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Abstract

The decline of the oyster industry along the mid-Atlantic region has initiated 

Delaware and New Jersey to partner in an attempt to assess the status of the oyster habitat 

in the Delaware Bay. Using remote acoustics (Roxann Seabed Classification and Chirp 

Sub-bottom profiler) along with field verification, 75 square miles of oyster habitat were 

mapped. Bottom and sub-bottom sediment maps were compiled into an ArcMap database 

allowing the extent of oyster beds to be fully assessed. Historic oyster bed outlines 

(including historic shell planting datasets) were then incorporated into the distribution 

model.

  The full integration of this data allowed, for the first time, a comprehensive 

spatial assessment of current oyster bottom. Integration of the acoustic mapping and 

database development by the Delaware Coastal Program was conduced with the intent of 

greatly improving the management of the oyster fisheries. 

1. Introduction 

1.1 Delaware Bay Oyster Stock Status and Management 

Oysters inhabit a relatively constricted area in the Delaware Bay and their 

distribution is largely dependent on salinity levels that may vary on annual and seasonal 

scales. High salinity conditions are superior for growth and reproduction, but also 

increase the prevalence of disease mortality among adults and predation mortality among 

juveniles (Shumway 1996).  Oyster harvest, a proxy for abundance, has been depressed in 

the Delaware Bay since the 1960’s (Powell et al. 2006). Decreased abundance has been 

directly attributed to extensive mortality from disease epizootics and low recruitment 
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rates, but commercial harvest and habitat loss may also be involved. Oyster larvae require 

hard substrates for attachment, and prefer to settle on live or dead oyster shell. Declines 

in shell accretion from reduced recruitment and direct removal from harvest results in net 

habitat loss. Because natural mortality is difficult to control, habitat restoration measures 

that increase the total area available for larval settlement (planting of oyster, surf clam, 

and/or quahog shell upon softer bottom habitat) are currently considered the most 

effective management strategies for maintaining oyster stocks.       

1.2 Delaware Bay Benthic Mapping 

The Delaware Bay represents almost one quarter of the surface area of the State of 

Delaware. What lies under the Bay is one of the least understood areas of the State. 

Coastal management decisions are routinely made with little knowledge of how they will 

affect the Bay, its resources and the related economics of commercial and recreational 

activities. These decisions can range from designating areas of essential fish habitat to 

issuing dredging permits. The Delaware Coastal Management Program estimates over 

2000 person hours annually spent on issues concerning the Delaware Bay. Other State, 

Federal and non-government officials (NGO’s) are also hindered in their duties by the 

limited information about the benthos of the Delaware Bay. To correct this lack of 

knowledge the Delaware Coastal Programs Section of the Delaware Department of 

Natural Resources and Environmental Control is undertaking a Delaware Bay benthic 

and sub-bottom mapping project with a mission, “To identify and map the benthic habitat 

and sub-bottom sediments of the Delaware Bay, and supply this information in a form 

decision makers and stakeholders can easily use that will aid them in their efforts to 

manage and conserve the Delaware Bay’s resources.” 

Much of the existing benthic information is not readily available to the public or 

easily combined with other data sets. According to Delaware coastal managers, “what is 

lacking is an integrated biologic, bathymetric, and sediment distribution data set of 

Delaware Bay’s benthic environment.”  It is this type of “holistic” data collection that is 

being conducted by the Delaware Coastal Programs in this benthic mapping project. The

information gathered from this initiative will allow the State of Delaware and other 

entities to better understand and effectively manage this coastal resource. 
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Mapping the Delaware Bay is a significant multi-year project. Every effort is 

being made to complete the project as quickly and efficiently as possible without 

sacrificing the quality of the information collected. The topics of concern to the State and 

its citizens include locating borrow sites for beach replenishment and determining the 

effect that dredging at these sites has on the benthos, identifying and managing essential 

fish habitat, examining the health and distribution of oyster beds and the effectiveness 

and longevity of artificial reefs, monitoring the effect of bottom trawling, identifying 

nearshore coastal hazards, responding in support of the assessment of anthropogenic 

induced events, and mapping pre- and post-storm events to document benthic change. 

To be able to effectively answer or begin to address these topics, a mapping effort 

was designed that integrated a wide variety of remote sensing techniques and field 

verification methods. The design would maximize our mapping efforts but also allow for 

enhanced spatial resolution for out target areas and even higher resolution for our smaller 

areas of critical interest. To ensure minimal duplication of efforts, this project will also 

entail the mining of other databases for useful data. However, relatively few surveys have 

been done on the Delaware Bay outside of the navigation channels or for dredging related 

activities. While bathymetry maps are available, wide area maps of the bottom type and 

sub-bottom stratigraphy are minimal and scattered among different state and federal 

agencies. To complete this project the Delaware Coastal Programs is partnering with the 

University of Delaware, Geology Department for their expertise in sub-bottom 

stratigraphy. The project leaders will also enlist the help of other experts from academia, 

State and Federal agencies and NGOs whenever and wherever their assistance will 

benefit the project.

2. Study Area 

2.1 Location 

The Delaware Bay is a ~700 square mile mid-Atlantic mesotidal estuary (Figure 

1). It is a well mixed estuary due to tidally dominate flow (Hauser, 2002). The Delaware 

Bay ranges from polyhaline (salinity of 18 to 30 ppt) , at the bay mouth, to mesohaline 

(salinity of 5 to 18 ppt) at the northwestern extent of the bay (USACE, 1997). The bay is 

characterized by wide, shallow, subtidal flats along both the northwestern and
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Figure 1. Map of the Delaware Bay showing the mid-bay estimated oyster lease and 
seed beds, in both Delaware and New Jersey state waters. 
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southwestern Delaware and northeastern New Jersey shorelines. The flats are incised or 

cut by branching tidal channels (sloughs) and shoals. Coarse sands comprise the majority 

of the deposits at the bay mouth, in areas of eroded headlands, and in regions of strong 

bottom traction currents. Shoal deposits in the lower to mid- bay portions of the bay are 

dominated by fine sands and silt. The flats along the northwestern Delaware and 

northeastern New Jersey bay shores are dominated by fine sand, silts and clays (USACE, 

1997; Maurer et al. 1978; Wilson and Madsen 2006). These fine grained mesohaline flats 

are the prime habitat for oysters in the Delaware Bay. 

2.2 Oyster Bed Locations 

 The known oyster lease and seed bed locations were determined by dredge survey 

data, using triangulation of shore points of reference, and have not been updated since 

1972 (Figure 2). The overall distribution and abundance of oyster shell is mainly framed 

upon yearly abundance dredge surveys, shell planting data, and historic trends. This has 

resulted in a high degree of uncertainty when oyster management decisions are being 

rendered, regarding overall population estimates and then determining the seasonal 

quotas for the commercial oyster industry.   

3.  Methods 

3.1 Roxann Bottom Sediment Classification 

Surveying was conducted with Nobeltec Navigation software, with trackline 

spacing consisting of 90 meter offset for shoreline parallel tracks and 180 meter offsets 

for shoreline perpendicular tracks. The bottom sediment distribution data was collected 

with the use of a Roxann Bottom Sediment Classification system, designed by 

Sonavision Ltd. The survey equipment consisted of two laptop computers, the Roxann 

Groundmaster (the Roxann control box), a hull-mounted acoustic transducer, a 

differential global positioning system (DGPS), and a petite ponar grab sampler. The 

surveying and grab sampling were conducted off a 24 foot aluminum hulled Monark, 

with two 90 horsepower Honda outboard motors. The surveying was conducted over 31 

days with a total of 645 miles (1038 kilometers) of trackline collected (Figure 3). 
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Figure 2. Location of Delaware shell plantings, estimated oyster seed and lease beds 
in the mid- Delaware Bay.  
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Figure 3. Map of the surveyed Roxann tracklines collected over the course of 31 
field days. 
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The Roxann system is a remote acoustic sounder that can be used to develop 

sediment classifications and bathymetry of the sea floor. The 200 KHz single beam 

transducer pings at a rate of 1 cycle per second and can be used in depths of ~ 3 to 150 

feet (1 to 50 meters). The transducer for the Roxann generates sound waves that come 

into contact with the sea floor, and the way these sound waves, or echoes, are reflected 

are utilized to classify various bottom types (e.g., sandy vs. muddy). The properties (e.g., 

amplitude & shape) of a sound wave reflected from the sea floor are determined mainly 

by the roughness and hardness of the bottom, the change in acoustic impedance between 

water and sea floor materials, and how sound reverberates within materials at the 

water/sea floor. The bottom roughness affects the degree to which sound is scattered 

when it strikes and is reflected off the sea floor. For example, a rougher bottom will cause 

a greater degree of scattering. The change in acoustic impedance (the product of the sonic 

velocity and density of a material) can be related to the hardness of the bottom. A harder 

bottom (e.g., sandy) will have a higher acoustic impedance contrast with water, and thus 

higher sound amplitudes will be reflected at the boundary. 

Roxann bottom classifications are based on two primary echo pulses (Figure 4). 

The first echo is reflected directly from the sea floor and the second is reflected off the 

sea floor, off the sea surface, and then reflected again off the sea floor (commonly called 

the first multiple). These two echoes are used to develop Roxann’s E1 and E2 parameters. 

It has been shown that the properties of the first echo (E1) primarily arise from the 

roughness of the bottom (and its effect on the scattering of sound) and the properties of 

the second echo (E2) are a function of the hardness of the sea floor (related to the degree 

of change in acoustic impedance between water and sea floor materials). In real-time, E1 

(roughness) and E2 (hardness) values as measured by the Roxann system are plotted on a 

computer screen and digitally recorded with co-registered GPS positional data (Figure 5). 

In order to relate the roughness and hardness values to actual bottom types, grab samples 

are collected at locations that correspond to regions on the computer screen where similar 

E1and E2 values are clustered. Any organisms present are documented and these grab 

samples are then analyzed for their percentage abundances of sand, silt, and clay to 

determine sediment type. The sediment types are then correlated with their associated
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Figure 4. Schematic diagram of Roxann acoustic system. Shown are the (upper 
image) first (E1) and (lower image) second (E2) echoes that are associated with the 
system.

Figure 5. Real-time Roxmap display showing the depth (lower right window), the 
box plot being currently used to classify the incoming data and area of data 
clustering (upper right window), and the tracklines collected with their 
corresponding sediment classification values.



10

Roxann roughness and hardness clusters. Thus, the Roxann clusters can be used to 

develop a classification scheme for the sea floor.  

The box plot scheme used to classify the Roxann data for the pilot area is the 

current Delaware Bay benthic mapping project box plot that is based upon 198 grab 

samples collected during the 2004 field season (Figure 6). Sediment grab samples are 

collected from each ~ 5 sq. nautical miles (nm) field area (after the surveying has been 

completed) to verify any localized or regional differences that might cause variations in 

the clustering of the sediment classification. Underwater video is also collected for 

localized regions where the distribution of biological factors affecting the bottom signal 

need to be assessed, such as shell and tube worm distribution. A Fisher TOV-1 black and 

white analog underwater video camera was used and all video is recorded digitally for 

future correlation to bottom sediment maps. Localized variations in sediment 

classification are mainly due to the occurrence of shell material, tube worms (Sabellaria

vulgaris, Dioptra cuprea, and Spiochaetopterus costarum), peat exposure, and 

outcroppings of pre-Holocene sediments (highly compacted and de-watered). A common 

occurrence is to have two separate sediment classifications (i.e. gravel and dense shell 

material) that will have similar E1 and E2 ranges and will cluster in the same 

classification box (Figure 6). These co-classifying sediment types have occurred mainly 

within the coarsest sediment classification boxes and are the direct result of variations in 

shell material, which shares its classification with coarsest clastic material (medium to 

coarser sand with varying concentrations of pebbles and gravel; Figure 6). Sub-tidal peat 

exposures co-classify with silty medium sand and outcroppings of Cretaceous-age silty 

fine sands to fine sandy silts co-classify as sandy granule pebbles and gravel (yellow box; 

Figure 6). 

3.2 Sediment sampling

In the mid-bay oyster habitat region, a total of 214 grab samples were collected 

for the bottom sediment verification and calibration of the Roxann sediment box plot. 

Samples were collected using a Petit Ponar, which has a sample opening of 6 inches x 6 

inches, with a total sampling area of 36 in2. The petite ponar is a spring loaded sampler 

which pivots on an axis and when it encounters the bottom the retrieval rope is pulled and 
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the ponar swings shut. The ponar will retrieve 2 to 6 inches, in depth, of sediments 

(depending on sediment type, harder and coarse sediments will constrict the ponar’s 

penetration into the bottom). The retrieved sediment samples are then placed in a 

sampling bin and qualitatively described, noting the dominant sediment types, color, and 

sediment grain properties (sorting, grain maturity, and grain shape). Interesting features 

such as organic content (depending on sediment color), shell content and type, and 

anthropogenic debris are also recorded. A surficial sediment sample is collected and 

placed in a whirl-pack bag to be sieved in the lab to determine the quantitative sediment 

content and composition. 

3.3 Oyster Dredge 

Qualitative assessment of oyster shell abundance was determined with an 1.3 m 

wide oyster dredge, with 55 mm diameter bag rigs, and 75 mm teeth (Figure 7). Bag 

volume was 0.3 m3. The dredge was towed for 45 seconds at 5 Knots. Dredge tows were 

georeferenced from boat tracks recorded on a laptop computer with NOBELTEC 

Navigation SuiteTM. Tracking began when 20 m of tow cable were released and ceased at 

the onset of dredge retrieval. Once on deck, dredge contents were visually examined to 

assess oyster shell abundance, the dominant sediment type, and the presence of live 

oysters. When the bag was full, shell was categorized as “Abundant”. A half full bag was 

categorized as “Medium Abundance”, and when less than a quarter of the bag was filled, 

shell was classed as “Low Abundance”.  Dredge tow attributes were immediately 

recorded as NOBELTEC Track Descriptions. Tow coordinates and attributes were 

exported from NOBELTEC and converted to point and line shapefiles in ArcMap.

Figure 7. 1.3 m wide oyster dredge used for abundance surveys. 
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4. Results and Interpretation 

4.1 Bottom Sediment Distribution 

The bottom sediment point data, which has been classified according to the 

existing benthic mapping Roxann box plot, is converted from a number that categorizes 

the point according to its corresponding box into a number which reflects the sediment 

properties of each box in relation to one another. A ranking scale is used to allow a 

statistical griding scheme to interpolate between sediment data points, while minimizing 

erroneous sediment classifications and allowing gradational sediment deposits to be 

grided. A ranking scale from 0 to 28 was used for this project, with 0 representing the 

finest grained classifications (fluidized clay) and 28 representing the coarsest grained 

classifications (dense shell material).   

Table 1 illustrates the distribution of sediment classifications along the ranking 

scale, which takes into account the relation of sediment types and grain sizes to one 

another using both the Wentworth Scale and Shepard’s classification system (Figures 8 

and 9). Finer grains are more similar in their deposition environments, such as clay and 

silts, because they reflect similar current regimes, sorting, and reworking patterns (Poppe 

et al., 2003). While coarse sediments are much more dissimilar to finer grains, with 

respect to current velocities, sorting, and winnowing, the finer grains are much more 

closely related in their sediment diameters that the coarser grains as you increase in Phi 

size and/or diameter (Figure 8). These account for the close clustering of coarse grained 

deposit descriptions at the upper end of the ranking scale, while the finer grained 

sediments show a gradation as you increase in the rating scale (Table 1). 

The bottom sediment data is grided in Surfer® 8, a surface and terrain modeling 

program, using block kriging and a nugget effect. This statistical griding technique 

estimates the average value of a variable within a prescribed local area (Isaaks and 

Srivastava, 1989). Block kriging utilizes the existing point data values, weights the 
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Table 1. Sediment classification ranking and associated sediment descriptions for 
the Roxann data that was used to make the interpolated sediment maps. 

Sediment 
Classification 
Ranking

Sediment Description 

0-1 Peat 
1-2 Clay 
2-3
3-4 Silty Clay 
4-5
5-6 Clayey Silt 
6-7 Silt 
7-8
8-9 Sandy Silts 
9-10
10-11 Fine Sand 
11-12
12-13 Silty Fine to Medium Sands 
13-14 Silty Medium Sand 
14-15
15-16 Fine to Medium Sand 
16-17 Fine to Medium Sand, with abundant shell material and/or  

   pebbles 
17-18    Medium to Course Sand 
18-19
19-20 Coarse Sand, with varying amounts of pebbles 
20-21
21-22
22-23 Moderate Shell Material or Sandy Pebbles 
23-24
24-25
25-26 Abundant Shell Material or Gravel/ Cobble 
26-27
27-28 Dense Oyster Shell 
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Figure 8. The Wentworth grain size scale for sediments (Folk, 1974).

Figure 9. Shepard’s sediment classification scheme based upon the proportion of 
sand, silt and clay. The major classification breaks along each axis are 25%, 50%, 
and 75%. The central sand/silt/clay region is further split into 3 regions, where the 
triangle outline represents a 20% proportion (Poppe et al., 2003; Schlee, 1973). 
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values of the data depending upon the proximity to the point being estimated, to 

discretize the local area into an array of estimated data value points and then averaging 

those individual point estimates together to get an average estimated value over the area 

of interest (Isaaks and Srivastava, 1989). The accuracy of the estimation is dependent 

upon the grid size of the area of interpolation, the size of each cell within the grid, and the 

number of discretized data points that are necessary to estimate the cells within that grid 

spacing. The grid size that was used to interpolate the bottom sediment maps was 628 

lines x 1061 lines, with a cell size of 43.81 m2. The nugget effect is added to allow the 

griding to assume there is very little, if any, lateral correlation or trends within the bottom 

sediment (Isaaks and Srivastava, 1989). The nugget effect model entails a complete lack 

of spatial correlation; the point data values at any particular location bear no similarity 

even to adjacent data values (Isaaks and Srivastava, 1989). Without the nugget effect the 

griding would assume that you could only have a linear progression of sediment types 

and would insert all the sediment types along the scale between two sediment types (i.e. 

fine to coarse sand and coarse sand with organic material would be inserted between 

sand/silt and coarse sand even though that is not what is occurring along the bottom. The 

sediment data is grided with no drift for the data interpolation, also helping to minimize 

erroneous classifications. 

 The constructed bottom sediment distribution maps for the mid-bay oyster area 

shows that the benthic habitat is dominated by sandy silts (with shell material) to fine to 

medium sands (with abundant shell material), also containing several areas of harder or 

coarser sediments (coarse sand to dense oyster shell; Figure 10). Below the Port Mahon 

and Mahon River area the benthic habitat is dominated by much finer grained sediments 

(clays to sandy silts) and with only 5 regions (4 small and 1 large) of harder or coarser 

sediments (Figure 10). Using the grab sample information, the bottom sediment maps 

true distributions are determined and the legend classification can be correctly correlated 

with the benthic conditions (Figure 10). 

 When the coarser or harder bottom areas are compared to the estimated seed and 

lease bed extents, there is a rough or general correlation in oyster location or overall bed 

position (Figure 11). The extent of hard bottom greatly differs compared to the estimated  
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Figure 10. Map of the bottom sediment distribution for the mid-bay oyster habitat 

areas surveyed. 
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Figure 11. Locations of Delaware shell plantings, estimated seed and lease beds 

compared to the bottom sediment distribution map. 
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extents of the oyster or shell beds, but the occurrence of shell verses gravel cannot be 

validated until the bottom sediment map is compared to the grab sample and underwater 

video. The ground truthing techniques used (grab sampling and underwater video) show 

that the larger hard bottom areas from southern extent of the survey up to Goose Point are 

indeed shell or oyster beds (Figure 12). Much of harder or coarser areas adjacent to the 

main channel along the shoals, not associated with the extremely hard oyster beds, are 

mixes of fine sediments (silts and fine sands) with varying quantities of  shell (whole and 

broken shell), mainly dominated by smaller bivalve shells consisting of  Fragile surf 

clams, surf clams, and gem shells. These mix areas are not ideal for oyster habitat due to 

the small size of the shell and overall low abundance of shell. 

 Through the correlation of the field validation (Figure 12) with the bottom 

sediment map, 16 shell beds were identified in Delaware waters and 7 in New Jersey 

waters (Figure 13). The Joe Flogger Shoal and Lease 4 beds are dominated by fine shell 

hash material, with oyster shell found on the northwestern end of lease 4 bed. There is 

very good correlation between the relative quantities of shell within the grab samples and 

with the interpolated shell distribution quantities in the sediment map, identified at  the 

Ridge bed, NJP 1, Lease 3, and Woodland Beach beds (Figures 10 and 13). The 

underwater video from the Ridge also demonstrates good correlation between the 

interpolation and the shell distribution conditions along the bottom. The northern section 

of the bed consists of denser shell (with little to no fine grained sediments mixed in with 

the shell), while the northern section of the bed has more finer grained sediments mixed 

with the shell resulting in a more scattered or lower intensity distribution (Figure 10 and 

13).

The updated area for the Delaware seed beds (Woodland Beach, Over the Bar, 

Black Buoy, Thrumcap, Silver Bed, The Lower Middle, The Ridge, Pleasanton’s Rock, 

and Drum Bed) is calculated to be 1331 acres, while the estimated extent according to the 

1972 oyster bed outlines is 978 acres (Figures 11 and 13). This is a 40% increase in the 

known area of oyster habitat. Two of the major differences between the 1972  and 2006 

surveys is the official recognition of the Woodland Beach and Thrumcap oyster areas, 

and the re- 
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Figure 12. The results of the field verification techniques that identified shell or 
coarser sediments compared to the bottom sediment distribution map for the region.
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Figure 13. Benthic mapping identified oyster and shell beds. 
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evaluation of the overall positioning of the oyster bars with respect to one another (Figure 

13).

4.2 Oyster Dredge Correlation 

The Delaware Department of Fish and Wildlife has recently (spring of 2005) 

started recording the starting and end coordinates of their spring and fall dredge surveys, 

which has allowed the dredge survey data to be compared to the bottom sediment maps 

that have been constructed for the oyster habitat areas. Three major dredge surveys were 

conducted in the past year (May thru July 2005, fall 2005, and May 2006; Figures 14, 15, 

and 16). Dredge tracks were overlain on the bottom sediment map, and a strong visual 

correlation became apparent. The May to July 2005 survey (Figure 14), was mainly 

conducted around The Ridge and Lower Middle, and the correlation in oyster shell 

density on the oyster bars is very good, especially the Ridge’s northern section. This 

same strong correlation to oyster shell distributional abundance can be seen in the two 

other surveys as well (Fall 2005 and May 2006; Figures 15 and 16 respectively), again 

with strong correlation on the oyster bars (e.g. Silver Bed, Pleasanton’s Rock, Drum Bed, 

and the Lower Middle in Figure 16 and Silver Bed, The Ridge, Drum Bed, Over the Bar, 

Lease 1 and Lease 3 beds in Figure 15). The visual correlation of the dredge data and the 

bottom sediment data off of the oyster bars appears to have an offset of values, with the 

dredge data having higher abundances of shell than was detected on the sediment surface 

by the Roxann (Figure 14, 15, and 16). This is very apparent to the northeast of the 

Lower Middle, where in July of 2005, 65,000 bushels of crushed clam shell was planted 

(Figure 14 to 17). The Roxann only detected a fine to medium sand to coarse sand (with 

shell; or a fine sand area with random shell material), while the dredge data over that 

same interval contains abundant oyster shell to medium amounts of shell (Figure 10, 14 

to 17). This offset or disparity between the datasets could be the result of the dredge gear 

digging down into the sediment (teeth of 75 mm), which would result in higher shell 

abundances in the dredge, while the Roxann (which only images the surface sediments) 

would have lower values for the sediment hardness and roughness. This area was 

investigated further 
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Figure 14. May to July 2005 oyster survey dredge lines. 
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Figure 15. Fall 2005 oyster survey dredge lines. 
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Figure 16. May 2006 oyster surveys dredge lines. 
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Figure 17. Delaware shell planting locations, as they correspond to the bottom 
sediment classification map of the area. 
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in May of 2006, and it was discovered through grab sampling and addition Roxann 

surveying that the planted clam shell was indeed buried under 1 to 3 cm of silty fine sand. 

  The survey results, as stated in Section 3.3, are quantitative only in their 

abundance estimate which makes a direct correlation to the interpolated bottom sediment 

maps very difficult. The bottom sediment grab sample and interpolated sediment maps 

can be back correlation using Hawth’s Analysis Tools for ArcGIS (using the Intersect 

Point Tool, which uses a mean raster value for the point of estimation). This is possible 

because the sediment samples have a direct correlation to the sediment classification 

ranking, which the interpolated maps are based upon (Table 1). However, the dredge data 

is an estimation of shell and/or sediment over an interval of the bay bottom. The shell 

abundance estimates for the three dredges was correlated to the sediment classification 

ranking (Table 1) and then those values were compared to the raster sediment vales 

(using Hawth’s Analysis Tools Line Raster Intersection Statistics). The Line Raster 

Intersection Statistics tool uses a length weighed mean (LWM) to calculate the mean 

raster sediment values over the length of the oyster dredge line (Appendix A; Dale, 

1999). The subsequent correlation values between the length weighted mean sediment 

values and the assigned dredge shell abundance ranking only had a correlation of 28 % 

(Appendix B). This is a poor correlation, with no true significance, but this is mainly due 

to a disparity between the quantitative shell abundance rankings (after each dredge tow) 

and the sediment classification ranking used for the interpolated maps and sediment grab 

samples. The issues of the dredge digging down into the sediment and subsequently 

including buried shell into its estimates, as well as the shell abundance estimates being an 

aggregate of the shell over an interval and not a point estimate, all could be factors in the 

poor statistical correlation.

5. Discussion

The bottom sediment maps constructed with the Roxann bottom sediment 

classification demonstrates that this system can very successfully map the distribution of 

shell or oyster beds, as well as the adjacent bottom habitat (Figures 10 and 13).  This 

project has identified the spatial extend and relative density of oyster shell on the bay 
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bottom for a total of 21 oyster beds (Figure 13). Previous surveys determined that there 

were 32 shell or oyster areas with considerable uncertainty related to the distribution and 

quality of shell within each of these beds (Figure 10).  The benthic habitat sediment 

distribution patterns reveal that there are coarser sediments (fine to medium sands) and 

varying amounts of shell (oyster and bivalve shells) surrounding the main Delaware seed 

beds (Thrumcap, Over the Bar, Black Buoy, Silver Bed, The Lower Middle, Pleasanton’s 

Rock, Drum Bed, and The Ridge)and New Jersey shell bed (NJP 1 to NJP 7),while the 

lease beds (along the Delaware shore) are surrounded by dominantly fine grained 

sediments (clay to sandy silts; Figure 10 and 13). The updated bottom sediment maps and 

oyster bed outlines now show true spatial extent and orientation of the shell beds, and 

also identify the composition of surrounding bottom sediments which is required for 

future oyster habitat restoration activity.

There was a very strong correlation between acoustic classifications and bottom 

sediment grab samples that were collected in the mid-bay oyster habitat study area 

(Wilson et al. 2006), however, the oyster dredge correlation to the bottom sediment 

distribution was much more dependant upon the area dredged. Dredge tracks on oyster or 

shell beds visually correlated very well, and showed strong correlation in the relative 

distribution and density of shell (Figures 14, 15, and 16). Conversely, dredge data 

collected off of the identified shell bars showed a inconsistent visual correlation, with 

several regions experiencing a complete lack of correlation (east of The Lower Middle; 

Figure 14, 15, and 16). Upon further investigation, it was discovered that the correlation 

of the dredge and Roxann is largely dependant upon the thickness of the surface sediment 

and the depth sampled by the dredge.  Presumably, buried shell up to 75 mm below the 

sediment water interface, will be collected in the dredge, while the Roxann would be 

unable to take into account any shell that is not exposed upon the benthic surface.  

The 75 square miles that were mapped, as part of the oyster habitat area, was 

collected in only 31 days of surveying and grab sampling, while most other methods of 

oyster surveying (i.e. Side-scan sonar, oyster dredge, pole surveying, and multibeam) 

would need significantly more survey time and/or post-processing to complete the same 

survey area (Smith et al., 2003). Swath surveys, such as side-scan sonar and multibeam, 
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are highly constrained by the depth of the survey area and the angle of swath coverage, 

which would increase the survey time in shallower settings. Swath surveys are also not 

able to work in real-time classification, so all bottom sediment data is derived after a 

significant period of post processing. Dredge and pole surveys are good for very localized 

identification, but the results are highly dependant on methodology and gear use. Dredge 

surveys are also very destructive to the benthic habitat, so the use of Roxann acoustic 

surveys helps to greatly reduce this impact. Restricting dredge deployment for oyster 

population estimates will minimize damage to oyster bar habitats.  

6. Conclusion 

6.1 Importance of Remote Sensing to Oyster Management 

Addressing a long list of concerns and topics of interest has to be approached 

from a problem solving based approach. This is why the availability of affordable 

satellite navigation, acoustic remote sensing systems, and GIS has given oyster managers 

an unparalleled set of habitat assessment tools. The integration of an array of surveying 

techniques will ultimately allow for a more comprehensive and complete understanding 

of the benthic habitat. Application of these systems will provide information on 

distribution, quantity and quality of benthic habitats. This information can be used to 

identify where to conduct shellfish abundance surveys. Spatial datasets coupled with 

survey information will increase the precision of shellfish density and absolute 

abundance estimates. Differentiation of hard and soft bottoms with remote sensing tools 

can be used to identify new areas for habitat creation, whereas identification of marginal 

habitats will direct restoration efforts to increase the quality of existing habitat. Finally, 

follow-up acoustic surveys can be used to assess the success and sustainability of habitat 

restoration programs.        
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Appendix A 

Length Weighted Mean (LWM) Calculation from Hawth’s Analysis Tools
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Length weighted mean (LWM). The LWM is calculated by multiplying the length of 
each segment (see above) by the raster cell value of that segment, summing this value 
across all segements, and finally dividing that sum by the total length of the polyline: 

where l is the length of a segment, v is the value of the raster cell for that segment, and L 
is the total line length.  

Length weighted standard deviation (LWSD). This value is calculated by subtracting 
the LWM (see above) for each segments from the raster cell value of that segment, 
squaring this value, multiplying by the length of the segment divided by the total line 
length, summing this across all segments, dividing by n-1 where n is the segment count, 
and finally taking the square root of this value: 

where n is the number of segments, xi is the raster cell value of segment i, the other x 
term is the length weighted mean, li is the length of segment i, and L is the total line 
length.
While this statistic does provide some indication of the variability of the raster data that 
underlies the line, it should be interpreted with caution. It is likely that longer lines are 
likely to have larger LWSD values simply because they cross more raster cells. Often, the 
length of polylines is arbitrary and results from decisions made by digitizers or software 
regarding where to break polylines. Arbitrary line lengths make this statistic particularly 
difficult to interpret. Applications that involve non-arbitrary lines like transect lines or 
possibly animal movement paths might find this statistic more useful as long as you 
interpret it carefully. 
For any serious evaluation of variability along a line/transect I think some of the rigorous 
spatial statistical techniques like the family of local quadrad variance statistics would be 
the most appropriate approach. I recommend the following excellent text for further 
information: 

Dale, M.R.T. 1999 Spatial Pattern Analysis in Plant Ecology. Cambridge University 
Press.
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Appendix B 

Oyster Dredge LWM and Sediment Classification Ranking Values 
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Dredge 
Number 

Location Date Shell Abundance Sediment 
Classificati
on
Ranking 

Roxann_LW
M

Roxann_STD Roxann_CN
T

Roxann_MIN Roxann_MAX 

1 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 23.512 0.091 4.000 22.828 23.563

2 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 16.727 0.000 2.000 16.727 16.727

3 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 23.352 1.176 3.000 20.492 25.578

4 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 24.000 0.337 5.000 22.281 24.813

5 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 23.673 0.108 4.000 22.047 24.813

6 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 23.930 0.438 6.000 23.082 25.098

7 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 23.383 0.340 3.000 22.578 23.609

8 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 24.561 0.423 3.000 24.188 25.047

9 Jigger Hill/ The Ridge 5/23/2005 mud 6 20.247 1.686 5.000 15.223 23.578

10 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 11.874 0.441 4.000 10.383 12.836

11 Jigger Hill/ The Ridge 5/23/2005 shell_med_mud 21 20.056 0.300 3.000 18.883 20.531

12 Jigger Hill/ The Ridge 5/23/2005 no shell 15 13.784 0.645 3.000 12.965 15.277

13 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 13.849 0.163 5.000 13.445 14.141

14 Jigger Hill/ The Ridge 5/23/2005 shell_med_mud 21 17.013 0.689 5.000 16.055 19.672

15 Jigger Hill/ The Ridge 5/23/2005 shell_med_mud 21 18.080 0.271 4.000 17.039 18.609

16 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 14.901 0.846 4.000 13.500 16.594

17 Jigger Hill/ The Ridge 5/23/2005 shell_little_mud 16 23.186 0.465 3.000 22.070 23.766

18 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 16.568 1.102 5.000 14.945 23.781

19 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 17.947 0.928 3.000 16.797 19.344

20 Jigger Hill/ The Ridge 5/23/2005 mud 6 19.539 0.985 4.000 16.797 21.523

21 Jigger Hill/ The Ridge 5/23/2005 shell_med_mud 21 16.797 0.000 2.000 16.797 16.797

22 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 16.230 0.499 3.000 15.781 17.305

23 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 17.848 0.688 4.000 16.750 19.773

24 Jigger Hill/ The Ridge 5/23/2005 shell_little_mud 16 15.001 0.306 4.000 12.125 15.813

25 Jigger Hill/ The Ridge 5/23/2005 shell_abund 25 12.386 0.069 3.000 11.883 12.586

26 Jigger Hill/ The Ridge 5/23/2005 shell_med 22 16.979 0.724 3.000 16.297 18.219

27 Lower Middle 5/23/2005 shell_med 22 18.882 0.697 4.000 17.641 22.156

28 Lower Middle 5/23/2005 shell_little 16 20.289 1.262 5.000 16.367 22.091

29 Lower Middle 5/23/2005 shell_little 16 12.235 0.609 4.000 11.344 13.156

30 Lower Middle 5/23/2005 shell_abund 25 13.511 0.485 4.000 11.586 14.703

31 Lower Middle 5/23/2005 shell_med 22 19.846 0.890 4.000 17.000 22.550

32 Lower Middle 5/23/2005 shell_little 16 15.285 0.081 4.000 15.189 15.541

33 Lower Middle 5/23/2005 shell_med 22 14.491 0.662 3.000 14.133 15.936

35 Lower Middle 5/23/2005 shell_med 22 13.238 0.627 4.000 11.164 13.828

36 Lower Middle 5/23/2005 mud 6 12.681 0.175 5.000 12.188 13.173

37 Lower Middle 5/23/2005 shell_little 16 10.848 0.000 1.000 10.848 10.848

38 Lower Middle 5/23/2005 shell_little 16 12.218 0.464 5.000 10.133 13.367

39 Lower Middle 5/23/2005 shell_med_mud 21 13.833 0.255 4.000 13.367 14.297

40 Jigger Hill 5/26/2005 shell_abund 25 11.708 0.237 5.000 11.188 13.156

41 Jigger Hill 5/26/2005 shell_med 22 19.713 0.910 4.000 17.352 20.797

42 Jigger Hill 5/26/2005 shell_abund 25 17.428 0.493 6.000 15.578 20.797

43 Jigger Hill 5/26/2005 shell_abund 25 18.889 0.946 4.000 17.109 20.531

44 Jigger Hill 5/26/2005 shell_abund 25 20.843 0.808 4.000 19.328 22.047

45 Jigger Hill 5/26/2005 shell_abund 25 25.659 0.092 5.000 25.422 26.578

46 Jigger Hill 5/26/2005 shell_little_mud 16 18.949 0.601 6.000 17.852 22.547

47 Jigger Hill 5/26/2005 shell_abund 25 15.397 0.432 6.000 13.781 18.250

48 Jigger Hill 5/26/2005 shell_little_mud 16 16.280 0.228 5.000 15.578 16.750
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49 Jigger Hill 5/26/2005 shell_med_mud 21 19.283 0.646 4.000 16.969 21.311

50 Jigger Hill 5/26/2005 shell_med_mud 21 19.614 1.011 4.000 17.531 21.295

51 Jigger Hill 5/26/2005 shell_med_mud 21 18.314 0.364 4.000 17.563 18.719

52 The Ridge   5/26/2005 shell_abund 25 12.288 0.134 6.000 11.883 12.586

53 Lower Middle 5/26/2005 shell_abund 25 25.715 0.110 4.000 25.164 25.965

54 Lower Middle 5/26/2005 shell_abund 25 21.667 0.681 5.000 19.483 23.541

55 Lower Middle 5/26/2005 shell_abund 25 18.791 0.479 5.000 17.025 21.539

56 Lower Middle 5/26/2005 shell_little_mud 16 19.768 0.187 5.000 19.391 22.503

57 Lower Middle 5/26/2005 shell_med_mud 21 13.306 1.494 4.000 11.375 16.789

58 Lower Middle 5/26/2005 shell_abund 25 15.414 1.180 5.000 12.641 19.025

59 Lower Middle 5/26/2005 shell_abund 25 15.256 0.757 5.000 12.414 17.148

60 Lower Middle 5/26/2005 shell_little 16 20.148 0.340 6.000 19.836 22.550

61 Lower Middle 5/26/2005 shell_med 22 9.082 0.634 6.000 7.781 12.492

62 Lower Middle 5/26/2005 shell_little 16 11.838 0.251 5.000 11.533 12.633

63 Lower Middle 5/26/2005 shell_med_mud 21 11.614 0.247 6.000 10.094 12.727

64 Lower Middle 5/26/2005 shell_abund 25 10.556 0.464 4.000 9.492 11.734

65 Lower Middle 5/26/2005 shell_little_mud 16 12.426 0.401 4.000 12.023 13.680

66 Lower Middle 5/26/2005 shell_abund 25 10.323 0.137 3.000 10.039 10.523

67 Lower Middle 5/26/2005 shell_little_mud 16 10.661 0.186 3.000 10.070 10.953

68 Lower Middle 5/26/2005 shell_little 16 12.448 0.372 5.000 10.719 13.988

69 Lower Middle 5/26/2005 shell_med_oysters 22 12.416 0.578 7.000 10.758 14.391

70 Lower Middle 5/26/2005 shell_little 16 9.452 0.383 5.000 7.313 10.133

71 Lower Middle 5/26/2005 shell_little 16 17.399 0.431 4.000 16.734 18.047

72 Lower Middle 5/26/2005 shell_little 16 13.415 0.308 5.000 12.891 14.587

73 Lower Middle 5/26/2005 shell_little 16 16.275 0.389 4.000 15.844 17.358

74 Lower Middle 5/26/2005 shell_abund_oyster 25 14.416 0.756 6.000 12.977 16.820

75 Lower Middle 5/26/2005 shell_little 16 14.228 0.253 7.000 13.525 15.177

76 Lower Middle 5/26/2005 shell_abund_oyster 25 14.217 0.100 6.000 13.117 14.547

77 Lower Middle 5/26/2005 shell_med 22 14.742 0.150 5.000 14.317 15.323

78 Lower Middle 5/26/2005 shell_abund_oyster 25 14.174 0.113 4.000 13.961 14.945

79 Lower Middle 5/26/2005 shell_med 22 13.957 0.250 6.000 12.961 14.711

80 Lower Middle 5/26/2005 mud 6 13.751 0.186 5.000 13.320 14.156

81 Lower Middle 7/15/2005 shell_little_mud 16 12.888 0.083 5.000 12.695 13.234

82 Lower Middle 7/15/2005 shell_little 16 12.621 0.448 7.000 11.086 14.655

83 Lower Middle 7/15/2005 shell_little 16 13.901 0.498 4.000 12.922 14.777

84 Lower Middle 7/15/2005 shell_little 16 17.027 0.437 6.000 15.977 18.000

85 Lower Middle 7/15/2005 shell_little 16 14.657 0.289 6.000 13.883 15.648

86 Lower Middle 7/15/2005 shell_little 16 14.125 0.264 4.000 13.875 15.953

87 Lower Middle 7/15/2005 shell_little 16 12.989 0.185 5.000 12.613 14.478

88 Lower Middle 7/15/2005 shell_little 16 16.129 0.844 5.000 13.697 18.483

89 Lower Middle 7/15/2005 shell_little_live_ 16 14.383 0.593 4.000 13.617 15.594

90 Jigger Hill 7/15/2005 mud_shell_live oys 16 15.618 0.509 4.000 14.777 16.611

91 Jigger Hill 7/15/2005 mud_shell_live oys 16 16.705 0.467 5.000 15.094 17.531

92 Jigger Hill 7/15/2005 shell_little_mud 16 18.702 0.039 4.000 18.617 18.906

1 RIDGE Fall 2005 shell_little 16 19.700 0.910 6.000 17.195 22.031

2 RIDGE Fall 2005 shell_med_oysters 22 22.720 0.531 5.000 22.031 24.891

3 RIDGE Fall 2005 shell_abund_oyster 25 22.240 0.232 5.000 21.477 24.609

4 RIDGE Fall 2005 shell_med_oysters 22 23.679 0.353 5.000 22.078 24.344

5 RIDGE Fall 2005 shel_med 22 24.618 0.359 6.000 23.789 26.344

6 RIDGE Fall 2005 shell_abund 25 25.823 0.274 6.000 24.188 27.125

7 RIDGE Fall 2005 shell_abund 25 24.929 0.531 6.000 21.984 25.789

8 RIDGE Fall 2005 shell_abund 25 23.873 0.063 6.000 23.688 24.031
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9 RIDGE Fall 2005 shell_abund 25 23.255 0.831 4.000 19.555 24.719

10 RIDGE Fall 2005 shell_abund_oyster 25 25.966 0.162 6.000 24.047 26.391

11 RIDGE Fall 2005 shell_abund_oyster 25 24.863 0.416 5.000 23.082 25.313

12 RIDGE Fall 2005 shell_abund 25 21.510 0.805 5.000 19.359 22.781

13 RIDGE Fall 2005 shell_little_oyste 16 18.096 0.868 9.000 15.344 23.234

14 RIDGE Fall 2005 shell_med_oysters 22 26.049 0.504 7.000 24.078 27.250

15 RIDGE Fall 2005 shell_med_oysters 22 22.445 0.590 5.000 21.219 23.766

16 LOWER MIDDLE Fall 2005 shell_abund_oyster 25 18.540 0.309 6.000 17.000 20.384

17 LOWER MIDDLE Fall 2005 shell_abund_oyster 25 16.340 0.648 6.000 12.414 20.045

18 LOWER MIDDLE Fall 2005 shell_abund_oyster 25 19.515 0.395 7.000 18.773 21.539

19 LOWER MIDDLE Fall 2005 shell_little 16 12.049 0.060 6.000 11.922 12.223

20 LOWER MIDDLE Fall 2005 shell_abund_oyster 25 14.711 0.275 6.000 13.172 15.273

21 LOWER MIDDLE Fall 2005 shell_little_sabel 16 15.751 0.420 6.000 14.420 16.850

22 LOWER MIDDLE Fall 2005 shell_little_oyste 16 12.117 0.219 6.000 10.439 12.759

23 LOWER MIDDLE Fall 2005 shell_med_oysters 22 11.802 0.260 6.000 11.063 12.633

25 OVER THE BAR Fall 2005 shell_abund_oyster 25 23.697 0.316 5.000 20.919 24.386

26 OVER THE BAR Fall 2005 shell_abund_oyster 25 16.974 0.216 5.000 14.695 17.319

27 OVER THE BAR Fall 2005 shell_med_oysters 22 15.467 1.126 5.000 12.875 17.478

28 OVER THE BAR Fall 2005 shell_abund_oyster 25 15.015 0.350 6.000 14.008 16.281

29 OVER THE BAR Fall 2005 shell_med_oysters 22 15.906 0.228 5.000 15.283 17.413

30 OVER THE BAR Fall 2005 shell_abund_oyster 25 15.494 0.184 5.000 15.141 15.875

31 OVER THE BAR Fall 2005 shell_little_mud 16 18.403 0.181 5.000 17.730 18.934

32 SILVER BED Fall 2005 shell_med_oysters 22 15.598 0.793 5.000 14.102 20.078

33 SILVER BED Fall 2005 mud_shell_oysters 16 21.462 0.172 6.000 19.602 22.391

34 SILVER BED Fall 2005 shell_abund_oyster 25 20.454 0.512 5.000 18.047 21.094

35 SILVER BED Fall 2005 shell_med_oysters 22 17.004 0.463 5.000 15.445 21.578

36 SILVER BED Fall 2005 shell_abund_oyster 25 23.235 0.326 6.000 22.641 24.391

37 SILVER BED Fall 2005 shell_abund_oyster 25 23.514 0.287 6.000 22.750 24.206

38 SILVER BED Fall 2005 mud_shell_oysters 16 15.902 0.920 6.000 13.555 19.063

39 SILVER BED Fall 2005 shell_abund_oyster 25 22.102 0.097 7.000 21.891 22.664

40 SILVER BED Fall 2005 shell_abund_oyster 25 22.508 0.171 6.000 21.691 23.089

41 SILVER BED Fall 2005 shell_abund_oyster 25 21.817 0.433 5.000 19.383 22.594

42 PLEASANTONS 
ROCK

Fall 2005 mud_shell_oysters 16 20.296 0.445 8.000 17.234 21.375

43 PLEASANTONS 
ROCK

Fall 2005 mud_shell_oysters 16 18.568 0.295 7.000 17.289 19.578

44 DRUM Fall 2005 shell_med_oysters 22 19.515 0.474 5.000 17.945 20.723

45 DRUM Fall 2005 mud_shell_oysters 16 15.568 1.692 6.000 11.211 20.672

46 DRUM Fall 2005 shell_abund_oyster 25 24.124 0.184 8.000 23.680 24.789

47 RED BUOY Fall 2005 shell_abund_oyster 25 14.423 0.211 5.000 13.961 14.950

48 RED BUOY Fall 2005 shell_abund_oyster 25 14.746 0.321 9.000 13.563 16.243

49 RED BUOY Fall 2005 shell_med_oysters 22 16.349 0.070 5.000 16.252 16.534

50 RED BUOY Fall 2005 shell_little 16 15.097 0.196 6.000 14.352 15.736

51 WOODLAND BEACH Fall 2005 mud_shell_oysters 16 17.190 0.314 5.000 16.313 18.234

53 WOODLAND BEACH Fall 2005 mud_shell_oysters 16 18.445 0.648 6.000 16.141 19.766

54 WOODLAND BEACH Fall 2005 mud_shell_oysters 16 19.732 0.698 5.000 17.555 21.258

55 WOODLAND BEACH Fall 2005 shell_med_oysters 22 22.102 0.622 5.000 20.438 24.219

57 WOODLAND BEACH Fall 2005 shell_cobble_oyste 25 20.249 0.578 5.000 18.691 21.188

58 PERSIMMON TREE Fall 2005 shell_med_oysters 22 14.186 0.136 5.000 13.688 14.750

59 PERSIMMON TREE Fall 2005 shell_med_oysters 22 15.638 0.212 4.000 15.164 16.609

60 LEIPSIC RIVER Fall 2005 shell_med_oysters 22 14.304 0.294 7.000 13.289 15.391

61 LEIPSIC RIVER Fall 2005 shell_abund_oyster 25 15.362 0.738 6.000 13.289 19.133

62 LEIPSIC RIVER Fall 2005 shell_med_oysters 22 13.471 0.810 7.000 10.813 17.117
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64 JIGGER HILL Fall 2005 shell_abund 25 18.063 0.355 6.000 16.984 18.906

65 JIGGER HILL Fall 2005 shell_abund 25 19.867 0.822 4.000 13.914 21.295

66 JIGGER HILL Fall 2005 shell_abund 25 16.846 0.152 8.000 16.141 18.328

67 LOWER MIDDLE 
PLANT

Fall 2005 shell_abund 25 14.477 0.717 7.000 13.031 16.945

68 LOWER MIDDLE 
PLANT

Fall 2005 shell_abund 25 16.981 0.591 6.000 14.789 18.000

69 LOWER MIDDLE 
PLANT

Fall 2005 shell_abund 25 16.783 0.349 7.000 15.367 18.483

70 LOWER MIDDLE 
PLANT

Fall 2005 shell_abund 25 15.300 0.472 5.000 14.242 16.313

71 PLEASANTONS 
ROCK

Fall 2005 mud_shell_oysters 16 15.366 0.408 6.000 13.820 18.531

72 PLEASANTONS 
ROCK

Fall 2005 mud_shell_oysters 16 17.580 0.324 6.000 16.758 19.008

73 SOUTH LUMP Fall 2005 mud_shell_oysters 16 23.200 1.380 7.000 19.777 28.023

74 NORTH LUMP Fall 2005 shell_abund 25 25.465 0.908 6.000 20.277 28.227

75 LEASE BED 5 Fall 2005 shell_abund_oyster 25 20.914 0.213 5.000 20.234 21.570

76 RIDGE WEST Fall 2005 shell_med_oysters 22 14.953 0.679 5.000 13.406 16.398

77 RIDGE WEST Fall 2005 shell_abund_oyster 25 18.742 0.350 7.000 17.289 19.992

78 RIDGE WEST Fall 2005 shell_abund_oyster 25 17.383 0.648 6.000 15.908 19.641


