 2018) does not mentioned the ADCIRC modeling.
The CMS calculates water levels, currents, waves, sediment transport, and salinity through
coupling between a hydrodynamic model, CMS-Flow (Buttolph et al. 2006), and a wave spectral
model, CMS-Wave (Lin et al. 2008). These two models can be run separately or coupled on a
non-uniform Cartesian grid. In the coupling mode, the variables passed from CMS-Wave to
CMS-Flow are the significant wave height, peak wave period, wave direction, wave breaking
dissipation, and radiation stress gradients. CMS-Wave uses the updated bathymetry, water
levels, and currents from CMS-Flow (Lin et al. 2020a). A coupled CMS model, in 2D version,
was used to calculate the circulation and salinity change on a Cartesian grid (Lin et al. 2018).
The physical processes being considered in the ERDC study (Lin et al. 2018) are water surface
elevation (WSE), current and salinity, but the sediment transport and changes in morphology
were not modeled.
The CMS model grid developed for the previous studies (Kraus et al. 2006, Maynord et al. 2011)
was used for the ERDC study (Lin et al. 2018) with a small modification. The CMS grid covers
the Matagorda Bay system with two major inlets, MSC and Pass Cavallo, and a smaller inlet
along the lower reach of the Colorado River, which connects the mouth of Colorado River
(MCR) through the Colorado River Navigation Channel (CRNC) (Lin et al. 2018, Figure 1). The
model domain extends northward to include the lower reaches of Lavaca River and Garcitas
Creek and southward to the 20 m (65.6 ft) depth in the Gulf of Mexico. The east boundary is
4

along the tidal flat of East Matagorda Bay and the west boundary reaches the eastern part of
Espiritu Santo Bay. The model cell resolution varies from 20 m (65.6 ft) near the MSC to 500 m
(1,640 ft) in the offshore area. The model bathymetry data in the grid were updated with the
latest bathymetry, digital elvation model (DEM), and channel survey data wherever available.
Figure 1 shows the CMS grid and bathymetry used in the ERDC study (Lin et al. 2018).

Figure 1. CMS Model domain and bathymetry (Lin et al. 2018).

The CMS model used in the study was applied in a 2D version for the salinity modeling.
However, multiple modeling studies have shown that hydrodynamic transport in the estuaries
can be well-described by 2D models (Achete et al. 2015, Mahn et al. 2014), whereas salinity
dynamics and transport in the estuaries are governed by 3D processes such as estuarine
circulation and is a bit unrealistic to simulate these processes in a 2D model (Martyr-Koller et al.
2017). Therefore, it is recommended to model salinity dynamics using a 3D model so that the
gravitational circulation and temperature dynamics that govern salinity can be simulated
(Martyr-Koller et al. 2017; Van den Heuvel 2010).
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Model Calibration
Model calibration was conducted for a 3-week period in September 2005 (09/08/2005 –
09/30/2005). Table 1 summarizes the input data used by Lin et al. (2018) in the model
calibration. The salinity data used for the model calibration was obtained from a 2005 field
collection effort when salinity was measured at 10 stations in the Matagorda Bay and Lavaca
Bay from September to December 2005 (Evans-Hamilton Inc. 2006). Figure 2 shows the
locations of those salinity stations.
Table 1. Input data used in the model calibration simulation (Lin et al. 2018).

Input Data
Surface wind forcing

Description

Directional wave
spectra
Water level

River discharge

Offshore boundary
West boundary in Espiritu
Santo Bay
East boundary in the
GIWW
Colorado River boundary
Lavaca River boundary
Placedo Creek boundary

Salinity

Offshore boundary

Colorado River boundary
Lavaca River boundary
Garcitas Creek boundary
Spatially varying initial
salinity
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Station/Source
NOAA – Port O’Connor (PCNT2) and
East Matagorda Bay (EMAT2)
NDBC Station 42019 – located
offshore at 70 miles south of Freeport,
TX
NOAA – Bob Hall Pier (MQTT2)
MQTT2 (80% linear proportion to the
fluctuation related to the mean of water
levels at MQTT2)
n/a – non-flow condition
USGS – Colorado River near Bay City
(8162500)
USGS - Lavaca River near Edna
(8164000)
USGS - Placedo Creek near Placedo
(8164800)
2005 field data collection effort - Pass
Cavallo station (PC) and Bird Island
Channel Marker 19 station (BI-BM)
2005 field data collection effort –
Colorado River station (CR)
2005 field data collection effort –
Lavaca Bay station (LB)
2005 field data collection effort –
Lavaca Bay station (LB)
n/a – prepared by assigning higher
salinity in the Gulf of Mexico and
lower value inside the bay system

Figure 2 . Matagorda Bay system 2005 field data station locations (Lin et al. 2018, Evans-Hamilton Inc.
2006).

The bathymetry data in the model were updated with the latest bathymetry, DEM, and channel
survey data. However, all other input data for model calibration was from 2005. Although the
model grid was developed for the earlier studies, an optimized and timelier model could have
been achieved if it was calibrated with the latest inputs. The model calibration results, in
general, captures the trend of water level fluctuations but there is a detectable phase shift
between the modeled and measured water levels at all the measuring stations that is attributed to
the input water level data being used from the Bob Hall Pier for the offshore boundary (Lin et al.
2018). It is also mentioned that the difference of magnitude of modeled versus measured water
levels is from using the 2017 MSC channel surveys and more recent Lidar data in the model grid
(Lin et al. 2018). There is a tide gauge at Matagorda Bay Entrance Channel (NOAA station:
8773767) that has been operating since June 2016 and using the water level data from this station
could have given better model performance. Similarly, there are active salinity stations operated
by Lower Colorado River Authority (LCRA) in Matagorda Bay (Stations: 6984, 6996, 6990,
6985, NCM2) as well as retired stations operated by the Texas Water Development Board
(TWDB) (Stations: MATA, LAVC, TPAL) that have recent salinity data available which could
have been used for the salinity validation.
7

Table 2 shows a summary of statistical metrics for calibration model water levels results at 8
measuring stations, with station BI having the smallest RMSE of 0.108 m (0.36 ft) (Lin et al.
2018). The coefficients of correlation were relatively high and varied between 0.710 and 0.834,
but the RMSE obtained for the water levels simulation was always higher than 0.1 m (0.33 ft)
indicating the occurrence of slight differences between measured and modeled data. It should be
noted that the mean tidal range in the bay is small, approximately 0.22 m (0.72 ft) at Port
O’Connor and 0.25 m (0.82 ft) at Port Lavaca.
Table 2. Statistics of calibration model water level results at eight data collection stations (Lin et al.
2018).

Station
CR (Colorado River)
MB (Matagorda Bay)
LB (Lavaca Bay)
VCAT2 (Lavaca Bay Bridge)
BI (Bird Island)
BI-BM (Bird Island Channel Marker 19)
PC (Pass Cavallo)
PCNT2 (Port O’Connor)
* Only 2.5-day data available in the statistics.

Bias (m)

RMSE (m)

0.041
0.031
0.011
-0.003*
0.028
0.014
0.041
0.024

0.129
0.133
0.132
0.122*
0.108
0.109
0.127
0.109

Correlation
Coefficient
0.818
0.738
0.717
0.532*
0.837
0.710
0.778
0.834

The model calibration results for salinity modeling show that the model has not captured the
salinity variation accurately and this can also be seen in the statistical metrics table (Table 3).
Although the bias obtained was quite low reflecting an overall low difference between measured
and modeled results, the RMSE obtained was, in general, higher than 1.5 ppt. The negative bias
at BI and PC stations that are close to the Gulf of Mexico indicates that the model underpredicts
salinity in comparison to the measured values at these stations. Similarly, there was poor
agreement between measured and modeled salinity at these stations as shown by quite low
correlation coefficients.
Table 3. Statistics of calibration model salinity results at data collection stations (Lin et al. 2018).

Station
CR (Colorado River)
LB (Lavaca Bay)
PL (Port Comfort)
MB (Matagorda Bay)
BI (Bird Island)
PC (Pass Cavallo)
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Bias (ppt)

RMSE (ppt)

0.10
0.25
0.81
1.44
-0.59
-0.08

3.82
1.65
1.71
2.02
1.08
1.53

Correlation
Coefficient
0.78
0.63
0.61
0.65
0.27
0.17

Discharge data for the Colorado and Lavaca Rivers was used as model input (Figure 3). The
black arrow in Figure 3 shows there was a large increase in discharge in the Colorado River
between September 10 – 24, and a large drop afterward. Similarly, there was a slight increase in
discharge on September 13 in the Lavaca River. The model output shows a little decrease in
salinity due to these upticks in river discharge at a station near to the mouth of Colorado River
(CR). However, the model might not have properly simulated the transport and mixing of
freshwater in the bays, so the general variations expected in salinity with these increases in flow
rates cannot be seen in the model output.

Figure 3 . River discharge input data at Colorado River (gage 8162500) and Lavaca River (gage
8164000) for September to December 2005. The black arrow in the graph is showing high river discharge
during the model calibration period in CR and LR and purple arrow during the model validation period
(Lin et al. 2018).

Model Validation
The model validation was setup the same as the model calibration. A two-week model validation
was conducted for the period 10/01/2005 to 10/15/2005, following the model calibration period
9/10/2005 – 9/30/2005. A total of five-weeks in September-October 2005, therefore, was
modeled for both calibration and validation simulations. However, it is recommended to run
multiple validation simulations using data covering an alternative period and/or a different
location without making any additional adjustment to the model parameters (Williams and
Esteves 2017). Furthermore, wind forcing has a significant role in the water level in this area,
and there are basically three wind regimes in this area shown in Figure 4 and as follows:
a) The period of November – February characterized by strong winds associated with
frontal passages and dominant northerly flows, referred to as the frontal passages period
(FPP).
b) The period of March – June characterized by weaker fronts at the beginning of the period
and prevalent southeasterlies, referred to as the southeasterly period (SEP).
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c) The period of July – October characterized by prevalent southeasterlies but lower in

magnitude compared to the SEP, referred to as the quiet period (QP).
Incorporating multiple validation simulations by capturing multiple wind regimes would help
finetune the model and potentially result in better model performance and predictions.
Furthermore, the CMS model bathymetry was updated with recent lidar and MSC channel survey
data, but all other input data were from 2005, which could have contributed to the difference of
model results in the validation and calibration simulation. Therefore, multiple validation
simulations covering alternative periods with variability of meteorological forcing and using all
the latest input data could make the validation more robust with smaller residual errors.
The water level validation simulation has the same issue as in the calibration simulation – there
is a detectable phase shift between the measured and modeled water levels at all the measuring
stations. The statistical metric table (Table 4) shows similar model performance as in the
calibration simulation (Table 2). Table 5 shows the model wave and current results of both the
calibration and validation simulation. The table shows that the model wave and current results of
the calibration simulation is a little better than the validation simulation. Typically, the required
model performance at the calibration and validation stage for wave modeling is judged to be
acceptable if the wave model outputs are biased to within ±15° of the mean observed direction
(Williams and Esteves, 2017). The bias of validation wave direction is -25.7°.
Apparently, salinity validation was not performed as it is not presented in either the ERDC Letter
Report (Lin et al. 2018) nor conference proceedings (Lin et al. 2020a, 2020b). There was a large
increase in discharge in both the Colorado and Lavaca Rivers during the model validation period
(shown by purple arrows in Figure 3). The issue of transport and mixing of freshwater in the
bays as seen in the calibration simulation could be further analyzed if salinity validation results
were generated.
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Figure 4 . Wind roses showing wind speed and direction at each wind regime for
Corpus Christi Bay (adapted from Reisinger et al. 2017)
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Table 4 . Statistics of validation model water level results at six data collection stations (Lin et al. 2018).

Station
MB (Matagorda Bay)
LB (Lavaca Bay)
PCNT2 (Port O’Connor)
BI (Bird Island)
BI-BM (Bird Island Channel Marker 19)
PC (Pass Cavallo)
* Only 4.5-day data available in the statistics.

Bias (m)

RMSE (m)

-0.051
-0.007
0.039*
-0.045
0.036
0.021

0.123
0.103
0.092*
0.094
0.089
0.093

Correlation
Coefficient
0.786
0.858
0.695*
0.868
0.879
0.846

Table 5 . Statistics of calibration and validation model wave and current results at MB station.
Calibration Simulation (09/10/2005 –
Validation Simulation
09/30/2005)
(10/01/2005 – 10/15/2005)
Wave or Current
Correlation
Correlation
Bias
RMSE
Bias
RMSE
Coefficient
Coefficient
Wave Height
-0.02 m
0.09 m
0.84
-0.05 m
0.12 m
0.68
Wave Period
0.08 sec
0.71 sec
0.59
-0.04 sec
0.52 sec
0.49
Wave Direction
13.5°
-25.7°
Current Magnitude
-0.03 m/s 0.05 m/s
0.42
-0.04 m/s 0.05 m/s
0.32

Modeling Scenarios
The ERDC study (Lin et al. 2018) included three river flow conditions: high, medium, and low
flows; and two historical hurricanes: Hurricane Rita (2005) and Hurricane Harvey (2017), with
representation of the present and future conditions of ocean boundary water levels. The model
representation of present water level was specified by the sea level projection for 2024, which
was 2017 water level (MLLW) + 0.061 m (0.2 ft), and the future water level model condition
was based on the projection of 2074, which was 2017 water level (MLLW) + 0.573 m (1.88 ft)
for the projected sea level rise (SLR). The modeling scenarios included in the ERDC study (Lin
et al. 2018) are the existing MSC configuration without deepening/widening project (w/o
project) and the modification of the existing MSC with deepening/widening project (with
project). Modeling scenarios were categorized into four groups considering present and future
water level with and without projects as: PWOP, PWP, FWOP and FWP (Table 6). Therefore, a
total of 4 x 5 = 20 modeling scenarios were modeled that are marked with X in Table 6.
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Table 6. List of modeling scenarios (Lin et al. 2018).
Present/Future Water Level and MSC Configuration
PWOP (present PWP (present
FWOP (future
FWP (future
River Inflow Condition
without project)
with project)
without project)
with project)
Hurricane Rita (2005)
X
X
X
X
Hurricane Harvey (2017)
X
X
X
X
High river flow
X
X
X
X
Medium river flow
X
X
X
X
Low river flow
X
X
X
X

Apart from the salinity inputs along the offshore boundary and river boundaries, all other inputs
for the scenario modeling were from the same stations as in the calibration simulation. Table 7
shows the simulation period and five river flow input conditions for the scenario modeling.

Table 7 . Scenario model simulation period and river inflw conditions (Lin et al.,2018).
River inflow
Wind and water level
River Inflow Condition
Simulation period
discharge*
input *
Hurricane Rita (2005)
8 - 30 Sep, 2005
field data
field data
Hurricane Harvey (2017)
10 Aug – 10 Sep, 2017
field data
field data
High river flow
10 Feb – 10 Mar, 2017
field data
field data
Medium river flow
1 July – 20 Aug, 2017
54.0 m3/sec
field data
Low river flow
1 July – 20 Aug, 2017
20.5 m3/sec
field data

Although future sea-level rise (SLR) was applied in the scenario modeling by incorporating
future water levels based on the projection of SLR for 2074, the ERDC (Lin et al. 2018) study
has not incorporated the potential coastal morphological changes due to SLR. Rising sea level
can cause permanent changes in the landscape when it inundates low-laying land, and the study
region is particularly vulnerable because of low elevations and eroding shorelines. Therefore,
incorporating the landscape change due to the SLR in the future scenario modeling could have
resulted in different estimates. For instance, Figure 5 shows a change in landscape due to 0.535
m (1.76 ft) of relative sea level rise (RSLR) in 2075 along the west side of Matagorda Bay in the
Powderhorn Lake area modeled using Sea Level Affecting Marshes Model (SLAMM) for the
Texas Coastal Resiliency Master Plan (TCRMP, Levitz 2018). A significant increase in salt
marsh and open water can be seen in the future landscape map in comparison to the present
landscape with a similar projected SLR in 2075 (Figure 5).

13

Figure 5 . Present landscape vs. future landscape in 2075 with 0.535 m of RSLR in the Powderhorn Lake
area. The present landscape is based on the US FWS National Wetland Inventory (NWI) dataset and the
future landscape is developed using SLAMM.

Circulation and Salinity Change Modeling Results
The ERDC study (Lin et al. 2018) analyzed modeling results by comparing differences between
with and without channel improvement projects in present and future water level conditions, i.e.,
PWP – PWOP and FWP – FWOP (Table 6). The modeling results show that the difference of
predicted water levels in Matagorda Bay with and without channel improvement projects in both
present and future water level conditions is within ± 0.05 m (0.16 ft) for the Hurricane Rita, high,
medium, and low flow conditions, and is within ± 0.5 m (1.64 ft) for the Hurricane Harvey
simulation. Although it is mentioned in the Lin et al. (2018) report that the difference of ± 0.05
m (1.96 inch) is small, it is significantly higher than a similar study conducted in Corpus Christi
Bay (Subedee and Gibeaut 2021). However, a 0.05 m (5 cm, 1.97 in) increase in the water level
could shift intertidal marsh and tidal flats to open water environments.
The modeled water level difference in the ERDC study (Lin et al. 2018) is shown spatially with
difference maps of PWP – PWOP and FWP – FWOP (Lin et al. 2018: Figures 4-2 to 4-10), and
with bar graphs showing modeled water levels in PWP, PWOP, FWP and FWOP at some
stations (Figures 4-11 to 4-13). Along with these maps and bar graphs, the water level
hydrographs showing tides at different stations or points in the bay over the simulation period
could have been presented, which would have shown how water level changes over time under
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different channel scenarios at these stations/points. These hydrographs would also have shown
the changes in tide range that would have given more information about the changes in
amplitude on daily high and low tides under different channel configurations.
The modeling results show that the difference of average current speeds between PWP and
PWOP, and FWP and FWOP is within ±0.1 m/sec (0.33 ft/sec) (Lin et al. 2018). The maximum
current can be 0.2 m/sec (0.66 ft/sec) stronger with the dredging project than without project for
Hurricane Rita and three river inflow conditions, and 0.5 m/sec (1.64 ft/sec) for Hurricane
Harvey. Although it is characterized as a small change in the Lin et al. (2018) Report, the
current speed of ±0.1 m/sec (0.33 ft/sec) is enough to keep fine-grained sediment suspended and
potentially increase turbidity, and ±0.5 m/s (1.64 ft/sec) can lead to enhanced shoreline and
channel erosion (Biggs 1978, Sundborg 1967). Similarly, the currents along and near MSC are
slightly stronger with the project than without the project scenarios.
Salinity modeling results show that the difference of model salinity fields for both PWP – PWOP
and FWP – FWOP are less than 2 ppt excluding the placement areas (Lin et al. 2018). Although
it is characterized as a small increase in the Report, the long-term average for salinity in the
entire Lavaca-Colorado Estuary is 20 ppt (Montagna et al. 2018), so this increase in salinity is
nearly a 10% change, i.e., 2 divided by 20 ppt. This is actually a large change that could alter
water quality and secondary production. An ecological model was created to predict systemwide secondary production for benthic organisms in response to different freshwater inflow
regimes that could result in diversions of freshwater from the Colorado River (Kim and
Montagna 2009, 2012). A 10 % increase in long-term average salinity would have no effect on
deposit feeders such as polychaete worms but would decrease secondary production of
suspension feeders such as mollusks and crustaceans with effects being stronger in Lavaca Bay
than Matagorda Bay.
For medium and low river inflow simulations, the salinity is generally higher in Matagorda Bay
with channel improvement project than without project (Lin et al. 2018). Similarly, model
results also show that higher salinity occurs more often in the bay with the future water level
than the present water level. Therefore, if river discharge to the bay decreases in the future with
climate change or increased diversions, the channel improvement project causes an increase in
salinity, and a detrimental cumulative effect may occur. It is not mentioned in the Lin et al.
(2018) Report if the salinity is for surface or bottom salinity, which is important because bottom
salinity values are larger than or equal in magnitude to the surface salinity values due to the
density differential of salt water.
Additional Modeling
It is mentioned in the Report (Lin et al. 2018) that more modeling studies are recommended to
increase understanding of sediment transport and the potential increase of the channel shoaling
rate due to the channel improvement projects. A total of four shoaling rate calculation methods
were used and all these methods rely on bathymetric surveys available during 2011 - 2017.
Among the four methods, the Corps Shoaling Analysis Tool (CSAT) seems to be the most
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comprehensive, and it was used to estimate annual shoaling rates along MSC. CSAT uses
channel boundary information, hydrographic survey datasets and historical dredging records to
compute shoaling rate used to predict future dredging volumes but does not include effects of the
hydrodynamics and waves. Therefore, a numerical sediment transport model that incorporates
hydrodynamics and waves could help not only to get accurate shoaling rates but also to
understand the impacts on long-shore sediment transport due to the channel improvement
projects.
The independent external peer review (IEPR) done by Battelle Memorial Institute (2018) has
also pointed out the issue related to the calculation of shoaling rates in the study. Similarly, the
IEPR report has raised concern about ship channel side slopes indicating that the side slopes in
select reaches of the channel are too steep for the submerged granular soil to stand up. However,
it appears that a slope stability analysis was performed for the final FR/EIS study (USACE
2019), which determined that the slopes are stable enough and the same slope was used in the
modeling study (Lin et al. 2018).
Finally, the ERDC modeling effort by Lin et al. (2018) did not investigate the impacts of the
channel improvement projects on storm surge water levels and inundation duration patterns in
and around Matagorda Bay. It is important to assess how hurricane storm surge may change in
the bay with modified channels. The FR/EIS (USACE 2019) has acknowledged likely increases
in the frequency and intensity of tropical storms due to future climate change along the extensive
Texas coast. Therefore, it is very important to conduct hydrodynamic storm surge modeling to
evaluate coastal storm surge impacts in and around Matagorda Bay due to the proposed ship
channel improvement projects.
Table 8 summarizes the issues in each component of Lin et al. (2018) modeling study and our
recommendations to improve the predictions of water levels, currents, and salinity. It also
summarizes additional modeling studies necessary for a holistic assessment of the impacts of the
channel improvement projects in and around Matagorda Bay.
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Table 8. Summary of the issues found in the ERDC modeling study (Lin et al. 2018) and recommendations
for further studies.
Model Component Critique/Comment
Recommendation
Model
• The CMS model used in the ERDC study • A 3D model with a heat flux
Development
was developed for previous studies with a
module for the calculation of
small modification.
temperature–salinity dynamics
• The CMS model used in the ERDC study
could have given better salinity
was applied in 2D version for the salinity
variation.
modeling. Multiple modeling studies
have shown that hydrodynamic transport
in the estuaries can be well-described by
2D models, whereas salinity dynamics
and transport in the estuaries are
governed by 3D processes such as
estuarine circulation and temperature
dynamics, which are unrealistic to
simulate in a 2D model.
Model Calibration / • The CMS model was updated with the
• The model could be
Validation
latest bathymetry and channel surveys
calibrated/validated using recent
but all other inputs in model
datasets available from multiple
calibration/validation were from 2005.
stations near to the MSC that are
• A detectable phase shift between the
newly installed and active or
modeled and measured water levels at all
have already retired but still have
the measuring stations was observed due
recent data.
to the offshore water level input from
• Multiple validation simulations
Bob Hall Pier station. The salinity
covering alternative periods with
variation was not accurately captured in
different wind regimes and
the salinity calibration simulation. The
incorporating recent input data
residual errors are high in some stations
could have made validation more
and errors seem systematic too.
robust and have improved the
• Only a 3-week calibration and 2-week
model performance.
validation simulation in
September/October 2005 was done so
calibration/validation has not captured
multiple meteorological variations.
• The influence of significant increase in
river discharge during the
calibration/validation period cannot be
seen in model output as expected.
• Only salinity calibration results were
presented but salinity validation results
were not shown in the report.
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Model Component Critique/Comment
Recommendation
Modeling Scenarios • Future sea level rise (SLR) was applied
• It is predicted that there will be a
in the scenario modeling just by raising
significant increase in salt marsh
input water level along the offshore
and open water in and around
boundary, but potential coastal
Matagorda Bay even with 0.573
morphological and land cover changes
m of projected SLR in 2074 used
due to the SLR have not been
in this study. Therefore, the
incorporated in the model. SLR can cause
potential landscape changes due
permanent changes in the landscape
to the SLR in the future scenario
when it inundates low-laying land, and
modeling could have given
the region is particularly vulnerable
different results.
because of low elevations and eroding
shorelines.
Modeling Result
• The difference in water level with and
• It will be beneficial to see the
without channel improvement projects is
impacts in tide range along
±0.05 m which is significantly higher
different points in the bays with
than similar study in Corpus Christi Bay.
the water level hydrographs for
• The maximum current speeds with and
further analysis.
without channel improvement projects is
within ±0.1 m/s for all three river flow
conditions, and ±0.5 m/s for Hurricane
Harvey inflow condition. However,
current speed of ±0.1 m/s is enough to
keep fine-grained sediment suspended for
longer leading to increased turbidity,
and ±0.5 can lead to enhanced shoreline
and channel erosion.
• It is not mentioned if "salinity" in this
study means bottom or surface salinity.
However, the difference of model
salinities with and without projects is less
than 2 PPT that might not have
significant consequence now but could be
a serious problem in future as climate
change can have compounding effects.
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Model Component Critique/Comment
Recommendation
Additional
• It is mentioned in the ERDC study that
• A numerical sediment transport
Modeling
more modeling studies are needed to
modeling that incorporates
understand sediment transport and
hydrodynamics and waves could
potential increase of channel shoaling
help not only to get accurate
rate due to the channel improvement
shoaling rates but also to
projects. The Corps Shoaling Analysis
understand the impacts on longTool (CSAT) was used to estimate annual
shore sediment transport due to
shoaling rate along MSC. CSAT uses
the channel improvement
channel boundary information, historical
projects.
channel surveys and dredging records to • A few representative storms of
compute shoaling rate and predict future
different characteristics can be
dredging volumes, but it does not include
simulated with and without
effects hydrodynamics and waves.
channel improvement projects
• A very important missing component in
that will assess how hurricane
this modeling study is an investigation of
storm surge may change in the
impacts of the channel improvement
bay with modified channels. This
projects on storm surge water levels and
hydrodynamic storm surge
inundation duration patterns in and
modeling can help evaluate storm
around Matagorda Bay. The USACE
surge impacts (e.g., additional
(2019) study has acknowledged increase
inundation area, inundation
in the frequency and intensity of tropical
duration pattern etc.) in and
storms due to future climate change along
around Matagorda Bay.
the extensive Texas coast, but a
hydrodynamic storm surge modeling
effort was not conducted to find any
additional inundation due to the
penetration of storm surge by increased
channel depth and width.

Groundwater and Hydrogeology
The Gulf Coast Aquifer is a shallow lens of freshwater beneath the bay. Deepening the
Matagorda Bay ship channel may potentially impact local hydrology and groundwater.
Dredging bay sediments risks breaching underlying confining layers which may disturb natural
pressure and flow fields in the shallow subsurface or allow increased communication between
previously confined groundwater and bay surface waters (Duncan 1972, Lautier 1998, Moore
1999, Teatini et al. 2017). Additionally, removal of contaminated bay sediments may place other
resources (i.e., groundwater) and habitats (i.e., wetlands or bird islands) around the dredge spoil
placement area at risk. Where the aquifer is in direct contact with the bay, water exchange will
occur. This groundwater-surface water interaction may result in salinization of the aquifer (i.e.,
saltwater intrusion) or focus fresh groundwater discharge at the breach (George et al. 2020),
depending on hydraulic heads (i.e., water table or potentiometric surface > sea level =
groundwater discharge to the bay, water table or potentiometric surface < sea level = saltwater
intrusion) and density differences (i.e., saltwater is more dense than freshwater and will sink into
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the aquifer) (see Santos et al. 2012 for more detailed discussion of mechanisms of groundwatersurface water interaction). Saltwater intrusion into coastal aquifers may render groundwater
non-potable as well as facilitate chemical reactions (e.g., ion exchange and oxidation-reduction
reactions) which chemically alter the intruding sea water and cause enrichment in radium,
barium, and nutrients (Moore 1999). Furthermore, interruption of the hydraulic connection, and
the associated nutrient inputs, to the seafloor farther offshore could negatively impact benthic
communities at the base of the food chain (Pinkney 2018).
Groundwater Case Studies
The potential impacts of ship channels and dredging projects on groundwater-surface water
interactions and coastal hydrology may be inferred from other studies.
• Duncan (1972) documented breaches in the confining unit above the Floridan aquifer that
correlated with dredged channels and turning basins in Port Royal Sound using seismic
surveys. Where the principal artesian aquifer is exposed to the saltwater of the estuary,
continued heavy groundwater withdrawals from the aquifer will lead to a gradual
acceleration of salt-water intrusion into the upper permeable zone of the principal artesian
aquifer.
• The Houston Ship Channel was identified as the source of saltwater that was detected in
shallow wells between Baytown and Houston, Texas, with analysis of inorganic
constituents, dissolved organic carbon, and tritium in groundwater and surface waters
(Jorgensen 1976). Estimates of the vertical leakage indicated that the saltwater intrusion
from the surface water to the Chicot aquifer, was not sufficient to substantially alter the
inorganic chemistry of the groundwater.
• In coastal Louisiana, simulation modeling of channels and canals found that under similar
conditions (e.g., freshwater inflow, wind speed and direction, tidal range), saltwater
intrudes farther inland in large and deep channels than in smaller and shallower channels
(Wang 1988). The 5-ppt isohalines were found to be 20 to 75 km (12.4 to 46.6 mi) from
their respective channel entrances. Computer simulations showed that deepening and
widening the channels increases saltwater intrusion and changes patterns of salinity
distribution in channels with more pronounced effects in large and deep channels than in
smaller and shallower ones. Furthermore, this saltwater intrusion may cause marsh
loss/retreat.
• A modeling study tested the significance of removal of confining beds by dredging and
resultant increase in surface area of aquifer materials in conjunction with present (19931994) and projected future (2020) pumping rates from nearby municipal and industrial
well systems in Wilmington Harbor (Lautier 1998). The slight decrease in groundwater
level in the future simulation was deemed to be due to increased pumping and not by
channel deepening.
• In southern Brazil, Santos et al. (2008) found that dredging the upper layer of soils in rice
irrigation canals removed the surface confining layer, thus, exposing the deeper, more
permeable sandy layers. The removal of the surface confining layer increased the
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groundwater fluxes to the lagoon by two orders of magnitude compared to the beaches
along the lagoon shoreline.
In coastal Baldwin County, Alabama, Murgulet and Tick (2008) identified direct
infiltration of surface water from the Intracoastal Waterway and saltwater ponds located
along the Intracoastal Waterway as a source of saltwater intrusion and contamination of
the shallow aquifer.
The USGS assessed the potential effects of navigation channel deepening in the St. Johns
River on salinity in the adjacent surficial aquifer system (Bellino and Spechler 2013).
Simulated results modeled a range of plausible hypothetical conditions and indicated
dredging would have little to no effect on salinity variations in the high use areas
upstream of the proposed dredging activities. However, given the models did not
necessarily simulate actual conditions, long-term monitoring of groundwater levels and
water quality were recommended to determine if any salinity changes occur within the
aquifer after deepening the channel.
An assessment of the hydrogeological effects of dredging navigable canals through
shallow lagoons in Venice found that dredging can perturb the natural pressure and flow
fields in the shallow subsurface area around the channel through tidal effects and shipwake effects (Teatini et al. 2017).
Preliminary results from a study that combined geochemical and geophysical surveys in
the urbanized Wismar Bay, southern Baltic Sea, shows that the bottom sediments in the
central bay have been impacted locally by excavation and shallow geologic units have
been changed (von-Ahn et al. 2021). The excavation reduced the shallow geologic
thickness of the aquitard promoting freshwater discharge to surface marine sediments
observed as a freshened porewater with a water isotope composition close to the local
meteoric water line of the southern part of the German Baltic Sea. This suggests
discharge of relatively modern freshwaters. These early results indicate that artificial
infrastructures, such as sediment channeling, may ease hydrological connections between
coastal aquifers and coastal bottom water increasing submarine groundwater discharge.
Hydrogeologic Units and Geologic Setting

The Lavaca-Colorado Estuary overlies the Gulf Coast Aquifer (GCA). The GCA is a major
aquifer paralleling Texas’ Gulf of Mexico coastline. The aquifer is used for municipal, industrial,
and irrigation purposes (George et al. 2011). It consists of several confined and unconfined
aquifers. A large portion of the water contained within the GCA is used for irrigation and
drinking water purposes by the rapidly growing coastal communities (Chowdury and Turco
2006). From the land surface downward, the GCA is comprised of the following hydrogeologic
units: the Chicot aquifer, the Evangeline Aquifer, the Burkeville confining unit, the Jasper
aquifer, and the Catahoula confining unit (Baker 1979, Kasmarek 2013). The Chicot aquifer
comprises (youngest to oldest) the alluvium, Beaumont Formation, Montgomery Formation,
Bentley Formation, and Willis Formation. All of the sedimentary units thicken toward the Gulf
of Mexico. Thus, while there is little to no risk from dredging of puncturing the major confining
units of the GCA, the Lavaca-Colorado Estuary is in contact with the Chicot aquifer’s alluvium
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and Beaumont Formations and local confining layers may be at risk. In the upper 30.5 m (100 ft)
of the Beaumont Formation near Lavaca-Matagorda estuary, three primary saturated sand and
silt zones have been identified with intervening clay layers (Scanlon et al. 2005). In the coastal
counties, the water table is typically 4.3 - 6.1 m (14 - 20 ft) below the surface and water-table
conditions (i.e., unconfined aquifer exposed to atmospheric pressure only) occur principally at
depths less than 30.5 m (100 feet) (Hammond 1969, Scanlon et al. 2005).
The freshwater part of the aquifer extends beneath the Gulf of Mexico to the southeast (Bruun et
al. 2016). Freshwater saturated thickness in the GCA averages about 305 meters (1,000 ft). The
maximum total sand thickness ranges from 396 m (1,300 ft) in the northeast to 213 m (700 ft) in
the south. Lavaca-Matagorda estuary marks a transition point for groundwater salinity (Bruun et
al. 2016, Young et al. 2010). Northeast of the estuary groundwater is predominantly fresh
whereas southwest of the estuary groundwater becomes more brackish to saline. The hydraulic
conductivity (the ability of a fluid to pass through the pore spaces and fractured rock) of the
aquifer also decreases from 2.13 m/d (7 ft/d) in the northeast to 0.3 m/d (1 ft/d) in the south. The
transmissivity (the ability of the aquifer to transmit groundwater throughout its entire saturated
thickness) of the aquifer ranges from over 1,301 m2/d (14,000 ft2/d) in the northeast to less than
93 m2/d (1,000 ft2/d) in the south (George et al. 2011). The GCA discharges the most
groundwater to surface water of all Texas aquifers, with an estimated 3.8 million acre-feet per
year (Bruun et al. 2016).
Groundwater seepage is often patchy, diffuse, temporally variable, and may be associated with a
complicated assortment of confined, semi-confined, and unconfined aquifers (Santos et al. 2012).
The geology of the GCA is complex due to cyclic deposition of sedimentary facies (Chowdury
and Turco 2006). The recurring sedimentation facies of the GCA were created by changes in
land-surface subsidence of the depositional basin and sea-level transgressions (i.e., rise) and
regressions (i.e., decline) (Kasmarek and Robinson 2004). Repeated sea-level changes and
natural basin subsidence created discontinuous beds of sand, silt, clay, and gravel. Fluvialdeltaic processes deposited continental sediments during periods of sea-level decline whereas
continental sediments were altered and marine sediments were deposited during periods of sealevel rise. Due to this complex depositional process, the aquifer facies alternate between the
predominantly continental sediments that compose the aquifers and the predominantly marine
sediments that compose the confining units and clay layers within aquifers. Thus, the GCA
system has a high degree of heterogeneity in both lateral and vertical extents and groundwater
may be locally confined by interbedded silt/clay lenses less than 1.8 m (6 ft) thick. Dredging bay
sediments risks puncturing one of these interbedded confining lenses within the surficial aquifer
creating contact between bay surface water and previously confined groundwater. The potential
impacts of dredging on the surficial aquifer will be site specific due to the interlayered,
discontinuous sequences of clay, silt, sand, and gravel formed by these depositional processes.
At the ALCOA site, three groundwater-bearing zones were identified that occur at relatively
consistent depths: Zone A at an elevation of 1.5 to -0.3 m mean sea level (5 to -1 ft msl), Zone B
at -6.1 to -9.1 m msl (-20 to -30 ft msl), and Zone C -14.9 to -20 m msl (-49 to -66 ft msl) (EPA
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2001, Scanlon et al. 2005). Zone A discharges to the bay system at the shoreline where it crops
out. Zone B discharges to the bay system in the existing ship channel and turning basin where
the deep channel intercepts Zone B. Zone C does not currently outcrop in the bay system.
Assuming the depth to Zone C remains consistent under the bay, the proposed deepening of the
ship channel to ~13 m (~44 ft) with an allowable over-depth of 0.61 m (2 ft) leaves ~1 m (~3.3
ft) of confining sediment in place and, thus, should not intersect this groundwater-bearing layer.
However, thinning the confining clay layer may enhance groundwater discharge to the bay (vonAhn et al. 2021). Groundwater discharges upwards through strata offshore from both Zone B
and Zone C. Similar layering of shallow groundwater-bearing zones may occur to the south of
the ship channel. The location of potential breaches and the direction of flow at these breaches
and degree of interaction requires further assessment for the Lavaca-Matagorda Estuary.
The Lavaca-Matagorda estuary surficial sediments are predominantly fine-grained mud (White et
al. 1989). These middle bay muds are ~10 m (~33 ft) to ~15 m (~49 ft) thick (Anderson et al.
2016). This low hydraulic conductivity mud “cap rock” within the estuary likely acts as a
confining layer that may limit groundwater discharge to the bay or redirect groundwater flow
along the paleovalley margins (Spalt et al. 2018). The existing ship channel is ~11 m (~36 ft)
deep, which means it may have already completely removed the mud cap in places. The
proposed deepening of the ship channel would increase the depth of the channel to ~13 m (~44
ft), potentially exposing a larger area of the underlying aquifer. The low relief/elevation of the
coastal plain creates small hydraulic heads. Thus, hypothetically, in dry years/drought
conditions, when the water table lowers saltwater intrusion into the aquifer could potentially be
exacerbated by the increased connections between the surface water and groundwater, like the
findings of Duncan (1972). Alternatively, further exposure of the underlying aquifer could
greatly increase the volume of groundwater discharging into the bay, like the findings of Santos
et al. (2008).
Finally, concerns for the mobilization of contaminants from the dredge spoils into the
groundwater raised by Battelle (2018) in the final IEPR report should be addressed. Mercury has
an affinity for clay, iron oxides, and organic matter in sediments (Różański et al. 2016) and the
highest concentrations of mercury have been observed in Lavaca Bay at the end of the
Matagorda Ship Channel near the ALCOA site where clayey mud is the dominant sediment type
(see Mercury Mobilization section below). While transport of mercury by leaching to the
subsurface and groundwater is often thought to be insignificant, the influence of mercury
speciation on transportation rates within soils is not well constrained and varies greatly between
sites and within sites (O’Connor et al. 2019 and references therein). Factors that influence
mercury transport in soils and porewaters include: the availability and solubility of different
mercury species (e.g., organo-Hg compounds have low solubility whereas methylmercury
hydroxide is highly soluble), the properties of the soil solution (e.g. presence of organic matter or
excess sulfide ions, Eh and pH conditions), composition of organic matter (e.g., HgS may be
soluble in waters containing fulvic acids or thiol ligands whereas humic substances may inhibit
this process), and mineral composition of the sediments (e.g., high clay content of soil may
reduce mercury transport due to mercury sorption to clay mineral surfaces or reduced
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permeability, mineral kaolinite particles in porewater may resorb mercury from sand through
competitive sorption and act as a carrier in soil pores). Though it is likely only the shallowest
unconfined unit of the Chicot aquifer would be at risk, a site-specific assessment of the mercury
speciation and sediment and groundwater/porewater properties would be necessary to address the
concerns posed by the dredge spoil placement.

Ecological Assessment
The location of the project area is taken from Slide 8/Page 8 entitled “Placement Plan” from a
public presentation by Corragio Maglio (Figure 6, Maglio 2019). This “plan” is used in the
habitat overlays below.

Figure 6. Proposed channel, basin, and placement areas (Maglio 2021) used in all habitat comparisons.

The Mitigation Plan is also presented in the presentation (Maglio 2021) and the study (USACE
2019, Appendix B, Section 5).

Table 9. Habitat mitigation plan (Maglio 2021,USACE 2019.

Habitat Type
Oyster Reef
Bay Bottom
Offshore Bottom
Oyster Reef

Acreage Impacted
129.2
3927
2053

Acreage Created

130
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Responsible Action
Dredging/Placement
Placement
Placement
Mitigation

Habitats
The proposed plan to deepen and widen the Matagorda Bay ship channel may impact important
habitats including oyster reefs, seagrass beds, and the open bay bottom. The physical removal of
the substrate and the deposition of material are the most likely direct effects of dredging projects
(Erftemeijer et al. 2012). Dredging activities may affect habitats indirectly as a consequence of
increased sedimentation, which can potentially bury/smother benthic communities (Maurer et al.
1981, Jones and Candy 1981, Wilber and Clarke 2001, Fraser et al. 2017). When considering a
dredging operation, it is important to think about the resources that may be impacted. Valued
ecosystem components (VECs) are resources that have been identified as having aesthetic,
ecological, economic, or social value (Montagna et al. 2013). These resources include species
that create habitat for other organisms (foundation species) and are iconic to an area such as
oyster reefs and seagrass beds. Some resources may be more sensitive to increases in
sedimentation than others (Erftemeijer et al. 2012). Ecosystem services are the benefits provided
by the environment to human health and well-being (Costanza et al. 1997). For example,
seagrass beds provide services such as coastal protection, erosion control, water purification,
tourism, education, recreation, and research (Barbier et al. 2011).
Oyster reefs
Oyster reefs are valued for the ecosystem services they provide (Grabowski and Peterson 2007).
Oyster reefs supply habitat for marine species (Grabowski et al. 2005), serve as a foraging
ground for juvenile fish species (Coen et al. 1999), reduce erosion by acting as natural
breakwaters (Meyer et al. 1997, Scyphers et al. 2011), and act as a biological filter to clean the
water and process estuarine substances (Dame et al. 1984). Oysters are also recognized for their
economic importance as both a commercial and recreationally harvested species (Pollack et al.
2013). The concern for oyster habitats being impacted by dredging activities stems from the
catastrophic loss of oyster reefs to non-dredging related sedimentation events (Wilber and Clarke
2001). Sedimentary particles can obstruct the oysters’ filtering apparatus, which would require a
significant amount of metabolic energy to remove (Volety and Encomio 2006). This can result
in death by smothering or hypoxia or hypoxia/anoxia, decreased fitness because of diminished
reproductive energy allocation, or poor health due to immunologic stress. (Volety and Encomio
2006).
Sedimentation has been measured on intertidal oyster reefs in South Carolina (Hadley et al.
2010). Five sites of multiple-aged reefs were sampled using oyster population parameters.
Sediment coverage was negatively correlated with abundance and overhead photographs
demonstrated the reduction of oyster habitat that occurs from sedimentation.
Surveys were conducted on the oyster bottom in Chesapeake Bay to document the sedimented
oyster habitat (Smith et al. 2005). Researchers performed 16 surveys that covered a total of 39
km2 (15 mi2) of bottom that was classified in 1911 as supporting oyster populations. Over 90%
of this area has degraded from productive oyster bottom to mud, sand, or heavily sedimented
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oyster shell (Smith et al. 2005). Larval oysters prefer to settle on hard substrates and adult oyster
shell which results in the formation of an oyster reef. However, the presence of sediment on an
oyster reef may inhibit larval recruitment (Mackenzie 1983). Severe sedimentation in
Chesapeake Bay rendered the area unsuitable for oyster habitat and recruitment.
Field experiments were conducted in the lower Chesapeake Bay to examine eastern oyster
populations and the relationship between reef height and sedimentation (Colden et al. 2017).
Reefs higher than 0.3 m (1 ft) supported greater oyster density and survival. There was also less
sediment deposition. Reefs lower than 0.3 m (1 ft) experienced heavy sediment deposition and
were ultimately buried (Colden et al. 2017)
The oyster habitat located in Lavaca Bay is in the path of the proposed dredging site (Figure 7).
TPWD (2004) used sidescan sonar data to determine where hard bottom surface structures were
in Lavaca Bay. While oyster reefs were the most common highly acoustically reflective surface,
oyster covered pilings, oyster covered pipelines, and hard surface sand deposits also displayed a
high reflectance signature. Sub-bottom profiler data was consulted in hard bottom areas and
signature verification cruises were conducted to verify oyster reef signatures. This study mapped
a total of 3,249 acres of oyster reefs in Lavaca Bay. Some of the major reefs mapped were Lap
Reef, Gallinipper Reef, San Point Reef, Keller Reef, and Middle Ground Reef. There were also
numerous small, mainly linear patch reefs that had developed, particularly along the submerged
spoil banks adjacent to the dredged ship channels. TGLO (2004) used acoustic equipment and a
poling technique in shallow areas to determine the location of the oyster reefs.
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Figure 7. Oyster reef habitat overlaid with dredging and placement plans (Maglio2021).

The oyster reefs may be directly impacted by construction or indirectly by high sediment loads
(Figure 8). A total of 838.63 acres of oyster reef habitat overlaps with the outline of the new
channel and new and existing spoil placement areas.
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Figure 8. Oyster reef habitat within the project area.

Seagrass beds
Seagrass provides important ecosystem services. Benefits include stabilizing the sediment,
providing food and shelter for marine life, and oxygenating the water column. Seagrasses are
highly sensitive to changes in water quality, sediment loading, and other inputs that accumulate
due to the alteration of coastal water bodies (Dennison et al. 1993). Therefore, seagrasses can be
useful for identifying changes in environmental thresholds that are triggered by dredging
operations. Seagrasses can be directly affected at the dredge and disposal sites, when they are
often physically removed or buried, or indirectly by changes in water quality or bathymetric
changes, which may sometimes occur because of dredging activities (Erftemeijer and Lewis
2006).
There are five species of seagrass that exist along the Texas coast. Shoalgrass (Halodule
wrightii) is the most common seagrass along the coastline and is usually found in water is about
0.3 – 1 m (1 - 3 ft) deep. Star Grass (Halophilla engelmannii) is a small seagrass that is found in
mixed beds with other types of seagrasses. Both Manatee Grass (Cymodocea filiformis) and
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Turtle Grass (Thalassia testudinum) are found in shallow waters ranging from 0.6 -1.5 m (2 - 5
ft). Lastly, Widgeon Grass (Ruppia maritima) is mostly found is freshwater however, it has a
high tolerance for salinities and can therefore be found in some Texas estuaries. Seagrasses’
ability to resist and recover from dredging disturbances varies by species and is related to life
history characteristics (Fraser et al. 2017).
A study by Kilminster et al. (2015) summarized seagrass vulnerability to disturbance by
grouping species of seagrass into three categories based on their life history characteristics.
Persistent species are those with long turnover times and are more resistant to disturbance. A
typical persistent species is Turtle Grass. Colonizing species have limited resistance to
disturbance but they recover quickly. Typical colonizing seagrasses include Shoal Grass,
Widgeon Grass, and some species of Star Grass. Opportunistic species share traits with both
classifications. Typical opportunistic seagrasses include Manatee Grass.
Onuf (1994) conducted an analysis of seagrass cover in response to dredging activities between
1965 - 1988 in the Laguna Madre. Light reduction caused by turbidity plumes from maintenance
dredging was the primary cause of seagrass losses. It was found that adverse effects were
strongest close to disposal areas; however, they were still detectable over 1 km (0.62 mi) from
the nearest dredge disposal area. Effects were seen up to 10 months after dredging in the
seagrass meadow and transition zone. It was suspected that dispersion events caused by windgenerated waves were responsible for the prolonged effects.
Another study by Sheridan (2004) analyzed long term alterations in seagrass habitats at dredged
material placement sites in Laguna Madre, Texas. Maintenance dredging occurred between 1994
- 1995 and seagrasses were buried at disposal sites. Seagrass characteristics were measured and
compared to nearby and distant seagrasses over three years. Signs of steady seagrass recolonization occurred in the latter half of the study period. Mean seagrass coverage of deposits
had reached 48% approximately 3 years after dredging occurred. Halodule wrightii significantly
recovered within 3 years.
Seagrasses most at risk in Lavaca and Matagorda Bay are Halodule wrightii and Thalassia
testudinum. Seagrass beds exist predominately along the western shores of Matagorda Bay, near
the proposed dredging site (Figure 9). The dataset from TPWD is comprised of a merged
compilation of seagrass datasets from various surveys conducted by TPWD, U.S Geological
Survey, and the University of Texas Bureau of Economic Geology. Aerial photo interpretation
and digitization or ground transects was used to provide data. The TPWD dataset represents
seagrass distributions from 2001 or 2007. TPWD will be releasing an updated Matagorda Bay
seagrass dataset in 2021. The dataset from NOAA represents a comprehensive shapefile that
includes all submerged aquatic vegetation (SAV). NOAA Coastal Services Center worked
cooperatively with TPWD and Texas A&M University Center for Coastal Studies to develop
SAV data for the coastal bays.
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Figure 9. Seagrass habitat areas (TPWD 2007, NOAA 2007) and the project location areas (Maglio
2021).

The intersection between the project area and seagrass habitat is shown in orange hatching in
Figure 10. The new unconfined open-water placement area NP 2 is located along the seagrass
habitat. A total of 1017.39 acres of seagrass is predicted to be affected by dredging operations
spoil placement. It is likely that additional seagrass loss will occur due to light reduction caused
by turbidity plumes. Based on existing literature, the seagrass beds in Matagorda Bay may take
up to 3 years to fully recover. Seagrass habitat is not listed in the mitigation plan (Maglio
2021,USACE 2019, Table 9).
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Figure 10. Area of seagrass habitat that could be effected by the prject.

Bay Bottoms
Benthos are essential to the functioning of an ecosystem. They play an important role in the food
web and serve as an indicator of environmental conditions. Benthic-pelagic coupling is a
concept that involves the exchange of energy, nutrients, and organisms from the benthos to
pelagic or demersal nekton (Nunnally, 2019). Nutrients such as nitrogen silicate and phosphorus
are recycled by processes in the benthos. Additionally, the decomposers and detritus feeders that
live on the bay bottom break down dead plants, animals, and waste products. Benthic organisms
are separated into two groups based on their habitat: infauna and epifauna. Infauna burrow
themselves into the sediment and epifauna live either directly on the surface of the bay bottom or
attached to hard surfaces. Benthic organisms are often used as bioindicators of disturbance
because they are relatively long lived, typically immobile and susceptible to changes in their
environment (Montagna et al. 2013). Dredging results in the removal of benthic habitat as well
as the epifaunal and infaunal organisms. The organisms can be impacted directly during the
physical removal of the substrate or indirectly by smothering during spoil placement. The type
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of sediment and the thickness of the deposited sediment layer are highly relevant for the survival
of the benthic community (Powilleit et al. 2009). The limit for the different species to survive
burial by burrowing to the sediment surface is called “fatal depth” (Essink, 1999). However,
benthic organisms can still be affected even before fatal depth is reached. The potential impacts
of dredging on the benthic community depend on biological process such as feeding
mechanisms, life history characteristics, mobility, stage of development, and environmental
conditions (Fraser et al. 2017). The effect of sedimentation on sessile organisms depends on the
duration of exposure, proximity to the dredging operations, and morphology. Mobile benthic
invertebrates are generally less vulnerable to sedimentation because they can move to less
disturbed areas. Because certain critical life stages are still susceptible to many indirect impacts
of sedimentation, mobility alone does not suggest that these organisms are resistant to dredging
(Fraser et al. 2017). The effects of dredging and sediment disposal on benthic fauna has been
investigated.
Rice et al. (1981) conducted a study to evaluate the effects of dredged sediments on benthic
communities from Bayboro Harbor in Florida. It was concluded that reduced densities were
detected, and the benthic environment suffered from severe degradative effects at the dredged
disposal site. However, it was acknowledged that some buried habitats may be uncovered
quickly while others may remain affected for years.
In a study by Saloman et al. (1982), benthic data was analyzed from Panama City Beach, Florida
to study the effects of offshore dredging. Results showed that dredging caused an immediate
decline in the benthic community followed by a rapid recovery in both number of individuals
and number of species after 1 year. The same area was analyzed 3 to 4 years after dredging
occurred and there were no long-term adverse effects detected (Cutler and Mahadevan 1982).
Following a dredging project near Fort Pierce Inlet, Florida, changes in benthic fauna were
monitored (Johnson and Nelson 1985). Researchers observed a 72% reduction in the abundance
of benthic communities. Conversely, a study by Blake et al. (1996) sampled benthic faunal
community conditions at four locations off the coast of Florida pre-and post-dredging activities,
and no change was found in density or infaunal species richness after dredging operations.
A study conducted outside of the United States yielded similar results. Powilleit et al. (2009)
measured responses of six different macrobenthic invertebrates from a brackish water habitat in
Mecklenburg Bay (western Baltic Sea) to test the organisms’ escape reaction to dredged
material. Three bivalves (Arctica islandica, Macoma, Balthica, and Mya arenaria) and a
polychaete (Nephtys hombergii) showed high escaping potentials as they successfully escaped 32
- 41 cm (1 – 1.3 ft) of deposited sediment. One polychaete (Bylgides sarsi) escaped from 16 cm
(0.52 ft) of sediment and the other (Lagis koreni) did not migrate.
Based on the literature, dredging operations may have immediate adverse effects on Lavaca and
Matagorda Bay’s open bay bottom habitats. It is likely that the maintenance dredging will result
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in sedimentation/burying of the benthos. Based on existing literature, recovery of the benthic
communities is expected to occur in the range of 1 - 3 years.
Turbidity Effects
Sediment resuspension can lead to turbidity, which is often a temporary effect of dredging.
Turbidity is a visual measurement of the clarity of a liquid and serves a major indicator of water
quality. Turbidity is composed of the particles suspended or dissolved within water producing a
cloudiness or muddiness (International Association of Dredging Companies 2021). Naturally
occurring turbidity takes place in all water bodies during storms, river inflow, tides, algal
blooms, and seasonal wind events. As turbidity levels increase there is a decrease of optical
quality within the water, and a decrease in the distance that light can reach within the water.
Turbidity is not classified as a pollutant but indicates how much inorganic and organic matter or
sediment is in the water. Total suspended solids (TSS) are a measurement of particles within the
water, the greater level of TSS, the cloudier the water leading to higher levels of turbidity.
Another common unit to measure turbidity is Nephelometric Turbidity Units (NTU), and NTU
measures the average volume of particles by incident light scattered at right angles from the
sample.
Photosynthesis / Phytoplankton / Primary Production
Because increased turbidity reduces light, there is concern about the effects on photosynthesis,
which requires light. Turbidity is a natural occurrence in water, and many marine species
tolerate and survive in low light conditions depending on exposure time. Natural occurring
turbidity can reduce sunlight for a short period of time, but an increase in turbidity can result in
the disruption of flora and fauna within the environment. Photosynthesis can be greatly
disturbed when sunlight is blocked from penetrating water by turbidity. Particulate matter or
suspended solids modify light penetration, reducing sunlight, leading to the reduction in
productivity of benthic alga and primary producers within an area (Birklund 2005). Light regime
effects on primary production by phytoplankton and macrophytes are dependent on variables
such as temporal and spatial scales of the exposure for available light, nutrient concentrations,
and the requirement of light for specific species (Birklund 2005).
Bioindicators commonly used to analyze water quality and ecological conditions from a change
in turbidity are phytoplankton. Phytoplankton are sensitive, respond quickly to water quality
changes, and remain in one general area. A case study in the Tagus estuary (Portugal) where
sediments were dredged for 5 months to extend a navigable waterway measured phytoplankton
biomass using chlorophyll a concentration and a species richness index (Cabrita 2014).
Analyses compared data before dredging and during dredging. The biomass of phytoplankton
(as indicated by chlorophyll a) during dredging was similar to the seasonal patterns found within
the Tagus estuary before dredging, leading to a conclusion that dredging had minimal impact on
the variability of phytoplankton biomass. Thus, it was determined that short term dredging did
not result in light limitations or reduction of phytoplankton biomass (Cabrita 2014).
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Seagrass can also be affected by dredging because they require light to reach the bottom. An
environmental monitoring program occurred on the Danish-Swedish border in Öresund to
determine the effects of a dredging project of approximately 7 million m3 of material from the
seabed (Valeur 2001). Eel grass, Zostera marina, covered a large portion of this marine
ecosystem. During this dredging event, eelgrass was reduced near the dredging site due to the
reduction of transparency in the water, but the long-term evaluations determined that there were
no permanent regional changes in turbidity and sedimentation from this construction. The
population of eelgrass was last surveyed with expectation of full recovery. However, if a
permanent increase of turbidity occurs in Matagorda Bay, then a loss of seagrass habitat is likely.
Filter Feeding
Particulate matter resuspended in the water column in high concentrations can affect filter
feeders. Turbidity may impact filter feeders by clogging the feeding appendages with inorganic
material with low nutritional value, or diluting suspended organic food (Birklund 2005, Zarillo et
al. 2009). The suspension of inorganic particles can affect the quality of filtered material,
leaving filter feeders exerting more energy in the process of food selection. Increased turbidity
and increased sediment concentration may lead to harmful impacts on benthic organisms because
these organisms are at risk for slowed growth and tissue abrasion. Indirect effects can also
occur. The release of nutrients to the water column from harmed organism tissue includes
organic matter such as carbohydrates, fats, and lipids (Zarilla et al. 2009). The release of these
nutrients can stimulate bacterial metabolism and blooms that may in turn lead to hypoxia or
anoxia formation as a result from increased oxygen consumption locally.
Filter-feeding bivalves are common in the proposed dredged site. Bivalves are adapted to
tolerate natural concentrations of suspended matter in the water column and have a protection
mechanism for sediment overload with the ability of closing their valves (Widdows et al. 1979).
The feeding response of unionid mussels were compared in clear water and turbid water, with the
expectation that turbid water would impair mussel feeding (Tuttle-Raycraft and Ackerman
2019). The particle clearance rates peaked at the lowest TSS concentration with the highest
velocity of water movement. In contrast, the mussels experienced a low clearance rate at higher
TSS concentrations with low velocity rates. An increase in velocity of water movement led to a
higher clearance rate and the mussel’s ability to feed despite the level of TSS within the water. It
was determined that the feeding rate of these mussels was impacted by the concentrations of
organic and inorganic material as well. But the clearance rate of these bivalves was greatly
influenced by the TSS and the velocity of water. With an increase in water velocity and high
levels of TSS, the mussels experienced a 40 - 60% increase in clearance rate (Tuttle-Raycraft and
Ackerman 2019). If turbidity is increased in the proposed dredging site, then it is likely there
will be effects on filter feeding mollusks.
Fish effects
Feeding and migration of fish may be affected by turbidity levels. Some predators and prey rely
on the detection of each other by sight, which can be affected by turbid water. The risks that are
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a result of this impairment include changes in trophic interactions within the food web and poor
nursery habitat conditions (Pekcan-Hekin 2007). Predation can be greatly affected by low
visibility of water and lack of light levels. Turbidity reduced the efficiency of hunting prey for
planktivorous fish, and loss of benthic prey due to the clogging of feeding structures (Hecht and
Van der Lingen 1992, Benfield and Minello 1996).
Fish communities often reside at the edge of a plume, between the turbid and clear water. Prey
can hide from predators such as birds or larger fish. An analysis was performed on the behavior
of herring and cod in waters with differing thresholds of sediment plumes. It was discovered that
both species were similar in sensitivity and the avoidance threshold was around 3 mg/L in clay
plumes (Westerberg et al. 1996, Johnston and Wildish 1981). This threshold was determined to
be the avoidance limit for both herring and cod for TSS. The cod were placed in nighttime
conditions with low light visibility and the avoidance threshold levels were consistent with
daytime predation rates (Westerberg et al., 1996). Although this laboratory study identified the
avoidance level, in situ field conditions can be different and predicting effects can be difficult.
When species of fish experience a sediment gradient along an area, tolerance and avoidance
levels in this area may change.
Many commercial fish have pelagic eggs. Species of fish found in the proposed dredged site,
such as black drum (Pogonias cromis), red drum (Sciaenops ocellatus), and spotted seatrout
(Cynoscion nebulosus) have pelagic eggs. Water columns with high concentrations of total
suspended solids are expected to alter the sinking rates of eggs dispersed throughout the water
column. An analysis of cod revealed a positive linear relationship between the concentration of
suspended silt sediments and the sinking rate of cod eggs (Birklund 2005, Westerberg et al.
1996). The eggs stick to the suspended clay or mud sediment leading to a faster sinking rate. An
increase in sinking rate of pelagic eggs can increase egg mortality if the egg reaches the bottom
before development is complete.
Mercury Mobilization
The Aluminum Company of America (ALCOA) released wastewater, containing mercury (Hg),
into Lavaca Bay from 1966 to 1979 (EPA 2001). Human exposure to different forms of Hg can
affect areas of the brain, kidneys, gut lining, and can be distributed to other organs throughout
the entire body (Bernhoft 2012). In the estuarine and marine environment, Hg can be
biomagnified in food webs making fish dangerous to eat, and human exposure is often due to
consumption of contaminated fish. Mercury is volatile, so other exposures come from outgassing, and Hg can be absorbed into the human body through two routes: inhalation and
ingestion. In Lavaca Bay, most of the Hg in sediments is in the area surrounding the dredge
spoil island (Bissett 2008). Past dredging events are known to have mobilized the Hg in the
sediments (Bloom and Lasora 1999). This Hg contaminated area is within the proposed
dredging project area, thus there are four areas of concern: 1) short-term effects of the
mobilization of Hg during dredging, 2) long-term effects of the mobilization of the Hg, 3)
bioaccumulation and biomagnification of Hg, and 4) a potential change in Hg dynamics due to
nutrient loading.
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The historic ALCOA Hg discharge site was in the area where road FM 1593 ends (Bloom 2004).
Hg concentration assessments in bay sediments have not been conducted recently, and the last
sampling collection was conducted in 2002. A new Hg concentration assessment should be
conducted to accurately assess the current location and concentration of the Hg in Lavaca Bay,
Texas. A review, summary, and model of the distribution of Hg in sediments demonstrates the
highest concentrations around the dredge spoil island, within the area that is now closed (Bissett
2008, Figure 11a). Bisset (2008) also predicted Hg concentrations in oyster tissues, and they are
high, i.e., > 1 μg/g, throughout Lavaca Bay (Figure 11b). The concentration of Hg in sediments
is highest at a sediment depth between 10 – 30 cm (.003 -01 ft) (Bloom et al. 1999).

Figure 11. Predicted mercury concentrations in Lavaca Bay (a) sediments and (b)oysters (Bissett et al.
2008).

The map of Hg distributions from Bisset (2008, Figure 11) was overlayed with the project design
provided in the USACE public presentation (Maglio 2021, Figure 12). The main area of concern
can be seen at the terminus of the MSC project where the turning basin will be located, and the
highest concentrations of Hg in the sediment are found (Figure 13a).
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Figure 12. Mercury distribution in sediments (a) and oyster tissue (b) provided by Bisset et al. (2008) and
project design provided by Maglio (2021). The yellow lines indicate the position of the Matagorda Ship
Channel, and the purple outline indicate proposed location for dredge spoil placement.

The dependence of Hg toxicity is driven by dynamics of Hg and methylation because methyl-Hg
is the organic, toxic form. Methylation of Hg occurs in reducing sediments rich in sulfate (King
et al. 2001). These kinds of sediments are typical of estuarine muds. Once mercury is
introduced into the environment it can attach to sediments or TSS in the water column, settle to
the bottom, and begin to methylate. Nutrients found in the water column, mainly Nitrogen, will
also methylate in the sediment. The chemical competition between Hg and other elements can
result in Hg remaining in the water column for longer periods of time (Driscoll 2012). The
dynamics of the short-term effects of the mobilization of mercury are mainly affected by the
methylation of Hg. High concentrations of Hg can be observed in correspondence to fine
sediment grain size, such as clay and silt (Covelli 2021). Methylation of Hg is both a biotic and
abiotic process (Celo et al. 2006).
Given the importance of fine sediments in Hg methylation, the distribution of fine sediments
(White et al. 1989) was overlayed on Figure 12 to display the location of muds (i.e., the clay +
silt fractions) in Lavaca Bay, Texas (Figure 13). The location of the muddy sediments
corresponds to the location where the highest Hg concentrations were recorded. Lavaca Bay,
Texas is known to have “high sedimentation rates and low remixing rates” (Bloom et al. 2004).
When Lavaca Bay sediment in sea water is shaken in the laboratory, between 1% and 5% of the
Hg attached to the sediment is desorbed and released into the water column (Bloom 1999).
Considering that in Lavaca Bay there are high sedimentation rates, low remixing, and high
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methylation after dredging, it is likely that mobilization of the Hg will be high (Bloom et al.
2004).

Figure 13. Mercury concentrations in Lavaca Bay (a) sediments, and oyster tissue (b) (Bissett et al.
2008), project location and footprint (Maglio 2021), and sediment grain size as percent mud in orange
isopleths (White et al. 1989).

In contrast, in the sediments of the Gulf of Trieste (northern Adriatic Sea, Italy), only 1.3% of
Hg compounds are soluble, so that a resuspension event there caused by dredging over a limited
period of time might have a negligible impact to the water column (Covelli 2021).
The dynamics of the long-term effects of the mobilization of mercury is affected by continuous
resuspension events which could occur due to depression waves (i.e., the wake) created by ships
as they move through a channel (Teatini 2017). The increased surface area of the MSC, after
dredging is completed, allows for a greater disturbance following each depression wave. These
resuspension events could be responsible for maintaining a slightly higher level of Hg
concentration in the water column for a longer period of time after the concentration spike from
the dredging event itself.
Lavaca Bay is a Superfund site with an area closed to fishing (Figure 14). The elevated Hg
concentrations in the water column and sediments can cause Hg and other heavy metals to be
ingested or absorbed via bioaccumulation by smaller organisms and biomagnified up the trophic
levels when they are fed upon by larger fish.
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Figure 14. Alcoa, Point Comfort, Lavaca Bay Superfund Site (EPA 2021). Blue lines are ship channels.
Red lines is boundary of former Alcoa plant and area of water closed to fishing.

Biomagnification of Hg is concentrated up the trophic levels with the mass consumed by each
level (Capuzzo 1987). One particular fish of human interest is red drum (Sciaenops ocellatus), a
popular sport fish, that have been found to contain around twice the level of Hg that is safe for
human consumption (EPA 2019). Mercury concentrations in red drum tissues have been slowly
declining since 1997 (EPA 2012, Figure 15). The most recent sampling in 2020 has measured
the lowest concentrations of Hg in fish tissue to date. If dredging of the MSC mobilizes a
significant amount of Hg, then this downward trend could be halted or reversed resulting in red
drum containing an unsafe level of Hg for an extended period of time.
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Figure 15. Average mercury concentration in red drum tissue found in Lavaca Bay (EPA 2021). Red
drum collected from the open area of Lavaca Bay (blue) and closed area (green).

Plastic and Microplastic
Plastic and microplastic contamination may also play a significant role in the Lavaca-Matagorda
Bay system in relation to contaminant transport (i.e., mercury and PAHs) and food webs and it is
possible that their presence could alter food web dynamics due to dredging. Plastics can
negatively impact organisms of different trophic levels, from plankton through bivalves, fishes,
birds, and up to large mammals and turtles, through contact or ingestion (Santos-Echeandía et al.
2020 and references therein). However, the effects of microplastics on organisms vary widely
because there are many variables to consider and there is still much to learn about transport,
uptake, and stress mechanisms. Several studies have demonstrated that pollutants, such as heavy
metals (Fernández et al. 2020, Holmes et al. 2014, Nakashima et al. 2012, Rochman et al. 2014)
and hydrophobic organic matter (Lee et al. 2014), adsorb on plastic surfaces in marine
ecosystems and could act as vectors for the entry of metals and organic matter into marine food
webs. Metals have been shown to adsorb onto microplastics at concentrations that are several
orders of magnitude higher than in the surrounding water, thus increasing the potential exposure
to aquatic organisms (Holmes et al. 2014, Nakashima et al. 2012, Naqash et al. 2020).
Additionally, microplastics have been found to adhere to the surfaces of macroalgae (i.e.,
seagrasses) where the contaminated microplastics may also enter the marine food chain through
the consumption of such primary producers (Gutow et al. 2015, Priscilla et al. 2019).
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Some plastic polymers, such as polyethylene (PE), polypropylene (PP), polyurethane (PUR), and
foamed polystyrene (foamed-PS), are less dense that seawater and float (Santos-Echeandía et al.
2020). These lighter polymers often wash ashore and are found as plastic litter on beaches and
coastlines. However, more dense polymers, such as polyvinyl chloride (PVC), polystyrene (PS),
and thermoplastic polyester (PET), have greater densities than seawater and will sink in the
aquatic environment. These heavier polymers may accumulate or be buried in the sediments.
Microplastics may be divided into primary and secondary types (Naqash et al. 2020). Primary
microplastics are manufactured deliberately such as pellets and mircobeads found in cleaning
agents, paints, and cosmetic products. Secondary microplastics are created by size reduction of
plastic debris by physical and chemical processes, such as weathering, exposure to ultraviolet
radiation, and mechanical forces. Commercial plastics commonly contain various chemical
additives, which include plasticizers, UV inhibitors and flame retardants that protect the plastic
from breakdown caused by irradiation and weathering, while also increasing consumer uses (Lee
et al. 2020). While the additives help improve the product quality, they can also leach from the
plastic when it is in the environment.
In areas with metal or organic matter contamination of the sediments, such as Lavaca Bay
(mercury and PAHs), higher contaminant concentrations may sorb onto the plastics, particularly
polystyrene, due to prolonged contact and greater weathering of the plastic. While in the
sediments, the plastics may pose a risk to benthic sediment feeders or detritus feeders (Karlsson
et al. 2017, Panti et al. 2015, Priscilla et al. 2019). If a resuspension event were to occur, such as
a tropical storm or dredging project, plastics in the sediment may be resuspended and transported
elsewhere. Thus, resuspension events potentially reintroduce contaminated plastics into the
water column where they may once again come into contact or be ingested by estuarine
organisms or disperse/transport the plastic and associated contaminants to somewhere else in the
environment. Given the known mercury and PAH contamination in Lavaca Bay and their
genotoxic (Santos-Echeandía et al. 2020), carcinogenic, mutagenic, and toxic effects (Guven et
al. 2018), this raises concerns about microplastics in the sediments and the potential for them to
act as contaminant transport vectors.
The role of plastics and microplastics in Lavaca-Matagorda Bay as a vector for contaminant
transport is not well constrained. In addition to the plastic litter typical of most bay ecosystems,
Lavaca-Matagorda Bay also has abnormally high amounts of pre-production plastics and
powder/flakes in its waters and along the shoreline due to releases by Formosa Plastics.
Furthermore, while it is assumed that sediments in the vicinity of Formosa Plastics will have
more microplastic contamination as the Nurdle Patrol finds more plastic nurdles washed ashore
in Cox Creek and near the plant (Tunnell 2021), the actual concentrations and distributions of
plastics in the sediments of Lavaca-Matagorda Bay are currently not well understood. As part of
a recent legal settlement, Formosa Plastics Corporation must pay outside contractors to
remediate the pellets and powder accumulated in Cox Creek and Lavaca-Matagorda Bay.
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On-going MBMT plastics research
The Matagorda Bay Mitigation Trust has funded research to resolve the prevalence of plastics
and measure mercury concentrations, to map the concentration and distribution of microplastic
particles in water and sediment, and to assess the toxicity and bioaccumulation of persistent
pollutants that adsorb to microplastic particles.
• Jeremy Conkle, Texas A&M University-Corpus Christi – Mercury and Plastic in
Commercial and Recreational Fisheries in Lavaca, Matagorda, and San Antonio Bays:
Risk Assessment and Interaction between the Two Contaminants
o This study will investigate the prevalence of plastic, measure Hg concentrations,
and calculate the selenium:mercury molar ratios in commercial and recreational
fisheries (e.g., red drum, black drum, spotted trout, shrimp, blue crab, and
oysters). Experiments will investigate the extent Hg can bind to plastic and its
potential role as a source of mercury to biota.
• Zhanfei Liu, University of Texas – Microplastic concentration in sediments and waters of
Matagorda and San Antonio Bays: Initial assessment and mitigation plans
o This study will map the concentration of microplastic particles in the water and
the surface sediments (top 10 cm) in order to identify areas with high microplastic
concentrations, identify the most likely sources for microplastics (recent and
past), and understand the microplastics’ transport pathways in the estuaries as
floating in the water column, primary sources (entering the bay), and secondary
sources (within the bay) such as erosion/resuspension and re-sedimentation. Maps
of microplastics distribution and any “hot spots” are expected by 2024.
• David Hala, Texas A&M University-Galveston – The fate and toxicity of microplastics
and persistent pollutants in the shellfish and fish of Matagorda Bay
o This study will investigate: 1) microplastics in surface water and ingested by
shellfish and fish in partnership with an existing program studying food webs in
the bay, 2) persistent pollutant (PAHs, PCBs) bioaccumulation along with
pollutant levels in surface waters and adsorbed to microplastic particles, and 3)
the health effects of microplastics and pollutants using toxicity tests with embryolarval fish.
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Conclusions
Circulation and Salinity
A hydrodynamic and salinity modeling study for Matagorda Ship Channel (MSC) channel
improvement project was performed by the U. S. Army Engineer Research and Development
Centers’ (ERDC) Coastal and Hydraulics Laboratory (CHL) Coastal Engineering Branch (HNC), Navigation Division. The modeling study (Lin et al. 2018) investigated the impact on water
levels, currents, and salinity in and around Matagorda Bay from the proposed ship channel
widening/deepening project.
Lin et al. (2018) have concluded that the general effect of the proposed channel improvement
projects on water surface elevations, current velocities, and salinity changes is relatively small to
cause any navigation and environmental issues. However, the small changes described by Lin et
al. (2018) have the potential to alter the morphology, water quality, and secondary production in
Matagorda and Lavaca bays. For instance, a 5 cm increase in the water level could shift
intertidal marsh and tidal flats to open water environments, an increase in the current speed of
0.1 m/sec is enough to keep fine-grained sediment suspended and potentially increase turbidity,
and a 2 ppt increase in long-term average salinity can alter water quality and decrease secondary
production of suspension feeders.
Furthermore, our assessment has identified a few issues regarding the modeling procedure of Lin
et al. (2018) that could be improved. Improved model performance and predictions could be
obtained if the model was calibrated and/or validated using recent datasets and by incorporating
multiple validation simulations capturing multiple wind regimes. Similarly, incorporating a
future scenario of potential landscape changes due to SLR in the modeling could have given
different results.
Finally, additional modeling studies are needed to investigate the impacts of channel
improvement projects on storm surge water levels, sediment transport, and the potential increase
of channel shoaling rate. Table 8 summarizes the issues in each component of the Lin et al.
(2018) modeling study and our recommendations to improve the predictions of water levels,
currents, and salinity. It also summarizes additional modeling studies necessary for a holistic
assessment of the impacts of the channel improvement projects in and around Matagorda Bay.

Groundwater
Puncturing upper confining beds creates areas of groundwater-surface water interaction that may
result in salinization of the surficial aquifer or disruption of groundwater pressure and flow fields
and discharge further offshore. The existing ship channel already intercepts the shallow aquifer.
However, deepening and widening the ship channel will extend the area of exposed aquifer thus
increasing the potential influence of groundwater-surface water interactions in the shallow
subsurface and the bay. How the groundwater-surface water interaction occurs, will be site
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specific and depend on local conditions, such as hydraulic gradients, sediment compositions,
clay layers and lenses, and hydroclimatic conditions. Due to the site-specific nature of this issue,
more detailed information and monitoring is needed for Lavaca-Matagorda Bay to determine the
impacts of deepening and widening the ship channel on groundwater.
• Assessment of shallow subsurface for localized confining layers that may be
compromised
• Long-term monitoring of shallow, < 30.5 m (100 ft) groundwater quality (e.g., salinity
and contaminants)
• Evaluation of groundwater discharge in and around the existing ship channel along with
an evaluation of groundwater hydraulic heads in the shallow aquifer to establish rates of
groundwater flow and ascertain risks of saltwater intrusion.
• Assessment of mercury solubility and mobility from site specific dredge spoils and
dredge spoil placement area sediments.

Benthos
Habitats of concern include oyster reefs, seagrass beds, and the open bay bottom. At risk areas
are comprised of valued ecosystem components (VECs) that may be impacted indirectly by
means of sedimentation or directly by physical removal. Spoil placement and construction areas
overlap with known habitats such that 834 acres of oyster reef and 1,1017 acres of seagrass may
potentially be affected by operations.
Based on the literature, dredging operations may have immediate adverse effects on Lavaca and
Matagorda Bay’s open bay bottom habitats. It is likely that the maintenance dredging will result
in sedimentation/burying of the benthos. Based on existing literature, recovery of the benthic
communities is expected to occur in the range of 1 – 3 years.
Ways to mitigate the effects of dredge operations include careful pre-and post- construction
environmental studies, a means to control turbidity, dredging during periods of low benthic
populations, and thoughtful disposal of spoil (Johnston, 1981). However, resuspension by ships
is likely to enhance suspended sediment concentrations and siltation (Aarninkhof, 2008).

Turbidity
As turbidity levels increase there is a decrease of optical quality within the water, and a decrease
in the distance that light can reach within the water. Natural occurring turbidity can reduce
sunlight for a short period of time, but an increase in turbidity can result in the disruption flora
and fauna within the environment. Analyses determined that short term dredging does not result
in light limitations or reduction, of a common bioindicator, phytoplankton.
Turbidity may impact filter feeders by clogging the feeding appendages with inorganic material
with low nutritional value or diluting suspended organic food. Increased turbidity and increased
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sediment concentration may lead to harmful impacts to benthic organisms because these
organisms are at risk for slowed growth and tissue abrasion. Indirect effects can also occur. The
release of nutrients to the water column from harmed organism tissue includes organic matter
such as carbohydrates, fats, and lipids (Zarilla et al. 2009). The release of these nutrients results
can stimulate bacterial metabolism and lead to hypoxia or anoxia as a result from increased
oxygen consumption locally.
Bivalves in the area can be greatly influenced by the TSS and the velocity of water. With an
increase in water velocity and high levels of TSS, mussels experienced a 40 - 60% increase in
clearance rate (Tuttle-Raycraft and Ackerman 2019).
Turbidity will reduce the efficiency of hunting prey for planktivorous fish, and loss of benthic
prey due to the clogging of feeding structures. The sediment of clay or mud will increase sinking
rate of pelagic eggs, increasing the mortality of eggs that reach the bottom before development is
complete.

Mercury
The assessment has identified four areas of concern, short-term effects of the mobilization of Hg,
long-term effects of the mobilization of Hg, bioaccumulation/biomagnification, and a change in
Hg dynamics due to nutrient loading.
Hg concentration assessments in bays sediments have not been conducted recently, and the last
sampling collection was conducted in 2002. A new Hg concentration assessment should be
conducted to accurately assess the current location and concentration of the Hg in Lavaca Bay,
Texas.
The conclusions by Bloom et al. (2004) are still valid: “In Lavaca Bay, because of high
sedimentation rates and low remixing, the highest levels of Hg are buried 10–30 cm below the
surface. Combined with previous observations of strong Hg methylation after dredging
activities, this argues for leaving Hg-contaminated sediment in place, to be buried by the
deposition of cleaner sediments.”
After completion of the dredging of the MSC, Hg mitigation may be conducted to aid the efforts
in reducing the amount of Hg in the water column and keep it from being ingested by organisms
of concern. Due to high sedimentation of Lavaca Bay and the low release rates of methylated Hg
from the sediment, redirecting uncontaminated spoils onto the contaminated areas of Lavaca Bay
is the most cost-effective and time-effective mitigation method. Redirecting uncontaminated
spoils is essentially “burying” the mercury in the lower sediments. (Bloom 1997) inspects
alternative solutions to Hg mitigation involving extraction of Hg from, the sediment. (Bloom
1997) found aqueous distillation to be the most practical approach for Hg extraction. Aqueous
distillation was found to avoid “negative interferences” in the extraction process as opposed to
other forms of distillation.
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Plastics and Microplastics
Plastic and microplastic contamination may also play a significant role in the Lavaca-Matagorda
Bay system in relation to contaminant transport (i.e., mercury and PAHs) and food webs. It is
known that plastics can negatively impact organisms of different trophic levels, from plankton
through bivalves, fishes, birds, and up to large mammals and turtles, through contact or ingestion
(Santos-Echeandía et al. 2020 and references therein). However, the effects of microplastics on
organisms vary widely because there are many variables to consider and there is still much to
learn about transport, uptake, and stress mechanisms.
In areas with metal or organic matter contamination of the sediments, such as Lavaca Bay
(mercury and PAHs), higher contaminant concentrations may sorb onto the plastics, particularly
polystyrene, due to prolonged contact and greater weathering of the plastic. While in the
sediments, the plastics may pose a risk to benthic sediment feeders or detritus feeders (Karlsson
et al. 2017, Panti et al. 2015, Priscilla et al. 2019). Resuspension events potentially reintroduce
contaminated plastics into the water column where they may once again come into contact or be
ingested by estuarine organisms or disperse/transport the plastic and associated contaminants to
elsewhere in the environment. Given the known mercury and PAH contamination in Lavaca Bay
and their genotoxic (Santos-Echeandía et al. 2020), carcinogenic, mutagenic, and toxic effects
(Guven et al. 2018), this raises concerns about microplastics in the sediments and the potential
for them to act as contaminant transport vectors.
The role of plastics and microplastics in Lavaca-Matagorda Bay as a vector for contaminant
transport is not well constrained. The Matagorda Bay Mitigation Trust has funded research to
resolve the prevalence of plastics and measure mercury concentrations, to map the concentration
and distribution of microplastic particles in water and sediment, and to assess the toxicity and
bioaccumulation of persistent pollutants that adsorb to microplastic particles.

46

References
Aarninkhof, S.G.J. 2008. The day after we stop dredging: a world without sediment plumes?
Terra et Aqua 110: 15-25.
http://graduadosportuaria.com.ar/Bibliografia_Dragado/Tema_04/terra110_complete.pdf
#page=17
Achete, F.M., Wegen, M., Roelvink, D. and Jaffe, B. 2015. A 2-D process-based model for
suspended sediment dynamics: a first step towards ecological modeling. Hydrology and
Earth System Sciences 19(6): 2837-2857. https://doi.org/10.5194/hess-19-2837-2015
Anderson, J.B., Wallace, D.J., Simms, A.R., Rodriguez, A.B., Weight, R.W.R., Taha, Z.P. 2016.
Recycling sediments between source and sink during eustatic cycle: Systems of late
Quaternary northwestern Gulf of Mexico Basin. Earth-Science Reviews 153: 111-138.
http://dx.doi.org/10.1016/j.earscirev.2015.10.014
Baker, E.T. 1979. Stratigraphic and Hydrogeologic Framework of Part of the Coastal Plain of
Texas. Texas Department of Water Resources Report 236, Austin, Texas, USA. 43 p.
https://doi.org/10.3133/ofr77712
Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R. 2011. The
value of estuarine and coastal ecosystem services. Ecological Monographs 81(2): 169–
193. https://doi.org/10.1890/10-1510.1
Battelle Memorial Institute. 2018. Final Independent External Peer Review Report Section 216
Matagorda Ship Channel, Texas, Draft Integrated Feasibility Report and Environmental
Impact Statement.
Battelle Memorial Institute. 2018. Final Independent External Peer Review Report Section 216
Matagorda Ship Channel, Texas, Draft Integrated Feasibility Report and Environmental
Impact Statement. Columbus, OH.
Bellino, J.C., Spechler, R.M. 2013. Potential Effects of Deepening the St. Johns River
Navigation Channel on Saltwater Intrusion in the Surficial Aquifer System, Jacksonville,
Florida. U.S. Geological Survey Scientific Investigation Report 2013-5146, Reston,
Virginia, USA. 34 p. https://doi.org/10.3133/sir20135146
Bernhoft, R.A. 2012. Mercury toxicity and treatment. A review of the literature. Journal of
Environmental and Public Health 2012: 460508, pp. 1-10.
https://doi.org/10.1155/2012/460508
Biggs, R.B. 1978. Coastal Bays. In: Davis R.A. (eds) Coastal Sedimentary Environments.
Springer, New York, NY. https://doi.org/10.1007/978-1-4684-0056-4_3
Birklund, J., Wijsman, J.W.M. 2005. Aggregate extraction: A review on the effect of ecological
functions. http://resolver.tudelft.nl/uuid:11ee2c93-2dfd-429e-acd4-a079a0fa2552
Bissett, W., Adams, L.G., Field, R., Moyer, W., Phillips, T., Scott, H.M., Wade, T., Sweet, S.,
Thompson, J.A. 2008. Bayesian spatial modeling of Lavaca Bay pollutants. Marine
Pollution Bulletin 56: 1781-1787. https://doi.org/10.1016/j.marpolbul.2008.06.010
Blake, N.J., Doyle, L.J., Cutler, J.J. 1996. Impacts and Direct Effects of Sand Dredging For
Beach Nourishment on The Benthic Organisms and Geology of the West Florida Shelf.
47

OCS Report MMS 95-0005. U.S Department of Interior, Minerals Management Service,
Office of International Activities and Marine Minerals, Herdon, Va. 109 pp.
Bloom, N.S., Colman, J.A., Barber, L. 1997. Artifact formation of methyl mercury during
aqueous distillation and alternative techniques for the extraction of methyl mercury from
environmental samples. Fresenius’ Journal of Analytical Chemistry 358(3): 371-377.
https://doi.org/10.1007/s002160050432
Bloom, N.S., Gill, G.A., Cappellino, S., Dobbs, C., McShea, L., Driscoll, C., Mason, R., Rudd, J.
1999. Speciation and cycling of mercury in Lavaca Bay, Texas, sediments.
Environmental Science and Technology 33(1): 7-13. https://doi.org/10.1021/es980379d
Bloom, N.S., Lasorsa, B.K. 1999. Changes in mercury speciation and the release of methyl
mercury as a result of marine sediment dredging activities. Science of The Total
Environment 237-238: 379-385. https://doi.org/10.1016/s0048-9697(99)00151-5
Bloom, N.S., Moretto, L.M., Ugo, P. 2004. A comparison of the speciation and fate of mercury
in the two contaminated coastal marine ecosystems: The Venice Lagoon (Italy) and
Lavaca Bay (Texas). Limnology and Oceanography 49(2): 367-375.
https://doi.org/10.4319/lo.2004.49.2.0367
Bruun, B., Jackson, K., Lake, P., Walker, J. 2016. Texas Aquifers Study: Groundwater Quantity,
Quality, Flow, and Contributions to Surface Water. Texas Water Development Board,
Austin, Texas, USA.
https://www.twdb.texas.gov/groundwater/docs/studies/TexasAquifersStudy_2016.pdf
Buttolph, A.M., Reed, C.W., Kraus, N.C., Ono, N., Larson, M., Camenen, B., Hanson, H.,
Wamsley, T., Zundel, A.K. 2006. Two-dimensional depth-averaged circulation model
CMS-M2D: Version 3.0, Report 2, sediment transport and morphology change. Coastal
and Hydraulics Laboratory Technical Report ERDC/CHL-TR-06-7. Vicksburg, MS: U.S.
Army Engineer Research and Development Center
Cabrita, M.T. 2014. Phytoplankton community indicators of changes associated with dredging in
the Tagus estuary (Portugal). Environmental Pollution 191: 17-24.
https://www.ncbi.nlm.nih.gov/pubmed/24792880.
Celo, V., Lean, D.R.S., Scott, S.L. 2006. Abiotic methylation of mercury in the aquatic
environment. Science of the Total Environment 368: 126-137.
http://dx.doi.org/10.1016/j.scitotenv.2005.09.043
Chapman, P.M., Wang, F. 2001. Assessing sediment contamination in estuaries. Environmental
Toxicology and Chemistry 20(1): 3-22. https://doi.org/10.1002/etc.5620200102
Chowdury, A.H., Turco, M.J. 2006. Chapter 2: Geology of the Gulf Coast Aquifer, Texas, in
Mace, R.E., Davidson, S.C., Angle, E.S., Mullican, W.F., III, eds. Aquifers of the Gulf
Coast of Texas. Texas Water Development Board Report 365, Austin, Texas, USA. p.
23-50.
http://www.twdb.texas.gov/publications/reports/numbered_reports/doc/r365/r365_compo
site.pdf
Coen L.D., Luckenbach M.W., Breitburg D.L. 1999. The role of oyster reefs as essential fish
habitat: a review of current knowledge and some new perspectives. In: Benaka, LR, Fish
48

Habitat: Essential Fish Habitat and Rehabilitation. American Fisheries Society, Symp
22, Bethesda, MD, p 438–454
Colden, A. M., Latour, R. J., Lipcius, R. N. 2017. Reef height drives threshold dynamics of
restored oyster reefs. Marine Ecology Progress Series 582: 1–13.
https://doi.org/10.3354/meps12362
Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem,
S., O'Neill, R. V., Paruelo, J., Raskin, R. G., Sutton, P., van den Belt, M. 1997. The value
of the world's ecosystem services and natural capital. Nature 387(6630): 253–260.
https://doi.org/10.1038/387253a0
Covelli, S., Petranich, E., Pavoni, E., Signore, S. 2021. Can sediments contaminated by mining
be a source of mercury in the coastal environment due to dredging? Evidence from
thermo-desorption and chemical speciation. Bulletin of Environmental Contamination
and Toxicology 106(6): 942-948. https://doi.org/10.1007/s00128-021-03159-x
Dame, R.F., Zingmark, R.G., Haskin, E. 1984. Oyster reefs as processors of estuarine materials.
Journal of Experimental Marine Biology and Ecology 83(3): 239–247.
https://doi.org/10.1016/s0022-0981(84)80003-9
Demirbilek, Z., Rosati J. 2011. Verification and validation of the Coastal Modeling System:
Report 1; Summary report. ERDC/CHL-TR-11-10. Vicksburg, MS: U.S. Army Engineer
Research and Development Center
Dennison, W.C., Orth, R.J., Moore, K.A., Stevenson, J.C., Carter, V., Kollar, S., Bergstrom,
P.W., Batiuk, R.A. 1993. Assessing water quality with submersed aquatic vegetation.
Bioscience 43: 86–94.
Driscoll, C.T., Chen, C.Y., Hammerschmidt, C.R., Mason, R.P., Gilmour, C.C., Sunderland,
E.M., Greenfield, B.K., Buckman, K.L., Lamborg, C.H. 2012. Nutrient supply and
mercury dynamics in marine ecosystems: A conceptual model. Environmental Research
119: 118-131. https://doi.org/10.1016/j.envres.2012.05.002
Duncan, D.A. 1972. High resolution seismic study, in Port Royal Sound Environmental Study,
South Carolina Water Resources Commission, Litho United States. p. 85-106.
Environmental Protection Agency (EPA), Region 6 Superfund Division. 2001. Record of
Decision: Alcoa (Point Comfort)/Lavaca Bay Site Point Comfort, Texas. United States
Environmental Protection Agency, Washington, D.C., USA.
Environmental Protection Agency (EPA), Region 6 Superfund Division. 2019. Addendum to
Second Five-Year Review Report for Alcoa (Point Comfort)/Lavaca Bay Superfund Site
Calhoun County, Texas. EPA ID# TXD008123168.
Environmental Protection Agency (EPA), Region 6 Superfund Division. 2021. Third Five-Year
Review Report for Alcoa (Point Comfort)/Lavaca Bay Superfund Site Calhoun County,
Texas. EPA ID# TXD008123168.
Erftemeijer, P. L. A., Riegl, B., Hoeksema, B. W., Todd, P. A. 2012. Environmental impacts of
dredging and other sediment disturbances on corals: A review. Marine Pollution Bulletin
64(9): 1737–1765. https://doi.org/10.1016/j.marpolbul.2012.05.008

49

Erftemeijer, P.L.A., Lewis, R.R. 2006. Environmental impacts of dredging on seagrasses: A
review. Marine Pollution Bulletin 52(12): 1553–1572.
https://doi.org/10.1016/j.marpolbul.2006.09.006
Essink, K. 1999. Ecological effects of dumping of dredged sediments; options for management.
Journal of Coastal Conservation 5(1): 69–80. https://doi.org/10.1007/bf02802741
Evans-Hamilton, Inc. (EHI) 2006. Data report Matagorda Bay field data collection. EHI Project
No. 29455
Fernández, B., Santos-Echeandía, J., Rivera-Hernández, J., Garrido, S., Albentosa, M. 2020.
Mercury interactions with algal and plastic microparticles: Comparative role as vectors of
metals for the mussel, Mytilus galloprovincialis. Journal of Hazardous Materials 396:
122739. https://doi.org/10.1016/j.jhazmat.2020.122739.
Fraser, M. W., Short, J., Kendrick, G., McLean, D., Keesing, J., Byrne, M., Caley, M. J., Clarke,
D., Davis, A. R., Erftemeijer, P. L. A., Field, S., Gustin-Craig, S., Huisman, J., Keough,
M., Lavery, P. S., Masini, R., McMahon, K., Mengersen, K., Rasheed, M., Statton, J.,
Stoddart, J., Wu, P. 2017. Effects of dredging on critical ecological processes for marine
invertebrates, seagrasses and macroalgae, and the potential for management with
environmental windows using Western Australia as a case study. Ecological Indicators
78: 229–242. https://doi.org/10.1016/j.ecolind.2017.03.026
George, C., Moore, W.S., White, S.M., Smoak, E., Joye, S.B., Leier, A., Wilson, A.M. 2020. A
new mechanism for submarine groundwater discharge from continental shelves. Water
Resources Research 56: e2019WR026866. https://doi.org/10.1029/2019WR026866
George, P.G., Mace, R.E., Petrossian, R. 2011. Aquifers of Texas. Texas Water Development
Board Report 380, Austin, Texas, USA. 182 p.
http://www.twdb.texas.gov/publications/reports/numbered_reports/doc/R380_Aquifersof
Texas.pdf
Grabowski, J. H., Hughes, A. R., Kimbro, D. L., Dolan, M. A. 2005. How habitat setting
influences restored oyster reef communities. Ecology 86(7): 1926–1935.
https://doi.org/10.1890/04-0690
Grabowski, J. H., Peterson, C. H. 2007. Restoring oyster reefs to recover ecosystem services. In:
Cuddington K., Byers J., Wilson W., Hastings A. (eds.) .Ecosystem Engineers: Plants to
Protists Academic Press. p. 281–298. https://doi.org/10.1016/s1875-306x(07)80017-7
Gutow, L., Eckerlebe, A., Gimenez, L., Saborowski, R. 2015. Experimental evaluation of
seaweeds as a vector for microplastics into marine food webs. Environment Science &
Technology 50: 915-923. https://doi.org/10.1021/acs.est.5b02431.
Guven, O., Bach, L., Munk, P., Dinh, K.V., Mariani, P., Nielsen, T.G. 2018. Microplastic does
not magnify the acute effect of PAH pyrene on predatory performance of a tropical fish
(Lates calcarifer). Aquatic Toxicology 198: 287-293.
https://doi.org/10.1016/j.aquatox.2018.03.011.
Hadley, N. H., Hodges, M., Wilber, D. H., Coen, L. D. 2010. Evaluating Intertidal oyster reef
development in South Carolina using associated faunal indicators. Restoration Ecology
18(5): 691–701. https://doi.org/10.1111/j.1526-100x.2008.00502.x
50

Hammond, W.W., Jr. 1969. Ground-water resources of Matagorda County, Texas. Texas Water
Development Board Report 91, Austin, Texas, USA. 147 p.
https://www.twdb.texas.gov/publications/reports/numbered_reports/doc/R91/Report91.as
p
Hecht, T., Van der Lingen, C.D. 1992. Turbidity induced changes in feeding strategies of fish
estuaries. South African Journal of Zoology 27:95–107.
https://www.ajol.info/index.php/az/article/view/154200/143780
Holmes, L.A., Turner, A., Thompson, R.C. 2014. Interactions between trace metals and plastic
production pellets under estuarine conditions. Marine Chemistry 167: 25-32.
https://doi.org/10.1016/j.marchem.2014.06.001.
International Association of Dredging Companies. 2021. Facts About: Turbidity & Dredging describes the characteristics of turbidity and the importance of measuring and monitoring
turbidity during dredging. IADC Dredging. https://www.iadc-dredging.com/factsabout/turbidity-dredging/
Johnson, R., Nelson, W. 1985. Biological effects of dredging in an offshore borrow area. Florida
Scientist 48(3): 166-188.
Johnston, D.W., Wildish, D.J. 1981. Avoidance of dredge spoil by herring (Clupea harengus).
Bulletin of Environmental Contamination and Toxicology 26: 307–314.
https://doi.org/10.1007/BF01622095
Johnston, S.A. 1981. Estuarine dredge and fill activities: A review of impacts. Environmental
Management 5(5): 427–440. https://doi.org/10.1007/bf01866820
Jones, G., Candy, S. 1981. Effects of dredging on the macrobenthic infauna of Botany Bay.
Marine and Freshwater Research 32(3): 379. https://doi.org/10.1071/mf9810379
Jorgensen, D.G., 1976. Salt-water encroachment in aquifers near the Houston Ship Channel,
Texas. U.S. Geological Survey Open-File Report 76-781. 58p.
https://doi.org/10.3133/ofr76781
Karlsson, T.M., Vethaak, A.D., Almroth, B.C., Ariese, F., van Velzen, M., Hassellov, M., Leslie,
H.A. 2017. Screening for microplastics in sediment, water, marine invertebrates and fish:
method development and microplastic accumulation. Marine Pollution Bulletin 122: 403408. https://doi.org/10.1016/j.marpolbul.2017.06.081.
Kasmarek, M.C. 2013. Hydrogeology and Simulation of Groundwater Flow and Land-Surface
subsidence in the Northern Part of the Gulf Coast Aquifer System, Texas, 1891-2009.
U.S. Geological Survey Scientific Investigations Report 2012-5154 (version 1.1), Reston,
Virginia, USA. 55p. https://doi.org/10.3133/sir20125154
Kasmarek, M.C., Robinson, J.L. 2004. Hydrogeology and Simulation of Ground-water Flow and
Land-Surface Subsidence in the Northern Part of the Guld Coast Aquifer System, Texas.
U.S. Geological Survey Scientific Investigations Report 2004-5102. 111p.
https://doi.org/10.3133/sir20045102
King, J.K., Kostka, J.E., Frischer, M.E., Saunders, F.M., Jahnke, R.A. 2001. A quantitative
relationship that demonstrates mercury methylation rates in marine sediments are based

51

on the community composition and activity of sulfate-reducing bacteria. Environmental
Science and Technology 35: 2491-2496. https://doi.org/10.1021/es001813q
Kraus, N.C., Lin, L., Batten, B.K., Brown, G.L. 2006. Matagorda ship channel, Texas: Jetty
stability study. Coastal and Hydraulics Laboratory Technical Report ERDC/CHL-TR-067. Vicksburg, MS: U.S. Army Engineer Research and Development Center.
Lautier, J.C. 1998. Hydrogeologic Assessment of the Proposed Deepening of the Wilmington
Harbor Shipping Channel, New Hanover and Brunswick Counties, North Carolina. North
Carolina Department of Environment, Health, and Natural Resources, Division of Water
Resources. 54 p.
Lee, H., Shim, W.J., Kwon, J-H. 2014. Sorption capacity of plastic debris for hydrophobic
organic chemicals. Science of the Total Environment 470-471: 1545-1552.
https://doi.org/10.1016/j.scitotenv.2013.08.023.
Lee, Y.K., Romera-Castillo, C., Hong, S., Hur, J. 2020. Characteristics of microplastic polymerderived dissolved organic matter and its potential as a disinfection byproduct precursor.
Water Research 175: 115678. https://doi.org/10.1016/j.watres.2020.115678.
Levitz, C. 2018. The 2019 Texas Coastal Resiliency Master Plan. Coastal Engineering
Proceedings, 1(36), risk.25. https://doi.org/10.9753/icce.v36.risk.25
Lin, L., Demirbilek, Z., Islam, M.S. 2020a. Numerical Modeling of Hydrodynamics, Waves, and
Salinity in Matagorda Bay and Ship Channel, Texas. In World Environmental and Water
Resources Congress 2020: Hydraulics, Waterways, and Water Distribution Systems
Analysis (pp. 155-169). Reston, VA: American Society of Civil Engineers.
Lin, L., Demirbilek, Z., Mase, H., Yamada, F. 2008. CMS-Wave: A Nearshore Spectral Wave
Processes Model for Coastal Inlets and Navigation Projects. Coastal and Hydraulics
Laboratory Technical Report ERDC/CHL-TR-08-13. Vicksburg, MS: U.S. Army
Engineer Research and Development Center.
Lin, L., Demirbilek, Z., Shih, T.H. 2020b. Matagorda Ship Channel and Its Entrance's
Navigation Efficiency and Safety Improvement via ADCIRC and CMS Model
Simulation. Coastal Engineering Proceedings, (36v), pp.56-56.
Lin, L., Islam, M.S., White, T.E. 2018. Hydrodynamic and Salinity Modeling for Matagorda
Ship Channel (MSC) Improvement Project. ERDC Letter Report, US Army Corps of
Engineers, U.S. Army Engineer Research and Development Center, Coastal and
Hydraulics Laboratory, Vicksburg, MS.
Maglio, C. 2021. Matagorda Ship Channel Deepening. Project Presentation 11 March 2021.
Slide 8.
Manh, N.V., Dung, N.V., Hung, N.N., Merz, B., Apel, H. 2014. Large-scale suspended sediment
transport and sediment deposition in the Mekong Delta. Hydrology and Earth System
Sciences 18(8): 3033-3053. https://doi.org/10.5194/hess-18-3033-2014
Martyr-Koller, R.C., Kernkamp, H.W.J., Van Dam, A., van der Wegen, M., Lucas, L.V.,
Knowles, N., Jaffe, B., Fregoso, T.A. 2017. Application of an unstructured 3D finite
volume numerical model to flows and salinity dynamics in the San Francisco Bay-Delta.

52

Estuarine, Coastal and Shelf Science 192: 86-107.
https://doi.org/10.1016/j.ecss.2017.04.024
Maurer, D., Keck, R. T., Tinsman, J. C., Leathem, W. A. 1981. Vertical migration and mortality
of benthos in dredged material—part I: Mollusca. Marine Environmental Research 4(4):
299–319. https://doi.org/10.1016/0141-1136(81)90043-x
Maynord, S.T., Lin, L., Kraus, N.C., Webb, D.W., Lynch, G., Wahl, R.E., Leavell, D.A., Yule,
D.E., Dunbar, J.B. 2011. Risks to navigation at the Matagorda Ship Channel Entrance,
Texas, Phase 2: Evaluation of significant risk factors. Coastal and Hydraulics Laboratory
Technical Report ERDC/CHL-TR-11-8. Vicksburg, MS: U.S. Army Engineer Research
and Development Center.
Meyer, D. L., Townsend, E. C., Thayer, G. W. 1997. Stabilization and erosion control value of
oyster cultch for intertidal marsh. Restoration Ecology 5(1): 93–99.
https://doi.org/10.1046/j.1526-100x.1997.09710.x
Montagna, P.A., Hu, X., Palmer, T.A.. Wetz, M. 2018. Effect of hydrological variability on the
biogeochemistry of estuaries across a regional climatic gradient. Limnology and
Oceanography 63:2465-2478. doi: 10.1002/lno.10953.
Montagna, P. A., Palmer, T. A., Pollack, J. B. 2013. Hydrological Changes and Estuarine
Dynamics. Springer.
Moore, W.S. 1999. The subterranean estuary: a reaction zone of ground water and sea water.
Marine Chemistry 65: 111-125. https://doi.org/10.1016/S0304-4203(99)00014-6
Murgulet, D., Tick, G. 2008. The extent of saltwater intrusion in southern Baldwin County,
Alabama. Environmental Geology 55(6): 1235-1245. https://doi.org/10.1007/s00254-0071068-0
Nakashima, E., Isobe, A., Kako, S., Itai, T., Takahashi, S. 2012. Quantification of toxic metals
derived from microplastic litter on Ookushi Beach, Japan. Environmental Science and
Technology 46: 10099-10105. https://doi.org/10.1021/es301362g.
Naqash, N., Prakash, S., Kapoor, D., Singh, R. 2020. Interaction of freshwater microplastics with
biota and heavy metals: a review. Environmental Chemistry Letters 18: 1813-1824.
https://doi.org/10.1007/s10311-020-01044-3.
Nunnally, C. C. 2019. Benthic–Pelagic coupling: Linkages between benthic ecology and
biogeochemistry and pelagic ecosystems and process. Encyclopedia of Ocean Sciences,
660–662. https://doi.org/10.1016/b978-0-12-409548-9.11087-5
O’Connor, D., Hou, D., Ok, Y.S., Mulder, J., Duan, L., Wu, Q., Wang, S., Tack, F.M.G.,
Rinklebe, J. 2019. Mercury speciation, transformation, and transportation in soils,
atmospheric flux, and implications for risk management: a critical review. Environment
International 126: 747-761. https://doi.org/10.1016/j.envint.2019.03.019
Onuf, C. P. 1994. Seagrasses, dredging and light in Laguna Madre, Texas, U.S.A. Estuarine,
Coastal and Shelf Science 39(1): 75–91. https://doi.org/10.1006/ecss.1994.1050
Pandoe, W.W., Edge, B.L., 2008. Case study for a cohesive sediment transport model for
Matagorda Bay, Texas, with coupled ADCIRC 2D-transport and SWAN wave models.

53

Journal of Hydraulic Engineering 134(3): 303-314. https://doi.org/10.1061/(ASCE)07339429(2008)134:3(303)
Panti, C., Giannetti, M., Baini, M., Rubegni, F., Minutoli, R., Fossi, M.C. 2015. Occurrence,
relative abundance and spatial distribution of microplastics and zooplankton NW of
Sardinia in the Pelagos Sanctuary Protected Area. Environmental Chemistry 12(5): 618626. https://doi.org/10.1071/EN14234.
Pekcan-Hekim, Z. 2007. Effects of Turbidity on Feeding and Distribution of Fish. University of
Helsinki, Dissertation.
https://helda.helsinki.fi/bitstream/handle/10138/22308/effectso.pdf;sequence=1
Pinkney, J.L. 2018. A mini-review of the contribution of benthic microalgae to the ecology of
the continental shelf in the South Atlantic Bight. Estuaries and Coasts 41: 2070-2078.
https://doi.org/10.1007/s12237-018-0401-z
Pollack, J., Yoskowitz, D., Kim, H.-C., Montagna, P. A. 2013. Role and value of nitrogen
regulation provided by oysters (Crassostrea virginica) in the Mission-Aransas estuary,
Texas, USA. PLoS ONE 8(6). https://doi.org/10.1371/journal.pone.0065314
Powilleit, M., Graf, G., Kleine, J., Riethmüller, R., Stockmann, K., Wetzel, M. A., Koop, J. H. E.
2009. Experiments on the survival of SIX Brackish Macro-invertebrates from the Baltic
sea after dredged spoil coverage and its implications for the field. Journal of Marine
Systems 75(3-4): 441–451. https://doi.org/10.1016/j.jmarsys.2007.06.011
Priscilla, V., Sedayu, A., Patria, M.P. 2019. Microplastic abundance in the water, seagrass, and
sea hare Dolabella auricularia in Pramuka Island, Seribu Islands, Jakarta Bay, Indonesia.
Journal of Physics: Conference Series, 1402(3): 033073. IOP Publishing.
https://doi.org/10.1088/1742-6596/1402/3/033073.
Reisinger, A., Gibeaut, J.C. Tissot, P.E. 2017. Estuarine suspended sediment dynamics:
observations derived from over a decade of satellite data. Frontiers in Marine Science 4:
233. https://doi.org/10.3389/fmars.2017.00233
Rice, S. A., Patton, G. W., Mahadevan, S. 1981. An Ecological Study of The Effects of Offshore
Dredge Material Disposal With Special Reference To Hard-Bottom Habitats In The
Eastern Gulf of Mexico. DSpace Home.
https://fortuna.mote.org:8443/xmlui/handle/2075/3385.
Rochman, C.M., Hentschel, B.T., Teh, S.J. 2014. Long-term sorption of metals is similar among
plastic types: implications for plastic debris in aquatic environments. PLoS ONE 9(1):
e85433. https://doi.org/10.1371/journal.pone.0085433.
Różański, S.Ł., Castejón, J.M.P., Fernández, G.G. 2016. Bioavailability and mobility of mercury
in selected soil profiles. Environmental Earth Sciences 75: 1065.
https://doi.org/10.1007/s12665-016-5863-3
Saloman, C. H., Naughton, S. P., Taylor, J. L. 1982. Benthic community Response to Dredging
Borrow Pits, Panama City Beach, Florida. National Marine Fisheries Service, Panama
City Beach, FL, Southeast Fisheries Center. DTIC.
https://apps.dtic.mil/sti/citations/ADA116340.

54

Santos, I.R., Eyre, B.D., Huettel, M. 2012. The driving forces of porewater and groundwater
flow in permeable coastal sediments: a review. Estuarine, Coastal and Shelf Science 98:
1-15. https://doi.org/10.1016/j.ecss.2011.10.024
Santos, I.R., Niencheski, F., Burnett, W., Peterson, R., Chanton, J., Andrade, C.F.F., Milani, I.B.,
Schmidt, A., Knoeller, K. 2008.Tracing anthropogenically driven groundwater discharge
into a coastal lagoon from southern Brazil. Journal of Hydrology 353: 275-293.
https://doi.org/10.1016/j.jhydrol.2008.02.010
Santos-Echeandía, J., Rivera-Hernández, J.R., Rodrigues, J.P., Moltó. V. 2020. Interaction of
mercury with beached plastics with special attention to zonation, degradation status and
polymer type. Marine Chemistry 222: 103788.
https://doi.org/10.1016/j.marchem.2020.103788.
Scanlon, B.R., Tachovsky, J.A., Reedy, R., Nicot, J.-P., Keese, K., Slade, R.M., Merwade, V.,
Howard, M.T., Wells, G.L., Mullins, G.J., Ortiz, D.M. 2005. Groundwater-Surface Water
Interactions in Texas. Bureau of Economic Geology, The University of Texas at Austin,
Austin, Texas, USA. 240 p. https://www.beg.utexas.edu/files/publications/cr/CR2005Scanlon-3_QAe6975.pdf
Scyphers, S. B., Powers, S. P., Heck, K. L., Byron, D. 2011. Oyster reefs as natural breakwaters
mitigate shoreline loss and facilitate fisheries. PLoS ONE 6(8).
https://doi.org/10.1371/journal.pone.0022396
Sheridan, P. 2004. Recovery of floral and faunal communities after placement of dredged
material on seagrasses in Laguna Madre, Texas. Estuarine, Coastal and Shelf Science
59(3): 441–458. https://doi.org/10.1016/j.ecss.2003.10.004
Smith, G. F., Bruce, D. G., Roach, E. B., Hansen, A., Newell, R. I., McManus, A. M. 2005.
Assessment of recent habitat conditions of eastern oyster Crassostrea virginica bars in
mesohaline Chesapeake Bay. North American Journal of Fisheries Management 25(4):
1569–1590. https://doi.org/10.1577/m04-058.1
Spalt, N., Murgulet, D., Hu, X. 2018. Relating estuarine geology to groundwater discharge at an
oyster reef in Copano Bay, TX. Journal of Hydrology 564: 785-801.
https://doi.org/10.1016/j.jhydrol.2018.07.048
Subedee, M., Gibeaut, J. 2021. Impacts of channel dredging on storm surge, tidal flows and
salinity in Corpus Christi Bay. Final report to the Port of Corpus Christi Authority, Harte
Research Institute, Corpus Christi, TX, 65 pp.
Sundborg Å. 1967. Some aspects on fluvial sediments and fluvial morphology: General views
and graphic methods. Geografiska Annaler: Series A, Physical Geography 49(2-4): 333343. https://doi.org/10.1080/04353676.1967.11879762
Teatini, P., Isotton, G., Nardean, S., Ferronato, M., Mazzia, A., Da Lio, C., Zaggia, L.,
Bellafiore, D., Zecchino, M., Baradello, L., Cellone, F., Corami, F., Gambaro, A.,
Libralato, G., Morabito, E., Ghirardini, A.V., Broglia, R., Zaghi, S., Tosi, L. 2017.
Hydrogeological effects of dredging navigable canals through lagoon shallows: a case
study in Venice. Hydrology and earth System Sciences 21: 5627-5646.
https://doi.org/10.5194/hess-21-5627-2017

55

Teatini, P., Isotton, G., Nardean, S., Ferronato, M., Mazzia, A., Da Lio, C., Zaggia, L.,
Bellafiore, D., Zecchin, M., Baradello, L., Cellone, F., Corami, F., Gambaro, A.,
Libralato, G., Morabito, E., Volpi Ghirardini, A., Broglia, R., Zaghi, S., Tosi, L. 2017.
Hydrogeological effects of dredging navigable canals through lagoon shallows. A case
study in Venice. Hydrology and Earth System Sciences, 21(11): 5627–5646.
https://doi.org/10.5194/hess-21-5627-2017
Tucci, P., Hileman, G.E. 1992. Potential Effects of Dredging the South Fork Obion River on
Ground-water Levels Near Sidonia, Weakley County, Tennessee. U.S. Geological Survey
Water-Resources Investigation Report 90-4041. 12 p. https://doi.org/10.3133/wri904041
Tunnell, J. Nurdle Patrol Map. University of Texas at Austin.
https://nurdlepatrol.org/Forms/Map/index.php. Accessed August 10, 2021.
Tuttle-Raycraft, S., Ackerman, J. 2019. Living the high turbidity life: The effects of total
suspended solids, flow, and gill morphology on mussel feeding. Limnology and
Oceanography 64: 2526-2537. https://doi.org/10.1002/lno.11202
U.S. Army Corps of Engineers. 2019. Matagorda Ship Channel, Port Lavaca, Texas. Feasibility
Report and Environmental Impact Statement, Review of Completed Projects, Calhoun
and Matagorda Counties. Report P2 – 451954, Galveston District, Galveston, Texas.
Valeur, J.R. 2001. Sedimentological Research as a Basis for Environmental Management:: The
Øresund Fixed Link. Science of The Total Environment 226(1-3): 281–289.
https://doi.org/10.1016/S0048-9697(00)00731-2
Van den Heuvel, S. 2010. Modeling the hydrodynamics and salinity of the Pontchartrain Basin.
MSc Thesis Report, Delft University of Technology.
Volety, A. K., Encomio, V. G. 2006. Biological Effects of Suspended Sediments on Shellfish in
yhe Charlotte Harbor Watershed – Implications For Water Releases and Dredging
Activities. Fort Meyers, Florida.
von-Ahn, C.M.E., Scholten, J., Malik, C., Feldens, P., Liu, B., Jenner, A.-K., Papenmeier, S.,
Schmiedinger, I., Zeller, M., Böttcher, M.E. 2021. Submarine groundwater discharge
enhancement by anthropogenic sediment excavation in a coastal bay, southern Baltic Sea.
ASLO 2021 Aquatic Science Meeting Virtual Meeting. https://aslo.secureplatform.com/a/gallery/rounds/7/details/2404
Wang, F.C. 1988. Dynamics of saltwater intrusion in coastal channels. Journal of Geophysical
Research 93(C6): 6937-6946. https://doi.org/10.1029/JC093iC06p06937
Westerberg, H., Ronnback, P., Frimansson, H. 1996. Effects of suspended sediments on cod eggs
and larvae and on the behaviour of adult herring and cod. ICES CM 1996/E:26.
https://www.ices.dk/sites/pub/CM%20Doccuments/1996/E/1996_E26.pdf
White, W.A., Calnan, T.R., Morton, R.A., Kimble, R.S., Littleton, T.G., McGowen, J.H., Nance,
H.S. 1989. Submerged Lands of Texas, Port Lavaca Area: Sediments, Geochemistry,
Benthic Macroinvertebrates, and Associated Wetlands. Bureau of Economic Geology,
University of Texas at Austin, Austin, TX, USA. 137 p.
White, W.A., Calnan, T.R., Morton, R.A., Kimble, R.S., Littleton, T.G., McGowen, J.H., Nance,
H.S. 1989. Submergerd Lands of Texas, Port Lavaca Area: Sediments, Geochemistry,
56

Benthic Macroinvertebrates, and Associated Wetlands. Bureau of Economic Geology,
The University of Texas at Austin, Austin, Texas. 165 p.
Widdows, J., Fieth, P., Worrall, C.M. 1979. Relationship between seston, available food and
feeding activity in common mussel Mytilus edulis. Marine Biology 50: 195-207.
https://doi.org/10.1007/BF00394201
Wilber, D. H., Clarke, D. G. 2001. Biological Effects of Suspended Sediments: A Review of
Suspended Sediment Impacts on Fish and Shellfish with Relation to Dredging Activities
in Estuaries. North American Journal of Fisheries Management 21(4): 855–875.
https://doi.org/10.1577/1548-8675(2001)021<0855:beossa>2.0.co;2
Williams, J.J., Esteves, L.S. 2017. Guidance on setup, calibration, and validation of
hydrodynamic, wave, and sediment models for shelf seas and estuaries. Advances in Civil
Engineering 2017: 5251902, 25 pp. https://doi.org/10.1155/2017/5251902
Young, S.C., Budge, T., Knox, P.R., Kalbouss, R., Baker, E., Hamlin, S., Galloway, B., Deeds,
N. 2010. Hydrostratigraphy of the Gulf Coast Aquifer from the Brazos River to the Rio
Grande. Texas Water Development Board Report, Austin, Texas, USA. 203 p.
Zarillo, G. A., Zarillo, K.A., Reidenauer, J.A., Reyier, E. A., Shinskey, T., Barkaszi, M.J.,
Shenker, J.M., Verdugo, M., and N. Hodges, (2009). Final Biological Characterization
and Numerical Wave Model Analysis within Borrow Sites Offshore of Florida’s
Northeast Coast Report-Volume I: Main Text 286 pp. + Volume II: Appendices A-D 448
pp.
https://www.researchgate.net/Final_Biological_Characterization_and_Numerical_Wave_
Model_Analysis

57

