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ABSTRACT/EXECUTIVE SUMMARY

Gray’s Reef National Marine Sanctuary (GRNMS) is exploring the concept of a research area (RA) within its 
boundaries.  The idea of a research area was first suggested in public scoping meetings held prior to the review 
of the Gray’s Reef Management Plan. An RA is a region specifically designed for conducting controlled scientific 
studies in the absence of confounding factors. As a result, a multidisciplinary group gathered by GRNMS was 
convened to consider the issue. This Research Area Working Group (RAWG) requested that a suite of analyses 
be conducted to evaluate the issue quantitatively. To meet this need, a novel selection procedure and geographic 
information system (GIS) was created to find the optimal location for an RA while balancing the needs of re-
search and existing users. This report and its associated GIS files describe the results of the requested analyses 
and enable further quantitative investigation of this topic by the RAWG and GRNMS.

To guide the analyses, the RAWG identified several general characteristics needed for an effective and accept-
able RA; these are listed below in order of decreasing use value. The RAWG determined that an ideal RA would 
include:

1) a large number and diversity of ledge types because ledges are the most important bottom type in the sanctu-
ary and the target of most research needs;

2) the full spectrum of other bottom types in the sanctuary besides ledges in order to encompass the full variety 
of habitats for research;

3) a large number of prior research sites to serve as a baseline for comparison with future studies;

4) as few of the preferred bottom fishing sites as possible (provided that guidelines 1-3 above are not compro-
mised). Bottom fishing should be prohibited within the RA since it could confound research; and

Image 1. Diver conducting research on sponge cover at GRNMS.
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5) a suitable number and area of ledges, other bottom types, and prior research outside the RA to serve as a 
comparison to sites within the RA.

In addition to these five general guidelines, the RAWG requested that several boundary configurations be con-
sidered for a potential RA. These alternatives included squares, rectangles, and hexagons of various sizes in-
cluding 4, 6, 9, and 16 km2 . In addition, the squares and rectangles were rotated 30° and 45° counter-clockwise 
to explore the possibility that this rotation would possibly better align RA boundaries with local geology and hence 
the desired characteristics of the RA more optimally.

To address these issues, a sliding window approach was used to quantify the diversity of ledges, bottom types, 
number of prior research sites, and preferred fishing locations inside and outside of each boundary configuration 
(see Figure 1). This approach systematically considered  placement of the various RA boundary configurations 
throughout the entire sanctuary. A scoring procedure was then applied to enable the exploration of the tradeoffs 
among boundary size, shape, and orientation and how these choices affect inclusion of target bottom types, 
prior research, and favored fishing locations. A table of all boundary options and their respective scores for each 
category of variable was created to facilitate comparisons. Finally, through a step-wise selection process the field 
of potential RA boundaries was narrowed based on the five general criteria identified by the RAWG.

The best RA options were clustered in the south/central portion of the sanctuary where most ledges and prior 
research sites were located. The larger sized options were often most desirable because they covered a greater 
proportion of the sanctuary and therefore encompassed more of the target variables. The largest sizes maxi-
mized ledge, bottom type, and prior research within the RA and still allowed sufficient comparable areas outside 
of it. These also would include the home range for the greatest variety of fish. Rotating boundary shapes im-
proved a small percentage of boundary options. Such options mostly gained ledges along the very edge of their 
boundaries. Edge effects, fish movement out of the RA, and fishermen concentrating effort along the boundary 
line may all counter the benefit of a larger number of ledges near a boundary edge.

The consequences of high, moderate, and low stringency or selectivity in applying the siting criteria and choosing 
acceptable boundary options were demonstrated through three example scenarios respectively. Low selectivity 
yielded too many options to choose from with widely differing characteristics, many of which did not meet all of 
the RAWG’s preferred siting criteria. The highly selective scenario demonstrated that the ideal RA, one with lots 
of ledges and prior research but that includes none of the preferred fishing sites and displaces no fishermen, 
is simply not possible. In contrast, a moderately selective scenario resulted in a reasonable number of options 
from which an RA could be chosen that generally met the five characteristics requested by the RAWG. A reason-
able number of all ledge types were included as well as all other bottom types. Some of nearly all types of prior 
research were present within each option and the areas with the very highest fishing effort were avoided with-
out compromising the other criteria. All of these options had large amounts of ledges, other bottom types, and 
prior research sites outside the RA. These options consisted of many alternative shapes, sizes, and rotations 
and occurred in two clusters located in the east/central and west/central portions of the sanctuary respectively.  
Ultimately, through the public process and further consideration by the RAWG and GRNMS, this list of possible 
options could be further narrowed and an acceptable RA chosen.

There are many other issues to be considered in the long term design of a RA not analyzed in this study.  No 
matter what size, shape, or rotation may ultimately be decided upon, the addition of a buffer zone of added 
protection around the RA should be considered.  A buffer zone is simply a border of additional protected space 
around the area that will serve as the RA. This is especially important in areas where ledges within the RA are 
near its border.  In addition, an RA designated based on the results of this analysis should include some spatial 
and temporal flexibility. The RA should be periodically remapped and reevaluated or have regulations updated 
as necessary to accommodate changes in the distribution of bottom features and research needs.

Although avoidance of preferred bottom fishing areas was an important objective of this analysis through the 
use of boat sighting and marine debris distributions, further care should be taken to minimize displacement of 
current users. Namely, since bottom fishermen will be the most impacted, they and their representatives should 
be consulted at public meetings to discuss which among the preferred RA options are most agreeable to them. 
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Provided that the criteria are met for ledges, other bottom types, and prior research, any of the remaining op-
tions most acceptable to bottom fishermen should do equally well in providing an effective RA. Incorporating this 
group’s concerns at every stage in the RA evaluation process has been essential thus far and is expected to 
improve understanding, acceptance, and ultimately compliance of an RA if implemented.

This document and associated files do not provide a “final answer” to the exact placement of an RA within 
GRNMS; instead they describe a novel approach and GIS tool to aid in making that decision. Prior to this study, 
the number of ledges, area of other bottom types, inclusion of prior research, and preferred locations for fishing 
within the context of the various RA boundary configurations under consideration were simply not understood. 
The results of this study provide this requisite understanding through a systematic and comprehensive analysis 
of the boundary options and the resources they encompass. This document and associated files enables the 
RAWG, GRNMS, and NOAA to further refine their desired parameters and complete the RA selection process. 
Ultimately, the decision of if and where to implement an RA rests with GRNMS, and NOAA.
 

Identify Variables of

Interest
• 12 Ledge variables

• 3 Other bottom type

• 8 Prior research

• 2 Fishing variables

Select Possible Boundary

Configurations
• Shapes: Square, Rectangle,

and Hexagon

• Sizes: 4, 6, 9, and 16 km2

• Rotations: 0, 30, and 45°

Run Sliding

Window

Process
(Extracts variable

values inside and

outside each

boundary option)

Create Options Table
• Determine histogram scores for each variable

• Calculate category scores for each variable group

Run Step-wise Selection Process
(Eliminates unacceptable boundary options at each step)

1. Ledge category scores inside the RA

2. Other bottom type cat. scores inside the RA

3. Prior research category scores inside the RA

4. Fishing category scores inside the RA

5. Ledge category scores outside the RA

6. Other bottom type cat. scores outside the RA

7. Prior research category scores outside the RA

8. Fishing category scores outside the RA

Provide list of

acceptable boundary

alternatives for the

research area

Figure 1. Flowchart of analysis process.
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INTRODUCTION

Much attention has recently been given in marine protected area (MPA) literature to recommendations, tech-
niques, and processes for site placement (Ball and Possingham 2000, National Research Council 2001, Leslie et 
al 2003, Roberts et al 2003a, Roberts et al 2003b, Meester et al 2004, Pattison et al 2004, Dalton 2005, NERRS 
2005). The focus has largely been on those MPA’s intended for biodiversity conservation (but see NERRS 2005, 
NPS 2001). Instead the focus of this report is on another specialized type of MPA, those created specifically to 
support scientific research. 

A research area (RA) is a type of MPA in which to conduct controlled scientific studies in the absence of confound-
ing factors. Sites appropriate for conducting manipulative studies with adequate controls are lacking in many 
marine areas. RAs, like some conservation areas, also offer scientists the opportunity to observe natural ecosys-
tems and their variability thereby enabling discrimination between natural and human induced change (Dayton et 
al 2000, National Research Council 2001). Unlike conservation areas, RAs have the added potential to serve as 
sites for conducting controlled manipulations to observe how a natural system would respond to various stress-
ors (e.g. anchoring, trap fishing, hook and line, or spear fishing). Typically, this type of MPA prohibits extractive 
or destructive activities that may interfere with those studies. As a result, extractive activities may be conducted 
only under permit for scientific or educational purposes (National Marine Protected Area Center 2005). As with 
other MPA’s that limit use, the location of an RA must be sensitive to displacing current user groups. In addition, 
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Figure 2. Marine managed areas (including National Estuarine Research Reserve System, National Park Service, National Wildlife Ref-
uge and NMS sites) within or near Georgia state waters as classified by the MMA Inventory.
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because long term monitoring and research are primary objectives, 
a site with a large preexisting body of research is often desirable. An 
RA is currently under consideration for placement within Gray’s Reef 
National Marine Sanctuary (GRNMS) off the southeastern coast of 
the United States. Here, a quantitative approach to optimally site an 
RA within GRNMS given these issues is provided. 

During the public comment phase of the 1999/2000 management 
plan review process at GRNMS it was requested that sanctuary staff 
consider designation of an RA within their boundaries. There are sev-
eral reasons for GRNMS to focus on finding a potential location for 
such a zone. GRNMS is located within the South Atlantic Bight and at 
present there are no other federally protected ocean bottom habitats 
in that region nor have any areas been set aside for research. The 
six MPA’s in Georgia that are intended, at least in part, for research 
are located on or near the sea islands well inshore (NOAA/DOI 2006) 
(Figure 2). GRNMS encompasses many key bottom types representa-
tive of the South Atlantic Bight’s shelf region including flat and rippled 
sand, flat live bottom sparsely colonized by sessile invertebrates and 
fish, and high relief rock ledges densely populated with invertebrates 
and fish (Kenney 1993, Kendall et al 2005). The ledges are the focus 
of recreational diving and a popular sport fishery for grouper (Mycte-
roperca sp.), sea bass (Centropristis sp.), and in the pelagic waters 
above them, king mackerel (Scomberomorus cavalla). The designa-
tion document for the sanctuary lists one of its main purposes as promoting scientific understanding of the live 
bottom ecosystem (NOAA 1983). In addition, a 2003 MPA workshop to identify priority social science questions in 
marine waters between eastern Florida and Virginia indicated that understanding the influences of human uses, 
such as fishing, on natural resources is a primary information need for the region (National Marine Protected 
Area Center 2003). Designating an RA within GRNMS, located mid-shelf in the central part of the South Atlantic 
Bight, would provide a controlled location at which many key scientific questions, specifically how human activi-
ties impact resources, could not otherwise be answered. 

To further study the possibility of implementing an RA at GRNMS, the Sanctuary Advisory Council established 
the Research Area Working Group (RAWG) in January 2004. The RAWG was composed of individuals from 
science, conservation, recreational and commercial fishing, management, law enforcement, education, and rec-
reational diving (Appendix A). The RAWG used a consensus driven process to address two main issues; first, 
they identified key research questions and second, determined if an RA would be useful or necessary to address 
them. The RAWG concluded that there were several research topics that could only or could best be addressed 
through a research area (RAWG Matrix 2, Appendix B). Specifically, the effect of bottom fishing on bottom fish 
populations and sessile benthic invertebrates were identified as key research needs that could be addressed 
through an RA in which bottom fishing would be restricted (RAWG Matrix 4, Appendix C). The RAWG indicated 
that for such an area to be used to effectively study these issues, bottom fishing and use of any bottom impinging 
gears or techniques such as deep trolling would be allowed only under permit for scientific research issued by 
GRNMS. See Appendix C for further justification for considering an RA at GRNMS.

Having established the need for an RA, the RAWG next considered the criteria that should guide its placement 
within GRNMS. Given that some key research questions were to focus on the influence of bottom fishing on sanc-
tuary resources, the RAWG determined that the RA should include a large amount of ledge habitat, the favored 
target of bottom fishermen due to its abundance of desirable fish species. Although the main bottom type needed 
to accomplish the most pressing research objectives is high relief or ledge bottom, the RAWG also indicated a 
need to include other bottom types such as sand and sparse live bottom. This would achieve full representation 
of other bottom types in the region, accommodate future studies on those bottom types, and serve to encompass 
sufficient linkages and interactions between ledges and surrounding habitats to represent a functional ecosys-
tem (Appendix B-C, Sanctuary Advisory Council 2005). Besides including particular types of bottom features, the 
RAWG also was interested in including a large amount of prior research within the RA. A diversity of research has 

Image 2. Undercut limestone ledge at GRNMS 
that is densely colonized by sessile inverte-
brates and fish.
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been conducted within GRNMS for many 
years which would serve as a valuable ref-
erence or baseline for future investigations 
within an RA. Lastly, because bottom fish-
ing would be restricted within the RA, the 
RAWG wanted to place it in a location that 
would minimize the displacement of cur-
rent fishermen. Placement of the RA with 
sensitivity to existing users would make 
regulatory compliance easier and is likely 
to gain broader public acceptance.
 
The RAWG also considered various options 
for the size and shape of the RA according 
to ease of enforcement, statistical power, 
and scientific usefulness (RAWG Matrix 
5b, Appendix D). Size options ranged from 
4 km2 to 16 km2. Although a small RA would 
ease enforcement and acceptance, the 
larger options would best meet statistical and scientific considerations. A larger RA would likely include more rep-
licate ledges for study, have less area influenced by edge effects (in comparison to its size and smaller areas), 
and be more likely to include the home range of a greater diversity of bottom fish. However, a sufficient group of 
reference sites outside the RA, but still within GRNMS, may not be available if the RA is too large. Furthermore, 
restricting fishing throughout much of the sanctuary as a result of a large RA would also not be acceptable to the 
public. Different boundary shapes and orientations were considered including squares and rectangles rotated to 
varying degrees as well as hexagons. Squares or rectangles with edges parallel to latitude and longitude would 
be easiest to mark, enforce, and comply with; however, rotating such shapes to align with geologic patterns might 
more efficiently encompass desired bottom features. 

Apart from these broad guidelines, quantitative criteria for defining characteristics of an acceptable RA, such as 
some minimum number or area of ledges to include, were not provided by the RAWG. This was due to a lack of 
understanding about the spatial distribution of bottom features, prior research, and preferred fishing locations 
and how these variables might overlay with the boundaries of the various size and shape options under consid-
eration. 

To meet this need, a geographic information system (GIS) was developed to systematically analyze the entire 
sanctuary and determine the optimal placement of an RA given the general characteristics and boundary shapes 
requested by the RAWG. All relevant bottom data, locations of prior research, and information that could be used 
to identify preferred fishing locations were incorportated. There are many software tools available to explore 
the spatial relationships between the target variables and RA boundary options (Pattison et al 2004), however, 
none met the particular needs of this study. A novel technique was therefore created in which successive RA 
options were characterized in the GIS using a moving window of the same dimensions as each boundary shape 
requested by the RAWG. This was chosen over other MPA selection tools because there were a limited number 
of size and shape options and only a single RA (rather than a network of sites) was needed within GRNMS. 

A step-wise approach was used to select viable RA options (Roberts et al 2003a) to ensure that the position of 
the RA met scientific needs while being sensitive to but not compromised by socioeconomic or other pressures. 
Any region within GRNMS was considered as a possible RA. RA options were then eliminated that did not in-
clude the target bottom types. The RA options that encompassed the large amounts of prior research were then 
selected from among those options remaining. Finally, among the few RA options that remained a selection was 
made for those options that minimized displacement of bottom fishermen. In this way it was possible to sure that 
the RA included the right bottom types above all other considerations but also had adequate amounts of prior 
research and was sensitive to the displacement of users.

Image 3. Large gag grouper and other fish.
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The goals of this analysis were to; 1) compile the datasets that can aid GRNMS staff and the RAWG in selecting 
a suitable site for the RA, 2) systematically analyze a range of RA boundary sizes and shapes throughout the 
entire sanctuary, quantifying the bottom types included, prior research, and fishing pressure within and outside 
of each option, 3) recommend a group of boundary options that all meet the criteria established by the RAWG, 
and 4) enable an informed approach by which the RAWG can select an RA.

METHODS

Study Area
GRNMS is located 32 km off the coast of Georgia and has typical depths of ~20 m (Figure 2). The rectangular 
sanctuary is 6.5 km north to south by 9 km east to west and is comprised of 8% flat sand bottom, 67% rippled 
sand, 25% sparsely colonized live bottom, and <1.0% ledge based on 2001 sonar data (Kendall et al 2005) (Fig-
ure 3). Bottom types, prior research areas and fishing activities all have a non-random distribution in the sanctu-
ary. Most sparse live bottom and ledges are located within the central/southern parts of the sanctuary. 

Input data
A total of 25 variables from 11 datasets were identified for the RA selection process based on the general criteria 
provided by the RAWG. These included four categories of variables that quantified 1) the amount and diversity 
of ledge habitat, 2) the amount of all other bottom types, 3) the number of research sites, and 4) the amount of 
bottom fishing effort within the sanctuary. Table 1 lists the variables within these four categories. A description 

Figure 3. Spatial distribution of GRNMS bottom types classified by Kendall et al (2005).
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Category Name Description Source
Ledges LEG_H_S Number of short ledges Modified Kendall et al 2005

(12 variables) LEG_HSA Total area of short ledges Modified Kendall et al 2005
LEG_H_M Number of medium height ledges Modified Kendall et al 2005
LEG_HMA Total area of medium height ledges Modified Kendall et al 2005
LEG_H_T Number of tall ledges Modified Kendall et al 2005
LEG_HTA Total area of tall ledges Modified Kendall et al 2005
LEG_S_S Number of small ledges Modified Kendall et al 2005
LEG_SSA Total area of small ledges Modified Kendall et al 2005
LEG_S_M Number of medium size ledges Modified Kendall et al 2005
LEG_SMA Total area of medium size ledges Modified Kendall et al 2005
LEG_S_L Number of large ledges Modified Kendall et al 2005
LEG_SLA Total area of large ledges Modified Kendall et al 2005

Other Bottom Types OBT_SCB Total area of sparsely colonized live bottom Kendall et al 2005
(3 variables) OBT_FS Total area of flat sand Kendall et al 2005

OBT_RS Total area of rippled sand Kendall et al 2005
Research RES_ROV Total bottom time of roving surveys REEF

(8 variables) RES_STA Number of point surveys REEF
RES_TAG Number of tagging sites MARMAP
RES_TRP Number of trap sites MARMAP
RES_SED Number of sediment/contaminant sites NOAA/CCHBR
RES_LTR Number of Long Term Research sites (0 or 1) NOAA/GRNMS
RES_TRA Number of transect surveys NOAA/Biogeography Team
RES_BEN Number of benthic/debris surveys NOAA/Biogeography Team

Fishing FIS_BOT Number of stationary boats various sources
(2 variables) FIS_GER Total gear pieces ÷ number of surveys NOAA/Biogeography Team

Table 1. List of variables, a brief description, and sources for each data set. 

of the variables, their data sources, their relevance to the desired characteristics of an RA as identified by the 
RAWG, and any processing steps needed to prepare them for analysis are described in subsequent sections. 
Following the description of processing steps are methods for extracting the data and comparing the suitability 
of different RA boundary options.

Ledges
The RAWG and Sanctuary Advisory Council indicated that the single most important consideration in selecting 
an area for the RA was the inclusion of a large number and diversity of ledge types (Sanctuary Advisory Council 
2005). The best bottom maps of the sanctuary (Kendall et al 2005) only denote ledges within a single category, 
even though some are only a few centimeters tall and others are >2 m meters in height. Similarly, some ledges 
are only a few tens of meters long and cover a small area, but others extend for hundreds of meters. To differ-
entiate among ledges with different height and area characteristics and meet the needs of the RAWG, ledges 
in the Kendall et al (2005) map were further categorized by height (short, medium, and tall) and by area (small, 
medium and large). 
 
Using ArcGIS software, ledge polygons were extracted from other bottom types. Ledge height was determined 
for each polygon through the use of a 2 meter bathymetry grid of the sanctuary. First, all depth values from the 
bathymetry grid around each polygon were extracted from the bathymetry data. The deepest and shallowest 
values were subtracted to determine the maximum depth change or height for each ledge. Field work indicated 
that this was an accurate representation of ledge height since ledges are typically uniform in height for much of 
their length. Ledges were then categorized as short, medium, or tall by rank-ordering their heights and assigning 
one-third of the ledges to each category. Area of each ledge was also calculated in ArcGIS and used to catego-
rize ledges as small, medium, or large, again by assigning one-third of the ledges to each category. This allowed 
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us to examine the diversity of ledges based 
on height and area. 

Other bottom types 
In addition to maximizing the number and 
diversity of ledges within an RA, the RAWG 
indicated that the full complement of other 
bottom types in the sanctuary should be 
represented. To meet this need, the total 
areas of the three other benthic types from 
the Kendall et al (2005) map, which include 
sparsely colonized live bottom, flat sand, 
and rippled sand, were also included in the 
analysis. These habitat polygons were ex-
tracted from the benthic map of the sanctu-
ary into a new shapefile that did not include 
the ledge polygons. 

Prior research sites 
Once the bottom type criteria for an RA 
were met, the RAWG next hoped to iden-
tify a location that would also include a sig-
nificant amount of prior research. Scientific 
research had taken place within the area 
prior to the site becoming a National Marine 
Sanctuary in 1981. In the 1960’s the area 
was studied by biologist Milton B. Gray, af-
ter whom the sanctuary was named. More 
recently, numerous efforts have taken place 
not only within the sanctuary, but through-
out the South Atlantic Bight. 

The first step in this part of the selection 
process was to identify all locations of prior 
research within GRNMS. Those locations 
that contributed significantly to understand-
ing the baseline conditions of sanctuary 
resources were identified and primarily 
included research that was either long in 
duration, included many replicates, or was 
widespread within the sanctuary (Figure  
4). 

With the exception of the single GRNMS 
Long Term Monitoring Site (GRNMS 2006), 
research that was only conducted a few 
times or at a few sites within the sanctu-
ary was excluded. For example, although 
it is a source of previous research in the 
sanctuary, the sites from a 2004 research 
cruise at GRNMS investigating fish sam-
pling gears were not included in the analy-
sis. This is due to the low number of sites 
(ranging from 3-32) at which any one gear 
type was used. Such a low number of sites, 

Image 4. Example of a large ledge. A 1x1 m quadrat shown for scale.

Image 5. Example of a small ledge. A 1x1 m quadrat shown for scale.

Image 6. Typical sparsely colonized, flat live bottom at GRNMS.
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while suitable for the comparisons intended, do not constitute a large enough body of research to serve as a 
significant reference dataset, which is the goal of this component of the analysis. A description of each type of 
prior research included is provided in subsequent sections. The dates range from 1993 to present and include 8 
variables, representing a diversity of studies. 

The first research site included in the analysis was the GRNMS Long Term Research Site. This site was estab-
lished in 1995 as an on-going monitoring site for fish populations, benthic invertebrates, oceanographic condi-
tions, sediment transport, and visitor use (GRNMS 2006). A wide variety of yearly ongoing assessments and 
experiments are conducted at this site, making it important for inclusion in the present analysis despite the fact 
that it is only a single location. The latitude/longitude of the site was obtained from GRNMS and converted to a 
point shapefile in ArcGIS.

Five large datasets were identified that assessed fish communities in different ways. Three were based on dif-
ferent types of visual surveys that provide different information about the fish community, two were based on fish 
traps. One of the visual surveys, completed by the Reef Environmental Education Foundation (REEF), began in 
1998 and is ongoing. These timed, roving surveys use volunteer, recreational scuba divers to identify and count 
fish species and model relative abundance of fish. The locations and bottom time data for the roving survey 
points were provided by REEF. These survey times were combined according to point location (see Bohnsack 
and Bannerot 1986 for methods), as several survey points were in the same location, but on different dates (total 
survey hours = 171). REEF also provided the locations of their stationary fish surveys conducted in 2004 and 
2005. The total number of surveys (n=512) were summed for each site. Transect surveys have also been used at 

Figure 4. Spatial distribution of category variables used in the analysis.
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GRNMS to assess the fish community. The 
NOAA/Biogeography Team used this visu-
al technique in 2004 and 2005 to identify, 
estimate size, biomass, and abundance of 
bottom fish (n=177). Fish traps have pro-
vided another type of assessment of bot-
tom fish within the sanctuary. The Marine 
Resources, Assessment, Monitoring, and 
Prediction (MARMAP) program has been 
sampling bottom fish since 1993 using 
baited traps (n=154).  In addition, MAR-
MAP has trapped, tagged, and released 
fish at many locations within the sanctuary 
as part of a mark recapture study focused 
on black sea bass, Centropristis striata 
(n=302 sites). The locations of these five 
activities were obtained from these orga-
nizations and converted to point shapefiles 
in ArcGIS representing the time of roving 
surveys, number of stationary surveys, 
number of transect surveys, trap sites, and 
mark/recapture sites respectively. 

Also identified were two datasets that 
evaluated different aspects of the benthos. 
A compilation of the research locations 
visited by the NOAA Center for Coastal 
Environmental Health and Biomolecular 
Research (CCEHBR) includes sites from 
2000 through 2005 (n=81). A variety of re-
search activities were conducted with a fo-
cus on assessing macroinfaunal and sedi-
ment/contaminant distributions (Hyland et 
al 2001, Hyland et al 2006). Another large 
dataset that focused research on benthic 
characterization throughout the sanctuary 
was collected by the NOAA Biogeography 
Team. The Biogeography Team evaluated 
type and cover of sessile invertebrates, measured ledge, sand, and sparse live bottom features, and quanti-
fied marine debris (n=177). The marine debris data were used further as described in greater detail below. The 
locations of these two datasets were obtained from these organizations and converted into two point shapefiles 
respectively. 

Fishing effort
Once bottom type and research history goals were met, the RAWG wanted to be sure that RA options minimized 
impacts to the public. An understanding of the spatial distribution of fishing activity within the sanctuary was es-
sential to identifying potential locations for the RA that minimize displacement of this primary user group. Specifi-
cally, since use of bottom impinging fishing gear would be prohibited within the RA, the preferred fishing locations 
of bottom fishermen should be avoided as potential RA sites. 

To determine the spatial distribution of bottom fishing activities two types of information were used, boat counts 
and the distribution of fishing gear left on the bottom. The boat count data was compiled from multiple sources 
including national reconnaissance systems. Boat counts within the sanctuary were conducted during daylight 
hours on 129 dates from September 1998 to October 2004. Counts ranged from 4 to 16 counts in each month 
(totaled by month for all five years, average 10.75), and were primarily conducted on weekends. Boats were 

Image 7. Tagged black sea bass at GRNMS.

Image 8. Diver collecting data on benthic cover. 
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scored as either moving with a wake present or stationary (i.e. drifting with no wake present). Positional accuracy 
of the data are within 26 m (90% circular error probability; i.e. 90% of the estimated positions are believed to be 
within 26 m of their true position). These data include all boats, those targeting bottom fish and those likely to be 
trolling or drift fishing for pelagics, primarily king mackerel, Scomberomorus cavalla (Cuvier). A total of 885 boat 
sightings were made.

It is possible that bottom fishermen will be distributed differently than those targeting pelagics within the sanctu-
ary. To isolate only those boat sightings that were targeting bottom fish, all observations that were likely to be tar-
geting other species or were obviously not actively fishing were eliminated. First, all records from the months of 
May through October were eliminated since that time of year S.cavalla and the fishermen targeting them are most 
likely to be present in the sanctuary (Trent et al 1987, Sutter et al 1991). Eliminating these months leaves bottom 
fishing as the main activity for boaters in the sanctuary during the remainder of the year. Next, all records of mov-
ing boats were eliminated to prevent boats merely in transit rather than fishing from confounding the analysis. 
What remained were 87 records of stationary boats observed between the months of November through April 
(Figure 4). It is recognized that these boats were not necessarily fishing at all times and may have been engaged 
in  another activity such as catching bait (as is commonly done at the data buoy located at 31.40° N, 80.87° W) 
or diving (although divers also target the same types of ledges as bottom fishermen). Given these acceptably 
small sources of remaining bias, the boat count data that remain are believed to be a good representation of the 

spatial distribution of bottom fishing activi-
ties in the sanctuary.
	
To further identify the spatial distribution 
of preferred fishing locations, a recently 
completed survey of marine debris by the 
NOAA Biogeography Team, quantifying the 
amount of fishing gear snagged on the bot-
tom, was also analyzed in the context of 
each of the RA options. The assumption 
behind using this data to identify fishing pat-
terns is that locations with larger amounts 
of fishing gear snagged on the bottom re-
ceive higher fishing pressure than those 
with less. Again, locations with more gear 
are presumed to be the preferred fishing lo-
cations within the sanctuary and should be 
avoided as RA’s to minimize displacement 
of fishermen. 

In the marine debris survey, 177 sites were 
assessed within GRNMS using scuba. A random stratified sampling design was used with bottom type as the 
strata. The four bottom types, defined and mapped by Kendall et al (2005), were unequally sampled with an 
emphasis on ledge areas. Specifically, flat sand (18 sites), rippled sand (16), sparse live bottom (42), and ledge/
dense live bottom (101) were surveyed. At each site, divers counted and identified all marine debris along a 25 
by 4 m transect. A total of 93 pieces of man-made debris were counted and separated into two categories, fishing 
gear (n=63) and other (30). Only the fishing gear was used in these analyses since they represent direct evi-
dence of fishing activities.  Gear included fishing line, leaders, lures, weights, spear gun parts, and other objects 
associated with fishing (Figure 4). Locations for the boat counts and the marine debris survey were converted 
into two point shapefiles respectively.

Boundary Shapes
Due to the relatively small size of the sanctuary, the RAWG recommended considering placement of a single RA.  
The variety of size, shape, and orientation options for the RA boundary was limited by the RAWG to the 18 given 
in Table 2. Sizes included 4 km2, 6 km2, 9 km2, and 16 km2.  Shapes included squares, rectangles, and hexagons. 
Orientations for square and rectangle options included those with edges parallel to latitude/longitude, rotated 45°, 
and rotated 30° counter clockwise. Smaller or larger options than these were deemed too small to be useful and 

Image 9. Fishing line snagged on coral. 
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too large to be publicly acceptable re-
spectively (RAWG Matrix 5b, Appendix 
D). Squares and rectangles are consid-
ered good RA shapes because they can 
be marked with a minimum of four cor-
ner buoys. Squares are preferred since 
they have a large core area. Hexagons 
were considered because they nearly 
approximate a circle and maximize 
core area among all of the options used 
in the analysis. Other shape options 
were discussed but were dismissed as 
lacking adequate core area or as too 
difficult for marking, enforcement or 
compliance purposes. The 30° rotated 
shapes were considered because they 
appeared to align well with the local 
geology and distribution of ledges; this 
may more optimally encompass the tar-
get resources. Similarly, the 45° rotated 
shapes were considered to determine if 
they more efficiently encompassed the 
target characteristics. 

The various size, shape, and rotation 
options were created in ArcGIS. The 
squares and rectangles were generated 
by selecting and merging appropriate 
groups of cells from a 1 km2 grid. The 
rotated squares and rectangles were 
created by copying the original square 
and rectangle polygons and rotating 
them 45° or 30° counterclockwise. The 
hexagons were created using the “Sam-
pling Tools” extension of ArcView. 

Extracting data from each 
option
Because a single RA with a limited 
number of size and shape options was 
under consideration, a “sliding window” 
approach were used to systematically 
analyze the space within GRNMS and 
determine where viable RA options 
could be positioned and what boundary 
shapes and sizes best encompassed 
them. In the sliding window approach, 
a given shape option, a 4x4 km square 
for example, is first positioned entirely 
within a corner of the sanctuary (Figure 
5). The variables of interest that are en-
compassed within the square are retained in the first row in an RA options table. Variables of interest (column 
headers of the options table) reflect the criteria identified by the RAWG such as number of each type of ledge, 
area of the different bottom types, number of prior research sites of each type, and number of fishing boats. The 
analysis window is then “slid” a short distance to one side and the variables of interest within the new position of 

Image 10. Large weight used for fishing.

Shape
Size 
(km)

Number of 
RA options

Square – sides parallel to lat/long 2×2 3060

3×3 2030

4×4 1200

Square – rotated 30° (counter clockwise) 2×2 2257

3×3 1149

4×4 340

Square – rotated 45° 2×2 2160

3×3 1012

4×4 256

Rectangle – sides parallel to lat/long 2×3 2380

3×2 2610

Rectangle – rotated 30° 2×3 1624

3×2 1666

Rectangle – rotated 45° 2×3 1537

3×2 1537

Hexagon 4 km2 2680

6 km2 2108

9 km2 1529

Table 2.  Boundary shapes requested by the RAWG and the corresponding number 
of placement options within the sanctuary. 
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the square are recorded as the second row in the options table. The 4x4 square window is slid the same short 
distance again and again with the values of target variables being recorded as new RA options each time the 
window pauses at a new position. The process is continued until the entire sanctuary has been evaluated us-
ing the 4x4 square. Each shape and size option went through the same sliding window process and had values 
added to the RA options table. Only options completely within the sanctuary were considered.

What was the optimal distance to slide the analysis window between consecutive boundary options?  To help 
guide this decision, ledges, the most important variable according to the RAWG were considered in greater 
depth. Sliding the analysis window too short of a distance would result in no change between consecutive bound-
ary options if no new ledges were encompassed. This would result in an unnecessarily large number of potential 
RA boundary alternatives, many of which would be virtually identical. Sliding the analysis window too long of a 
distance between boundary options risks skipping past potentially good RA sites by including multiple changes 
in the ledges encompassed. Therefore, the distance to slide the window should be just far enough to incorporate 
roughly one change in ledge inclusion between successive stops of the analysis window. Each time a new ledge 
is included, a new and viable boundary alternative would be captured. 

To define the optimal distance to slide the analysis window between consecutive boundary options, the as-
sumption was used that successive options should each include an entire new ledge rather than merely a small 
fraction of a new ledge.  This is appropriate given that whole, individual ledges will likely serve as the typical 
experimental units of the RA. The spatial dimensions of the ledges and distances between them were then ex-
amined to guide this decision.

First, the total north to south (y) and east to west (x) dimensions of each ledge were determined since these were 
the axes that the analysis window would be sliding along. Histograms showed that a majority of ledges are less 

Ledge
Research site

Option # Ledges 
Inside

# Research 
Sites Inside

# Ledges 
Outside

# Research 
Sites Outside

1 1 1 9 9

2

.

.

n

Option # Ledges 
Inside

# Research 
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Outside

# Research 
Sites Outside

1 1

5

1 9 9

2 4 5 6

.

.

n

Option # Ledges 
Inside

# Research 
Sites Inside

# Ledges 
Outside

# Research 
Sites Outside

1 1

5

2

1 9 9

2 4 5 6

.

.

n 1 8 9

Start the window in northwest corner of the sanctuary, this is option 1.

Slide the window east to encompass a new set of variables, this is option 2.

Continue sliding until the entire sanctuary has been assessed, this is option N.

Boundary Option

Figure 5. Conceptual diagram of the sliding window approach.  
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than 100 m long in both dimensions. Next, the nearest neighbor distance between the centers of the ledges were 
also calculated and summarized in a histogram. The majority of ledges were between 25 and 175 m from their 
nearest neighbor (center to center). This and the typical dimensions of ledges indicated that sliding the analysis 
window 100 m between consecutive steps would be sufficient to capture whole new ledges without skipping over 
too many ledge options. 

To automate the process of analyzing the relationship between the boundary options and the preferred siting 
criteria, a Visual Basic application within an ArcGIS project file was developed. The project file included all of 
the bottom types, prior research, and fishing effort data described previously as well as the 18 boundary shapes 
(Table 2). The analysis was run on each of the boundary shapes separately. Beginning with each boundary 
shape placed within the northwest corner of the sanctuary, the application created a new shapefile to contain the 
boundary shape copied at 100 m intervals in the x and y dimensions throughout the sanctuary. The initial place-
ment was considered the first boundary option. The application then created a copy of the boundary shape and 
saved it 100 m to the east of the starting point. This was considered the second boundary option. The boundary 
shape was then recopied and shifted another 100 m east repeatedly until the shape fell partially outside the east-
ern edge of the sanctuary. The next copied shape was saved 100 m south from the first boundary option at the 
western edge of the sanctuary and the process was begun again. This was continued until each boundary shape 
was recopied and slid 100 m at a time in both the x and y directions within the entire sanctuary. This resulted in 
a comprehensive set of potential boundary options within the sanctuary for each shape (Table 2). 

For each of the variables of interest listed in Table 1, the features falling within each successive boundary option 
were calculated and stored in the options table. These results were also subtracted from the total value of those 
variables throughout the entire sanctuary and then stored in the attribute table to provide information about the 
variables of interest falling outside each boundary option. For the bottom type dataset, another set of calcula-
tions was necessary. The modified benthic map was extracted or “clipped”,  using each boundary option, and the 
areas of the newly clipped polygons were calculated. The number and area of ledges of each size and height 
category (section x) that fell within and outside of each boundary option were calculated respectively. The total 
area of each of the other three bottom types that fell within and outside of each boundary option respectively 
were calculated as well and then saved in the attribute table in ArcGIS. To identify the relative intensity of fishing 
activities within each of the RA options, the total number of gear pieces was divided by the total number of sur-
veys within each RA option. This yielded a gear per survey value for each RA option with higher values indicative 
of greater fishing activity.

Comparing Options
The output from the sliding window process provided a wealth of information on all of the boundary options. 
There were a total of 50 variables described for each option. This included 25 variables that described the ledge, 
other bottom types, prior research, and fishing effort inside each option and 25 variables that described the same 
components only in the space outside each option (Table 1).  All RA options without at least the full diversity of 
ledge types inside the boundary option were eliminated. Those were not viable options for the RA given the se-
lection criteria of the RAWG and were therefore removed prior to the next stage of analysis to reduce the number 
of options. 

Sliding the analysis window a small fraction of the total window size (e.g. 100 m for a 3×3 km boundary) allowed 
a thorough dissection of boundary options within the sanctuary but also had some other consequences. Succes-
sive options were very similar. This resulted in a gradient of values between options rather than clearly separated 
groups. This precluded the use of traditional statistical techniques that rely on independence of samples to iden-
tify differences between options. Instead a categorization approach was used to group options along somewhat 
arbitrary breakpoints. These breakpoints provided an understanding of the relative effectiveness of each option 
and the range of values for each variable. 

Scoring Data from Each RA Option
For each variable, the values from all the RA options were pooled to begin the process of identifying the best 
locations for an RA. First, the minimum and maximum value of each variable was identified for all options com-
bined (all shapes, sizes, and orientations) (Table 3). Because the RAWG could not predict the experimental 
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design, minimum sample size of ledges, and specific cut-offs of the many variables in the analysis, a more infor-
mative approach was chosen to best guide site selection. 

The resulting ranges for each variable were split into five classes based on the minimum and maximum values. 
For example, the range of values for all boundary options for the tall ledges inside the RA (LEG_H_T_I) was from 
1 to 102. This means that in every option, there was at least one tall ledge and no more than 102 ledges. When 
split into 5 categories or 20% increments, the five classes are defined as approximately 1-20, 21-40, 41-60, 61-
80, and 81-102. Depending on each boundary option’s specific number of tall ledges it was assigned a score 
from 1 to 5: where the lowest range of 1-20 received a score of 1, the next range of 21-40 received a score of 2 
and so on through the range of 81-102, which received a score of 5. A low value denotes an option with few tall 
ledges and therefore a less favorable site. In contrast, a value of 5 indicates that the boundary option was in the 
top 20th percentile relative to the range of tall ledge values. The distribution of cutoff values and scores for each 
variable are provided in histogram format in Appendix E. The range of values was separated into 5 classes to 
provide some distinction within the range of potential values for each variable and better inform the RAWG on 
possibilities for the RA.

Since all of the options with a value of zero in the ledge category were eliminated prior to this step, there were no 
zero scores assigned for that variable. However, there were options without any values in the other bottom types, 
prior research, and fishing effort categories which were equal to zero. In these cases, a value of zero receives a 
score of zero rather than 1. For example, because there is only one long term research site, a large number of 
boundary options had a value of zero for this variable inside the RA. 

Once scores were assigned to each option for each individual variable, the 0-5 values were averaged by variable 
category (ledge, other bottom type, prior research, or fishing effort as in Table 1) with inside and outside scores 

Variable
Min 

Value
Max 

Value   Variable
Min 

Value
Max 

Value
LEG_H_S_I 1 120   OBT_SCB_O 3766123 14840878
LEG_H_S_O 26 146   OBT_FS_I 0 2546084
LEG_HSA_I 1 38447   OBT_FS_O 2049711 4595795
LEG_HSA_O 8552 46998   OBT_RS_I 0 9998752
LEG_H_M_I 1 110   OBT_RS_O 30012390 40011142
LEG_H_M_O 37 145   RES_ROV_I 0 9532
LEG_HMA_I 12 70374   RES_ROV_O 711 10243
LEG_HMA_O 24077 94439   RES_STA_I 0 382
LEG_H_T_I 1 102   RES_STA_O 130 512
LEG_H_T_O 50 145   RES_TAG_I 0 302
LEG_HTA_I 39 156429   RES_TAG_O 0 302
LEG_HTA_O 61604 217994   RES_TRP_I 0 132
LEG_S_S_I 1 121   RES_TRP_O 22 154
LEG_S_S_O 26 146   RES_SED_I 0 32
LEG_SSA_I 110 24084   RES_SED_O 80 112
LEG_SSA_O 5148 29122   RES_LTR_I 0 1
LEG_S_M_I 1 112   RES_LTR_O 0 1
LEG_S_M_O 35 145   RES_TRA_I 1 109
LEG_SMA_I 15 54850   RES_TRA_O 68 176
LEG_SMA_O 16156 70991   RES_BEN_I 1 109
LEG_S_L_I 1 102   RES_BEN_O 68 176
LEG_S_L_O 47 145   FIS_BOT_I 0 86
LEG_SLA_I 84 189056   FIS_BOT_O 1 87
LEG_SLA_O 70190 259162   FIS_GER_I 0 4.83
OBT_SCB_I 9179 11083934   FIS_GER_O 0 0.50

Table 3. Minimum and maximum values for variables across all boundary options. The “I” or “O” following each 
variable denotes Inside versus Outside boundary options. 
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still kept separately. For example, the category score in the other bottom type category is the sum of the scores 
for colonized live bottom area, flat sand area, and rippled sand area of a given boundary option divided by three. 
This value was then rounded up to the nearest whole number value of 0 through 5. Hereafter this will be called 
a “category score”. The resulting category score for other bottom types for any single boundary option will then 
only be a single digit on the scale of 1 to 5, with 1 indicating the worst options and 5 being the best. The fishing 
effort category was the only variable category considered a bit differently. It was the only category where it was 
possible to have a score of 0 where there were absolutely no occurrences of fishing effort within an option. Ad-
ditionally, having a large number of fishing occurrences outside, rather than inside, a given boundary option was 
better according to the siting criteria. Therefore, the category scores of 0 and 1 inside the boundary indicate the 
best sites due to fewer boats and less occurrence of fishing gear, whereas a score of 5 indicates the worst op-
tions as a potentially favored fishing area. The outside fishing effort category score follows the scale of the other 
categories where the greater number of fishing occurrences outside of the RA are the better options.

Effect of rotation
To evaluate the influence of rotating the boundary shapes ledge category scores among the different degrees of 
rotation were compared. Only ledge category scores were considered because the rotation was done to explore 
the alignment of boundary rotations relative to local geology and its influence on ledge distribution. The analysis 
was separated into 5 boundary shapes; 2×2 km, 3×2 km, 2×3 km, 3×3 km, and 4×4 km. Hexagons were not 
considered. Due to their roughly circular shape, rotation would presumably have little effect. For this analysis, 
boundary options that shared a common centroid (center point) were compared. First the boundary options were 
separated into the 5 shapes under consideration. The center points for each boundary option were plotted next. 
Those options that did not have all three rotation conditions sharing a common centroid were eliminated, includ-
ing: unrotated (edges parallel to latitude/longitude), 45°, and 30° counter clockwise rotation. For each centroid 
the ledge category score for the option rotated 30° was subtracted from the category score of the unrotated op-
tion. The difference in category scores for these rotations at each centroid could then be plotted. A zero indicated 
no change in category score as a result of rotation. A positive value indicated a higher category score when the 
30° rotation was used relative to unrotated options. A negative value indicated a lower category score. The same 
procedure was conducted to compare the 45° and unrotated options and 30° and 45° rotated options for each 
shape size. 

Effect of boundary size
To evaluate the influence of boundary area, category scores among the different option sizes were compared. 
For this comparison all options (including hexagons) were included and pooled by area; whether they were 
based on scores inside or outside the option boundary. Pie charts (Figures 10a and 10b) summarized each size 
and category combination according to the proportion with options of each category score. 

Step-wise elimination
The category scores formed the basis of the step-wise elimination process to choose the best boundary options 
according to the criteria established by the RAWG. First, only the category score for ledges inside the boundary 
options were considered since this was the most important variable category according to the RAWG. Above all 
else, the RAWG wanted to ensure that the RA included large amounts of the key bottom type of interest. Based 
on the category scores and their corresponding number of ledges within each boundary option, the RAWG can 
identify an appropriate cutoff. For example, if only boundary options with the very highest number and area of 
ledges are deemed suitable, a category score of five would be chosen and all other boundary options would be 
eliminated in subsequent selection steps. In contrast, if a lesser number and area of ledges were acceptable, 
values of 4 (and 5) might be retained. Next, the other bottom type category can be examined within those bound-
ary options remaining after the selection based on ledges has occurred. The desired scores for other bottom 
types were selected similarly, further narrowing the field of options. This continues for inside boundary values for 
the prior research category, then the fishing effort category, and iteratively in the same order through the outside 
categories until a more manageable and meaningful number of boundary options remains.

EXAMPLES
The level of selectivity or “pickiness” in category scores used in the step-wise process dictates the number of op-
tions left once all categories are considered. Potential results are demonstrated through three examples: a highly 
selective, moderately selective, and least selective scenario and their corresponding values for each variable. 
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RESULTS

A total of 31,135 RA options were examined within the sanctuary boundary. Options without at least one of the 
complete diversity of ledge types were eliminated. The remaining 30,307 options were the basis for the scoring 
analysis (Figure 6). 
 
Histogram Distributions
The histograms showing the distributions of RA option values for each variable generally follow a consistent 
pattern (Appendix E). The histograms for RES_TRA_I and RES_TRA_O, the number of NOAA Biogeography 
Team transect sites inside and outside each option, exemplify this pattern (Figure 7). Histograms for variables 
inside the RA options typically had lower values relative to those outside. This follows logically since all the option 
sizes were a small fraction of the total sanctuary area. In addition to generally having lower values, histograms 
for variables inside the RA options were skewed toward the lower end of their range of values, whereas outside 
options were skewed toward higher values. 

A few of the histograms differed from this typical pattern of variables inside the RA options to have a skewed 
histogram distribution to the inverse of those outside the RA options. Those histograms with distributions that had 
irregular patterns were the long term research site, the roving fish survey sites, and the fish tagging sites.  Since 
there was only one long term research site within GRNMS, each of the options had the site either inside or out-
side, making the count for each variable either zero or one (RES_LTR_I and RES_LTR_O respectively; Figure 
8). The roving survey sites had a large spike in the upper and lower ends of the histograms for inside and out-
side options (RES_ROV_I and RES_ROV_O respectively; Figure 8). This was due to a large number of surveys 

Figure 6.  Spatial distribution of centroids for all RA options.  Many were overlapping. 



B
ou

nd
ar

y 
O

pt
io

ns
 fo

r 
a 

R
es

ea
rc

h 
A

re
a 

at
 G

R
N

M
S

page
19

page
19

focused around the long term research site that were ei-
ther included or excluded in the sliding window process. 
Lastly, the fish tagging sites were skewed to the extreme 
ends of their distributions for inside and outside bound-
ary options (RES_TAG_I and RES_TAG_O respectively; 
Figure 8). Similar to the roving survey sites, this is due to 
the majority of tagging sites being spatially clustered in 
the central/western region of the sanctuary. 

Category score distributions
The patterns of the category scores that resulted from 
averaging the individual scores from each of the variable 
groups were evaluated (Figure 9). Due to the averag-
ing process, some category scores did not have the full 
range of values from 0 to 5. For example, the inside op-
tions for the other bottom type category did not have a 
score of 5. The outside options for the other bottom type 
category did not have a score of 1. The fishing category 
did not have a score of 5 for inside options, but did have 
a score of 0 unlike other options. The rest of the vari-
able categories had options representing the range of 
category scores from 1 through 5. 

Results of Size Comparisons
When RA options of each size were pooled and the dis-
tribution of category scores were examined, consistent 
trends were found according to RA size. Results are sep-
arated into those inside versus outside the RA. Inside the 
RA, category scores were positively correlated to option 
size (Figure 10a). In fact, low inside category scores of 0-2 
comprised over 75% of all 4 km2 RA options, the smallest 
boundary size considered, and no inside category scores 
of 5 were found. In contrast, for the largest RA options of 
16 km2, 95-100% of the RA options had category scores 
of 4 or 5 and no values of 0 or 1 were found. Category 
scores outside the RA showed the opposite pattern and 
were inversely related to option size (Figure 10b). Nearly 
100% of the 4 km2 RA options had category scores of 3-
5. Many had no values of 0-2. In contrast, areas outside 
the largest RA option size, 16 km2, were dominated by 
lower category scores. 

Results of Rotation Comparisons
The majority of ledge category scores (83-94%) did not 
change whether left unrotated (edges parallel to latitude/lon-
gitude), rotated 45°, or 30° counter clockwise (Table 4). For 
those that did change, rotation never resulted in a change 
in category score of greater than +/- 1. Rotating boundary 
shapes 30° almost always resulted in a few more changed category scores than rotating 45°. The boundary 
shape influenced the most by rotation was the 3×2 km rectangle while that influenced least was the 4×4 km 
square. The few category scores that did change were not randomly positioned within the sanctuary (Figure 11). 
Increases and decreases in category score were clustered within or along the edge of the region with the highest 
density of ledges in the south/central part of the sanctuary. Because many ledges are organized in linear groups 
according to the geology of some areas, rotating boundary options sometimes resulted in including or excluding 
such groups of ledges and consequently changed the category score.  
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Figure 7. Histograms depicting the number of transect 
survey sites inside (I) and outside (O) of all the RA op-
tions.  The solid lines denote the 20% breakpoints for our 
scoring procedure based on the minimum and maximum 
values for each variable.  
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Figure 8. Atypical histogram distributions.  Dotted lines 
denote the 20% breakpoints in our scoring procedure 
based on the minimum and maximum values for each 
variable.
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Spatial Distribution of Scores and Options
The category scores of the four groups of variables were distributed in slightly different ways within the sanctu-
ary. The inside scores for each of the categories had lower values around the outer edges of the sanctuary. As 
the scores increased in value, the options progressively decreased in number, but also became located in tighter 
clusters in the center of the sanctuary. This was consistent across all variable groups, however, the section of 
the sanctuary in which the higher scores were centered was slightly different according to category (Figure 12). 
The other bottom type and research categories with the highest scores were clustered towards the western-cen-
tral section of the sanctuary, whereas the fishing category options with the highest scores were located toward 
the north/central area and the highest ledge scores were in the south/central area of the sanctuary. These cen-
trally-located clusters reflect the slightly different locations of the highest number of ledges, other bottom types, 
research sites, and fishing sites inside possible RA options for the sanctuary.

The results for the outside options were the inverse of this pattern. As the category score increased, the number 
of options increased and became clustered in the outer edges of the sanctuary. Like the highest scores for the 
inside options, the lowest scores for the outside options were clustered toward the center of the sanctuary (Fig-
ure 13). The lowest ledge and research category scores were clustered towards the south/central area, the other 
bottom type options with the lowest scores were clustered toward the southwestern/central area, and the fishing 
options with the lowest scores were located in the central section of the sanctuary.             

Possible score combinations 
The category scores were designed to make an informed selection of an RA, or group of equally suitable RA op-
tions, through step-wise elimination. The level of selectivity in selection of score values, determined the number 
of possible options remaining at the end of the process. Unacceptable category scores for ledges inside each op-
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Figure 9. Histograms of category variable scores inside and outside the boundary op-
tions. Other bottom types are denoted as OBT. 
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6 km24 km2 9 km2 16 km2
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Figure 10a. RA options summarized by each size and variable category. Shapes and rotations are combined according to size.  
Proportions indicate category scores for inside the RA options.

tion were identified first and eliminated from consideration. Within the remaining options, unacceptable category 
scores for other bottom type (inside) were eliminated. Then, within these, options with unacceptable research 
category scores were likewise eliminated through the other category scores in the order of fishing inside, ledge 
outside, other bottom types outside, research outside, and fishing outside. Depending on the level of selectivity 
in choosing acceptable category scores at each step in the process, it was possible to have many options left at 
the end or none at all to represent that combination of category scores. Many combinations of category scores 
that meet the needs of the sanctuary for all eight categories are possible through this approach. 

There were 651 different combinations of the eight category scores. Three examples of possible combinations 
that exemplify the spectrum of resulting options are discussed including a highly selective, moderately selective, 
and least selective scenario (Table 5). 

Beginning with the highly selective example scenario first any of the options with category scores for ledges in-
side the RA which were less than the highest possible score of 5 were eliminated. This would eliminate all options 
from consideration except those few with the very highest number and area of all ledge types. This step resulted 
in 841 options remaining of the possible 30,307 for further consideration. Within these 841 options, those with 
category scores for other bottom types which were less than 4 were eliminated.  The highest score possible 
for this category was 4. This further narrowed down the possible options meeting both of these scoring criteria 
to 474. When the best score for the next category, the research category, was incorporated into the selection 
process, the number of remaining options became 459. When this set of remaining options was queried for the 
best fishing category score inside the RA of 1, none of the options met this score combination of 5, 4, 5, then 
1. In order to have options remaining and to incorporate the outside category scores, it would be necessary to 
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broaden the score criteria to include lower, less extreme scores earlier in the selection process. For example, it 
may be acceptable to include category scores for ledges of 5 and 4 in the first step of the process provided that 
options with a value of 4 still had a sufficient number and diversity of ledges to meet the needs of the RA. 

In scenario 2 the consequences of the opposite scenario, not being selective enough, were explored. In this 
case, category scores of 2 and above were selected for the inside ledge category, other bottom types, and the 
research categories. The fishing category scores inside the RA were 4 and below to demonstrate the desire to 
select options that displaced fewer fishermen. All of the outside category scores were also given a value of 2. In 
this scenario, the sequence of selection criteria resulted in 18,593 options remaining, nearly 2/3 of the original 
boundary options (Figure 14). Such low selectivity of category scores results in too many choices for the RA, 
many of which do not meet the goals of the RAWG. They will have too low a diversity of ledges and other bottom 
types, not enough prior research, displace a significant number of fishermen, and may not have suitable areas 
outside the RA for comparison.

The final scenario explores one of many moderately selective approaches that are possible between the ex-
tremes provided in the previous two examples. Scenario 3 describes a combination of category scores that 
resulted in a more reasonable number of viable options and still appears to meet the selection criteria of the 
RAWG. In this scenario all options were selected, in the same step-wise approach, that had category scores of 
3 or higher (with the exception of the inside fishing category for which scores of 3 or lower were selected). This 
provided a moderate number of ledges, other bottom types, prior research, and fishermen displacement while 
ensuring a large amount of comparable bottom features and prior research outside of the RA. This moderate 
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Figure 10b. RA options summarized by each size and variable category. Shapes and rotations are combined according to 
size. Proportions indicate category scores for outside the RA options.
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selectivity of category scores resulted in 551 possible op-
tions made up of 9 km2 and 16 km2 boundaries including all 
of the shapes and orientations for these sizes. The spatial 
distribution of these remaining options was in two distinct 
clusters located in the west/central and east/central sec-
tions of the sanctuary (Figure 15). 

Eight of these options in a range of boundary configurations 
were haphazardly chosen. The actual values for each of the 
corresponding variables were then examined to determine 
if they met the needs of the RAWG (Figure 15, Appendix F). 
In these eight focal examples, no fewer than 24 of each of 
the ledge types (small, medium, large, short, medium, and 
tall) were included. There were never fewer than 65 of each 
ledge type outside of these eight options. All other bottom 
types were represented both inside and outside these po-
tential RAs. Nearly all types of research were represented 
inside and outside of these eight options, with the obvious 
exception of the long term research site since it consisted 
of a single location. Fishing effort, the last variable in the 
stepwise process, was compromised the most. The num-

0 to 30° 0 to 45° 30° to 45°

-1 0 +1 -1 0 +1 -1 0 +1

2×2 6 88 5 8 87 5 3 92 5

2×3 6 89 5 6 87 7 5 92 3

3×2 9 83 8 10 82 8 4 91 5

3×3 3 89 7 3 89 8 4 92 4

4×4 6 91 3 5 89 5 4 94 2

Table 4. Percent of boundary options that changed ledge 
category scores due to shape rotation.  Values are sepa-
rated by boundary shape (2×2, 2×3, etc.), comparison (0 to 
30°, 0 to 45°, or 30° to 45°), and change in category score 
(-1, 0, or +1).

Figure 11. Centroids of 2x2 square options displaying change in ledge category scores between a 0 degree rotation and a 30 
degree rotation.
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Figure 12. Centroid locations of the highest category scores inside RA options. 

ber of boats was higher outside than inside six of the eight focal options. Gear per survey was higher outside than 
inside in only two of the eight RA options. 

The 551 options resulting from the use of moderate category scores provided a reasonable number of choices 
with suitable characteristics to meet the goals of the RAWG. These options could serve as a group of finalists in 
the selection process. Through further investigation of specific variable values, public comment, and logistical 
considerations, a final RA could be chosen.   

DISCUSSION

This analysis enables the exploration of the trade-offs among boundary size, shape, and orientation and how 
these choices affect inclusion of target bottom types, prior research, and favored fishing locations. At first glance, 
ledges, fishing effort, and prior research appear highly correlated and finding a location with a large amount of 
ledges and prior research but with lower use by fishermen seemed improbable. This analysis identifies the loca-
tions and degree to which such trade-offs can be made. 

The centroids of the highest scoring options in this analysis were clustered in the south/central portion of the 
sanctuary. There were two reasons for this. First, there were simply a large number of ledges and flat live bot-
tom in this area. Due to the historical focus of studying these bottom types, there were also a large number of 
prior research sites in the area. Additionally, there were simply more high scoring options with centroids near the 
middle portion of the sanctuary by virtue of the boundary sizes that were used. Because options were required 
to lie entirely within the sanctuary, the centroids of the 4×4 km options in particular fell closer to the middle of 
the sanctuary (at least 2 km from the edge of the sanctuary). The larger sized options typically had the highest 
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Figure 13. Centroid locations of the lowest category scores outside RA options.  

Scenario
Ledges 
Inside

OBT  
Inside

Research 
Inside

Fishing 
Inside

Ledges 
Outside

OBT 
Outside

Research 
Outside

Fishing 
Outside

Options 
Remaining 

1: Most selective 5 4 5 <= 1 - - - - 0

2: Least selective >= 2 >= 2 >= 2 <= 4 >= 2 >= 2 >= 2 >= 2 18,593

3: Moderately 
selective

>= 3 >= 3 >= 3 <= 3 >= 3 >= 3 >= 3 >= 3 551

Table 5. Three possible selection scenarios and their category scores. 

scores because they covered a greater proportion of the sanctuary and so encompassed more of the target 
variables. 

When the distribution of category scores were examined, consistent trends were found according to RA size. 
Size of options was positively correlated to category scores inside the RA. This was expected because small 
boundary configurations encompass less space and therefore generally include fewer of the sizing criteria. Con-
versely, outside the RA an inverse pattern was found with option size being negatively correlated with category 
scores. This makes sense because small boundary configurations have a larger area outside their boundaries, 
which would result in high category scores outside the RA.
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That larger RA options include more of the target characteristics was no surprise. Larger options would offer 
more experimental units (i.e. ledges) and space for research opportunities. There are, however, additional issues 
to consider that could not be addressed by this analysis. For example, are “home range” size data available on 
bottom fish at GRNMS to help define the proper size of a research area?  Given that studying bottom fish in the 
absence of fishing pressure is a major rationale for considering an RA, available home range size information 
should be used to guide site selection. A few studies have examined home range size for one species of interest, 
black sea bass, Centropristis striata. During a 15 month tag-recapture study in a New Jersey estuary, juveniles 
(3-10 cm TL) were almost always recaptured within a mere 30 m of the release site (Able and Hales 1997). Of 
more relevance to fish farther offshore at GRNMS, is a 6 month tag-recapture study of larger, legal sized fish 
(>20 cm) movement among artificial reef and hard bottom sites on the South Carolina shelf (Low and Waltz 
1991). The study was conducted in similar water depths to those at GRNMS. A large majority of fish recaptured in 
that study were observed to not only have remained close to their release points but were often at the same site 
indicating very little movement (e.g. <100 m). Another tag-recapture study of a live bottom off Beaufort, NC in 30 
m of water that spanned two years also supports the notion that black sea bass has high site fidelity with only 1 
out of 100 recaptures located away from the release site (Parker 1990). Most notably, the tag-recapture study at 
GRNMS conducted by MARMAP indicates that the vast majority (>90%) of legal sized fish stay primarily within 
a 1-2 km area for as much as 2 to 3 years. A much smaller proportion of individuals (<10%) appear to undertake 
longer distance movements of 3 to nearly 200 km (G. Sedberry and A. Barkoukis pers. comm.). 

Data that may be used to determine home ranges for other species of interest is much less thorough. The scamp, 
Mycteroperca phenax, for example was recaptured a few times in the Parker (1990) tagging study, all within 3 
km of the release site and a particular gag grouper, M. microlepis, was seen by divers repeatedly at the same 
site off Beaufort, NC for over a year. A more recent tag-recapture of gag along the shelf of the southeastern US 

Figure 14. Centroids for the 18,593 acceptable options according to scenario 2. Note that many are overlapping.
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from 1995 to 1999 documented movement patterns at broader scales (McGovern et al 2005). Thirty-six percent 
of recaptures did move <2 km, however, a considerable number (23%) moved >185 km. Fish tagged in the depth 
range of GRNMS showed the greatest tendency for movement whereas fish in deeper waters were more sed-
entary.  Also of note, fish tagged in Georgia 
tended to be recaptured at roughly the same 
latitude, whereas fish tagged in the Caroli-
nas were often recaptured farther south in 
Georgia and Florida latitudes. These find-
ings indicate that long term movements of 
gag, especially in consideration of potential 
spawning migrations to shelf edge sites, 
routinely take many gag well beyond the 
spatial scope of GRNMS and certainly be-
yond any research area within it. Shorter 
term and daily movement patterns of this 
species are less understood.

A trawl and video study of the cross-shelf 
and seasonal distribution patterns of de-
mersal fish communities in the South Atlan-
tic Bight suggests that the scale and timing 
of seasonal movements and ontogenetic 

Figure 15. Centroids for the 551 acceptable options according to scenario 3. Eight options are highlighted to show the diver-
sity of boundary configurations represented in this scenario.

 Image 11. Various species of fish at GRNMS.
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habitat shifts of many bottom fish are generally well beyond the confines of GRNMS (Sedberry and Van Dolah 
1984).  One site in the study was actually within the sanctuary. Most community metrics at the site were much 
higher in the Summer than in the Winter. Species richness increased from 22 to 48, number of fish/hectare in-
creased from 81 to 1132, and biomass increased from 8.9 to 38.7 kg/ha. These substantial seasonal changes 
in community structure were evident for even black sea bass which were over 7 times more abundant during 
the Summer, an increase most likely due to the seasonal recruitment or ontogenetic habitat shifts of juveniles 
(Sedberry pers. comm.). 

None of the studies mentioned above provided a comprehensive understanding of the daily scale of movements 
of bottom fish. This is perhaps best done through additional studies such as sonic tagging and intensive monitor-
ing of the daily activities of individual fishes. The broad-scale ontogenetic habitat shifts and spawning migrations 
of many species of interest to GRNMS continue to be the subject of further study but appear to be well beyond 
the scale of the sanctuary and certainly an RA within it no matter how large. 

Studies from other systems, especially those on coral reef ecosystems around islands provide further insight 
into home range sizes of bottom fish. For example, a compilation of home range size data for many species of 
Caribbean reef fish identified the following relationship with fish size: log

10
y = -3.75+2.35log

10
x, where y is mean 

home range length (m) and x is mean fork length (mm) (n = 24, r2 = 0.85, p < 0.0001) (Kramer and Chapman 
1999). For example, a 25 cm long fish would have a home range length of ~45 m whereas a 50 cm fish has a 
home range length of ~390 m. Despite the relative abundance of such studies on island coral reefs that could 
be drawn upon to identify home range sizes for similar species, it is questionable how well such patterns may 
translate to a continental shelf, live bottom ecosystem, different species, and sub-tropical/temperate climate at 
GRNMS. Indeed, even the studies of home range size for the same species at different Caribbean islands and 
reef types have revealed considerable plasticity in territory size, migratory behaviors, and the spatial scales of 
daily activity patterns (e.g. bluehead wrasse, Thalassoma bifasciatum; Warner et al 1995, Tecumseh et al 1990, 
Warner and Hoffman 1980).
	
The available information leaves many unanswered questions regarding the spatial scale of habitat use for bot-
tom fish at GRNMS and does little to support recommendation of a particular size of an RA within the sanctuary. 
Even the information for black sea bass is somewhat conflicting. Furthermore, the recommendation should not 
rest on the scale of habitat use of a single species since the RA will be used to investigate a wide variety of or-
ganisms and topics. Instead, other considerations are likely to be of greater importance to guide the identification 
of an appropriately sized RA. The simple principle should be considered that a large RA is more likely to accom-
modate the daily spatial scales of habitat use for the widest possible assemblage of bottom fishes and insulate 
them from edge effects. This must of course be balanced with ensuring a suitable area for comparison within 
the sanctuary. Contrary to earlier speculation (Appendix D), this analysis indicates that suitable areas for outside 
comparison exist even for a 4×4 km RA (e.g. Scenario 3: category score of greater than or equal to 3 inside and 
outside), the largest size that was considered. 

Rotating boundary options 30° or 45° improved 3-8% of the category scores by 1 relative to no rotation. This low 
number of affected options and small change in category score may seem trivial; however, this higher category 
score may translate into a large difference in actual number or area of the different ledge types depending on 
the specific options involved. For example, a histogram score of 3 includes options with as few as 41 tall ledges, 
whereas a score of 4 may have up to 82 tall ledges. The few options with the gain in category score due to 
rotation at first seem quite appealing since they more optimally capture ledge variables, however, this must be 
considered in tandem with several other factors. Recall the reason that category scores were higher for some 
options. The region’s geology resulted in some ledges occurring together in linear groups. When the edge of 
a rotated option boundary included or excluded these groups, the category score changed. This means that 
rotated options with higher category scores mostly gained ledges along the very edge of their boundary. Edge 
effects, fish movement out of the RA, and fishermen concentrating effort along the boundary line may all counter 
the benefit of a larger number of ledges. In addition, there may be logistical problems associated with boundaries 
not aligned to latitude and longitude. Given the increasing use of hand-held Global Positioning Systems (GPS) 
by recreational fishermen to position themselves in open water, aligning a square or rectangular RA boundary 
to latitude and longitude would make compliance much easier. For example, a fisherman could be certain that 
going south of latitude X would place his/her boat inside the RA boundary. Alternatively, if the primary means 
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of compliance were through line-of-sight between buoys marking the boundaries or the use of GPS integrated 
digital nautical charts including RA boundaries, rotated shapes or even hexagons which maximize core area may 
be the preferred boundary configurations. 
 
No matter what size, shape, or rotation may ultimately be decided upon, the addition of a buffer zone of added 
protection should be considered. A buffer zone is simply a border of added protected space around the area that 
will serve as the boundary for the RA. The buffer provides a measure of insulation against fish traveling out of 
the RA as well as fishermen intensively targeting its borders. Buffers need not be equal width around all sides 
of the RA, rather it should only be included where needed. For example, a wide buffer along one side may be 
particularly appropriate for preserving the advantages of high scoring rotated options because they have a large 
number of ledges near one edge. 

The example scenarios demonstrated the consequences of high, moderate, and low selectivity in choosing cat-
egory scores. Low selectivity yields too many options to choose from with widely differing characteristics, many 
of which may not even be suitable for the RA. Being too selective demonstrates that the ideal RA, one with lots 
of ledges and prior research but that displaces zero fishermen, is simply unattainable. In contrast, the moderately 
selective scenario resulted in a reasonable group of options from which an RA could be chosen. Examining the 
actual values for these eight options revealed that they generally met the siting characteristics requested by the 
RAWG. A reasonable number of all ledges types were included in the RA options (24 to 87), which would serve 
as experimental units for the most pressing research questions. All other bottom types were represented in some 
quantity to provide areas for studies in different habitats. Some of nearly all types of prior research were located 
within each option to provide baseline values for future comparisons. The areas with the very highest fishing ef-
fort can be avoided without compromising the other criteria for the RA. All options had large amounts of ledges, 
other bottom types, and prior research sites outside the RA to serve as comparison sites. Including the Long 
Term Research site within the RA, which seems prudent, further limits the potential choices to only some of those 
in the western cluster of this example (Figure 16).

A recent search of the Marine Managed Area Inventory Database (NOAA/DOI 2006) revealed 185 sites in the 
United States that at least partly identify research as a purpose of their site (accessed January 17, 2006). Apart 
from the National Estuarine Research Reserve System (NERRS) and Dry Tortugas National Park, little informa-
tion on methods for site placement for research areas is available. Dry Tortugas National Park analyzed five 
alternative boundaries for a research area within the Park that would exclude all fishing activity (NPS 2001). It 
is similar to the process conducted here in that the criteria included habitat characteristics, prior research, mini-
mization of fishermen displacement, and ease of enforcement. However, the Dry Tortugas were less quantita-
tive in their investigation of variations in size, shape and orientation compared to this process for GRNMS due 
to their emphasis on reducing the number of boundary lines necessary. A main driver of the Dry Tortugas site 
selection process was to include as many of the present park boundaries as possible in the boundary for their 
RA. The NERRS process, which is also less quantitative, had many similarities to that conducted here as well. 
NERRS bases site selection on criteria within four groups: 1) environmental representativeness, 2) value of the 
site for research, monitoring, and resource protection, 3) suitability of the site for education and interpretation, 
and 4) acquisition and management considerations (NERRS 2005). The selection process assigns points on a 
scale from 0 to 3 to sites based on several measures within each group, some quantitative and some subjective. 
Higher values are given for “better” sites. Similar goals between the NERRS selection process and the process 
conducted here include targeting representative habitats, high habitat diversity, key habitat, complete ecosys-
tems, a long history of prior research, sites that can serve as a baseline, both control areas and experimental 
areas, sites appropriate for investigating coastal issues, and minimizing conflicts with historical and current use 
patterns. Values for these and other NERRS criteria are then either simply averaged or discussed in a consensus 
based process by a selection committee. A key difference in the NERRS process is that it is a network of sites 
that are being continually added to, and this influences the choice of each successive new site. In contrast, there 
are no marine research areas currently within the South Atlantic Bight.

Although avoidance of preferred bottom fishing areas was an important objective of this analysis through the 
use of boat sighting and marine debris distributions, further care should be taken to minimize displacement of 
current users. Namely, since bottom fishermen will be the most impacted, they and their representatives should 
be consulted at public meetings regarding which among the preferred RA options least displace them. Provided 
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that the criteria are met for ledges, other bottom types, and prior research, any of the remaining options most 
acceptable to bottom fishermen should do equally well. Incorporating this group’s concerns at every stage in the 
RA evaluation process has been essential and is expected to improve understanding, acceptance, and ultimately 
compliance of an RA if implemented.

Ideally, the RAWG would have been able to select minimum cut-off values for each of the variables in the analy-
sis from the start. This would have eliminated the need for the scoring process that was devised. Option selection 
could have proceeded directly to eliminating those that did not meet the cut-off value for each variable. This was 
not possible with the information available to the RAWG prior to this study. The number of ledges, area of other 
bottom types, inclusion of prior research, and preferred locations for fishing within the context of the various RA 
boundary configurations under consideration were simply not understood. The results provide this requisite un-
derstanding through a systematic and comprehensive analysis of the boundary options and the resources they 
encompass. Ultimately, the RAWG still needs to decide acceptable cutoffs for each variable. This can be done 
through the use of category scores and the corresponding values for each variable as was done here. Alterna-
tively, the present study has provided a greater understanding of the range of values and the trade-offs among 
the variables associated with the boundary configurations under consideration. As a result, informed selection 
of specific minimum cutoffs for each variable can be achieved and the selection process run on the raw data for 
each option (rather than the category scores used here).  

This technique provides an effective way to comprehensively evaluate a discrete number of alternative bound-
ary shapes within a region of interest. The approach may be especially effective in the design of zoning within 
existing MPA’s. Often MPA’s have a considerable body of prior research and characterization available to serve 
as data inputs. Siting criteria based on these data can either be general, as was in this case, or more quantita-

Figure 16. Scenario 3 options with centroids and boundaries that contain the Long Term Research Site. 
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tive such as through the use of minimum 
acceptable cut-off values. The sub-zoning 
process that was used recommends the 
following steps: choosing sub-zone selec-
tion criteria, selecting possible boundary 
configurations, determining the optimal dis-
tance to slide the analysis window between 
options, tallying the variables of interest 
within each option, organizing the variables 
into a meaningful step-wise order, catego-
rizing or selecting cut-offs for each, and 
obtaining a list of equally suitable options 
for which to select a specialized zone. The 
limited space within existing MPA’s and 
tendency to establish single specialized 
sub-zones within them also make this an 
attractive approach. 
 
An RA designated based on the results of 
this analysis should include some spatial 
and temporal flexibility. The bottom data on which much of this analysis was based were from sonar surveys 
conducted in 2001 (Kendall et al 2005). The dynamics of shifting sands in the South Atlantic Bight and frequency 
with which ledges and other live bottom features are exposed or covered over are not well understood. Flat sand 
may become rippled or vice versa as bioturbation, currents, and waves reshape the benthos. Field work in 2005 
indicates that features remain much the same as depicted in the map (Figure 3) but the long term persistence 
of mapped features is unknown. The RA should be periodically remapped and possibly moved as necessary to 
accommodate such changes. Also, as research is completed, new hypotheses are devised, and experimental 
designs are modified to meet the changing science needs of the sanctuary, the size (larger or smaller), location, 
and regulations within the RA should be flexible enough to accommodate them. Furthermore, this analysis, like 
any GIS analysis is intended to be used as a tool by the RAWG to aide in the selection of available options. Ul-
timately, the decision of if and when to implement an RA rests with GRNMS and NOAA. 

FINAL RECOMMENDATIONS

•	 A set of equally suitable options should be presented to the SAC/GRNMS, not just one option.

•	 The RAWG needs to select acceptable cutoffs. This can be based on the category scores or the histograms 
for each variable. 

•	 4x4 km options maximize ledge, bottom type, and prior research within the RA and still allow sufficient com-
parable areas outside of it.

•	 Selecting moderate category scores (e.g. scenario 3) appears to meet the needs of the RAWG when the 
actual values of each option are considered.

•	 There are two clusters of options that appear to meet all of the criteria of the RAWG located in the east/central 
and west/central portions of the sanctuary.

•	 A small fraction of rotated shapes improved option characteristics. These should be considered individually 
for relative advantages.

•	 Buffers should be placed around final selection as appropriate to insulate the RA from edge effects (especially 
rotated options).

•	 The long term research site should be included in the final set of boundary options to be recommended to

 Image 12. Marine debris associated with human use which was gathered from 
the bottom at GRNMS.  
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	 the SAC. Many suitable options support 
this choice (Figure 16).

•	 The fishing variables included here 
should be heavily considered in this 
decision; however public input on pre-
ferred fishing locations is essential.

•	 The largest options will include the 
home range for the greatest variety of 
fish.

•	 The final boundary should remain flex-
ible to encompass changes in bottom 
type or research needs over time.

•	 The analysis should include sonic fish 
tagging data to greater enhance the 
sanctuary’s understanding of the rela-
tionships between fish and their habitats 
and the spatial scales of their move-
ments.

Image 13. Encrusting organisms at GRNMS. The pencil in the image denotes 
the scale. 
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GLOSSARY

Boundary configuration: A specific combination of boundary size, shape, and rotation.

Boundary option: A specific boundary configuration placed within the sanctuary using the sliding window pro-
cess.

Category score: The average of all histogram scores within a variable category, rounded up to the nearest whole 
number. 

Histogram score: Values for each variable from 1 to 5 that correspond to 20% quantiles for all RA options.

RA: An RA or Research Area is a region specifically set aside for conducting scientific research in the absence 
of confounding factors. 

Selection variable: Any of the 25 variables used in the analysis.

Siting criteria: General qualities of the RA as requested by the RAWG. For example, a large number for ledges 
and prior research sites were identified as important characteristics for an RA. 

Variable category: Any of the 4 groups of variables used in the selection process including ledges, other bottom 
types, prior research, and fishing effort.
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Appendix A: Research Area Working Group (RAWG) Participants and Af-
filiations

Working Group Chair
Joe Kimmel
NOAA Fisheries
Southeast Regional Office
9721 Executive Center Drive, N
St. Petersburg, FL  33702
joe.kimmel@noaa.gov

Volunteer Organization
Lad Akins
Reef Environmental Education Foundation (REEF)
P.O. Box 246
Key Largo, FL 33037  USA
lad@reef.org

State of Georgia
Henry Ansley
Georgia Dept. of Natural Resources
Coastal Resources Division
One Conservation Way, Suite 300
Brunswick, GA 31520-8687
henry_ansley@coastal.dnr.state.ga.us

Commercial Fishing
Charles Phillips
Route 1, Box 1672
Townsend, GA  31331
ga_capt@hotmail.com

Recreational Diving
Judy Wright
Chair, GRNMS Advisory Council
Island Dive Center
101 Marina Drive
St. Simons Island, GA  31522
scubadive@thebest.net

Regional Planning
Gregg Waugh
Deputy Executive Director
South Atlantic Fishery Management Council
One Southpark Circle, Suite 306
Charleston, SC  29407-4699
Gregg.Waugh@safmc.net

Research
George Sedberry 
South Carolina Dept. of Natural Resources
P.O. Box 12559
217 Ft. Johnson Road
Charleston SC  29412
sedberryg@mrd.dnr.state.sc.us
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Herb Windom
Skidaway Institute of Oceanography
10 Ocean Science Circle
Savannah, GA  31411
herb@skio.peachnet.edu

Jim Bohnsack
NOAA Fisheries
Southeast Fisheries Science Center
75 Virginia Beach Drive
Miami, FL  33149
jim.bohnsack@noaa.gov

Jack McGovern
NOAA Fisheries
Southeast Regional Office
9721 Executive Center Drive, N
St. Petersburg, FL  33702
john.mcgovern@noaa.gov

Conservation
Doug Rader
Environmental Defense
2500 Blue Ridge Road, Suite 330
Raleigh, NC  27607
drader@environmentaldefense.org

Education
Leslie Sautter
Dept. of Geology and Environmental Geosciences
College of Charleston
Charleston, SC  29424
SautterL@cofc.edu

Russell Kent (unable to attend Workshop I)
Professor of Management
Georgia Southern University
Route 2, Box 2155A-60
Townsend, GA  31331
rkent@gasou.edu

Recreational Fishing
John Duren
Coastal Conservation Association of GA
8 Calico Crab Retreat
Savannah, GA  31411
jwduren@aol.com

Willie Olliff
Executive Director
Coastal Conservation Association of Georgia
515 Demark St., Suite 300, 
Statesboro, GA 30458 
info@ccaga.org
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Jim Siler
Coastal Conservation Association, GA
12 Oyster Reef Road
Savannah, GA  31411

Law Enforcement
Tim Vincent
Southern Regional Law Enforcement
Georgia Department of Natural Resources
Tim_Vincent@coastal.dnr.state.ga.us

National Centers for Coastal Ocean Science (NCCOS)
Kate Eschelbach
Center for Coastal Monitoring and Assessment
1315 East-West Highway
Silver Spring, MD  20910
kate.eschelbach@noaa.gov

Matt Kendall
Center for Coastal Monitoring and Assessment
1315 East-West Highway, Room 9230
Silver Spring, MD  20910
matt.kendall@noaa.gov
 
National Marine Sanctuary Program
Steve Gittings
National Marine Sanctuary Program
1305 East-West Highway
Silver Spring, MD  20910
Steve.Gittings@noaa.gov

Brian Keller
Florida Keys NMS
P.O. Box 500368
Marathon, FL  33050
brian.keller@noaa.gov

Paul Orlando
National Marine Sanctuary Program
1305 East-West Highway
Silver Spring, MD  20910
Paul.Orlando@noaa.gov

Gray’s Reef NMS
10 Ocean Science Circle
Savannah, GA  31411

Reed Bohne
Reed.Bohne@noaa.gov

April Fendley
April.Fendley@noaa.gov

Greg McFall
Greg.McFall@noaa.gov

Becky Shortland
Becky.Shortland@noaa.gov

Jim Sullivan
Jim.Sullivan@noaa.gov
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Appendix B: RAWG Matrix 2, Considerations for the value of a research 
area
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Gray’s Reef National Marine 
Sanctuary 
Sanctuary Advisory Council 
Research Area Concept 
Working Group 
Workshop II 
October, 2004

Proposed Studies to be conducted in a Research Area at GRNMS

Sessile Invertebrates/Bottom Fishing
Mobile 

Invertebrates/ 
Bottom Fishing

Bottom Fish/Bottom Fishing

Requirements Fishing Gear Effects Recovery Rates Indirect Effects Effect of Predators Direct Effects Recovery Rates
Spearfishing v 

angling
Spearfishing effects on 

fish behavior

Objective

Evaluate the impacts 
of bottom fishing gear 

on benthic invertebrate 
populations (priority 

organisms include sponges 
and corals). Can be 

expanded to look outside.

Determine the rate of 
recovery of populations 

of sessile inverts 
following various levels 

of disturbance by bottom 
fishing gear

Determine the nature 
and extent of indirect 

effects (e.g., changes in 
benthic food webs) caused 

by changes in benthic 
communities due to 

bottom fishing

Characterize the 
mobile invert 

communities in the 
absence of fishing

Determine the level 
to which benthic 

fish populations are 
reduced by bottom 

fishing effort

Determine the rate of 
recovery for species 
targeted by bottom 

fishing

Ascertain differences 
in the level of impact 

on benthic fish 
populations caused 
by spearfishing and 

angling

Determine what aspects of 
fish behavior (e.g., schooling, 

feeding, mating, predation, 
symbioses) are affected, the 
extent of effects (temporary 
or long-term), and impacts 

of changes caused by 
spearfishing

Research/ 
Sampling 

Requirements

Document incidences of 
injury only (simple counts) 
vs. more detailed benthic 

characterizations including 
injuries

Lower end - follow 
recovery of documented 

injury in Fishing Gear 
Effects study - Compare 
recruitment, abundance, 
condition and growth in 

closed vs reference areas 
or manipulative experiment

High end - trophic 
structure studies (i.e. gut 
contents, predator-prey, 

energy flow models)

Low end - 1)Predator 
exclusion/ inclusion 
experiment w/cages, 
2)Predator and prey 
censuses before and 

after closure

Low end - 1) Benthic 
fish censuses before 

and after closure

Low end - 1) Benthic 
fish censuses before 

and after closure

Habitat Type/ 
Specific Place

Densely and Sparsely colonized Live Bottom All habitats

Live Bottom with 
target species of 

both activities (e.g. 
black sea bass are 
bottom-fished, not 

spearfished)

Live Bottom with high density 
of target species

Size VS S, M, L M-L VS - M VS - M

Number of 
Research Areas

3 VS or 1 M-L (to accommodate plots)
3S or 1 M-L (to 

accommodate plots)
3M or 1 L (to accommodate plots) 2 to 12 2 to 12

Design Option A or B (C or BC if outside) All but D All but D

Duration 2 - 5 years 5 -10 years 3 - 10 years 5-7 years 10-15 years 4 - 10 years
18 months - many years (up 

to 20yrs)

Marking Yes, buoys for closed area
Yes, buoys for closed 

area (would be 
challenging)

Yes, buoys for closed area

Enforcement Yes,Onsite and/or remote - requires outreach and education

from random 
inspections to onsite 
and/or remote (would 

be challenging)

from random inspections to 
onsite and/or remote

Outreach
Yes to tell what, why and for how long - seminars, flyers, print, news, web, visualization techniques, media, marking on charts, buoy labeling, notices 

to mariners, etc.

Yes, from 
announcements to 
results published 

to “why, how, who” 
(need would be 

greater presumably 
due to complicated 

nature of study)

Yes, from announcements 
to results published to “why, 

how, who”

Displacement/ 
Prohibited 
Activities

Bottom Fishing, Spearfishing, Bottom-impinging trolling,

From No Entry to no 
take to no bottom 

fishing to no bottom 
or spearfishing to no 

spearfishing

From No Entry to no take to no 
bottom fishing to no bottom or 

spearfishing

Ancillary Data 
Requirements

Fishing Effort by gear 
type, compliance, Physical 
measurements including 

episodic events

Fishing Effort by gear 
type, compliance, Physical 
measurements including 

episodic events, Lit Review 
(e.g., growth rates)

Fishing Effort by gear 
type, compliance, Physical 
measurements including 

episodic events, Lit 
Review (e.g., population 
and community ecology)

Predator and Prey 
home ranges, Gut 
content studies, 

compliance, Physical 
measurements 

including episodic 
events, Lit Review

Benthic fish 
home ranges, 

compliance, Physical 
measurements 

including episodic 
events, Lit Review, 

fishing effort by 
gear type

Benthic fish 
home ranges, 

compliance, Physical 
measurements 

including episodic 
events, Lit Review, 

fishing effort by 
gear type

Effort for all 
activities, Boat 

Counts, Physical 
measurements, 

Extensive Lit Review 
(info on life histories, 
ecosystem, regional 

oceanography/ 
climatology, edge 
effect, movement, 
regional estimate 
of population size, 

growth rates, 
mortality rates, life 
history, recruitment 

rates)

Need to know number and 
behavior of spearfishermen, 

Boat Counts, Physical 
measurements, Lit Review (info 

on life histories, movement)

Research Costs
$15K to $200K/yr above and beyond GRNMS logistical 

support (would include grant funds)
>$300K $50K - $100K/yr

For this project 
- “Minimal” to $500K 

total 
For all projects - 

$350K to $1M/year

For this project - “Minimal” to 
$150K total 

For all projects - $350K to 
$1M/year

Notes

Assuming no anchoring, 
unclear about the effects of 

bottom-impinging trolling, also 
practicality of enforcement 

might be easier to close the 
area to all fishing, if GRNMS 
staff had time to participate 
the research costs would 
be substantially reduced, 

more buoys = increased cost 
and more hassle, assume 
minimum 3 year baseline 

data prior to implementation 
of research area, concern for 
the potential impact of non-

permitted/ recreational divers 
on experiments.

assume minimum 3 
year baseline data prior 

to implementation of 
research area,concern 

for the potential impact of 
non-permitted/recreational 

divers on experiments.

Formulation of specific 
questions and feasibility of 
study depend on results 
from fishing gear effects 

and recovery rate studies.
assume minimum 3 

year baseline data prior 
to implementation of 

research area, concern 
for the potential impact of 
non-permitted/recreational 

divers on experiments.

Alternative to 
measuring removal of 
target species can be 
done through census 

of fishing effort by 
gear type.  Should 

the spearfishing ban 
not be adopted at 

GRNMS, it could be 
included in this study

Appendix C: RAWG Matrix 4, Summary of proposed studies within the re-
search area.
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Appendix D: RAWG Matrix 5b, RAWG consensus on potential boundary 
sizes prior to the present analysis.
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Appendix E: Distribution of values and scores for each variable.

Histograms of ledge variables inside the boundary options.  The dotted lines denote the 20% breakpoints based 
on minimum and maximum values for each variable.  
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Appendix E: Continued

Histograms of ledge variables outside the boundary options.  The dotted lines denote the 20% breakpoints based 
on minimum and maximum values for each variable.  
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Appendix E: Continued

Histograms of bottom type variables inside and outside the boundary options.  The dotted lines denote the 20% 
breakpoints based on minimum and maximum values for each variable.  
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Appendix E: Continued

Histograms of prior research variables inside the boundary options.  The dotted lines denote the 20% break-
points based on minimum and maximum values for each variable. 
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Appendix E: Continued

Histograms of prior research variables outside the boundary options.  The dotted lines denote the 20% break-
points based on minimum and maximum values for each variable.  
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Appendix E: Continued

Histograms of fishing effort variables inside and outside the boundary options.  The dotted lines denote the 20% 
breakpoints based on minimum and maximum values for each variable.  
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Appendix F: Variable values of the eight options shown in Figure 14.

Square Square Square Hexagon Square Square Square Square

3x3 km, 0° 3x3 km, 30° 3x3 km, 45° 9 km2 4x4 km, 0° 4x4 km, 0° 4x4 km, 0° 4x4 km, 45°

LEG_H_S_I 35 72 62 72 63 59 25 60

LEG_H_S_O 111 75 84 76 84 87 121 89

LEG_HSA_I 11392 18494 17435 19439 24561 15234 9153 21909

LEG_HSA_O 35607 28505 29564 27560 22438 31765 37846 25090

LEG_H_M_I 24 36 28 59 76 28 41 71

LEG_H_M_O 122 110 119 90 71 118 106 76

LEG_HMA_I 15391 20893 17276 29900 47481 14778 28575 51340

LEG_HMA_O 79060 73558 77175 64551 46970 79673 65876 43111

LEG_H_T_I 33 29 34 32 74 28 53 80

LEG_H_T_O 112 124 114 116 77 118 95 70

LEG_HTA_I 63111 44522 57786 39894 105415 54712 77434 113595

LEG_HTA_O 154922 173511 160247 178139 112618 163321 140599 104438

LEG_S_S_I 29 66 56 71 56 55 28 56

LEG_S_S_O 117 81 90 75 91 91 118 92

LEG_SSA_I 5489 11048 9556 13083 12119 9265 6380 12019

LEG_SSA_O 23743 18184 19676 16149 17113 19967 22852 17213

LEG_S_M_I 33 41 36 57 79 34 36 68

LEG_S_M_O 113 106 111 92 70 111 111 78

LEG_SMA_I 16540 19277 17254 26978 38293 16546 16782 32637

LEG_SMA_O 54466 51729 53752 44028 32713 54460 54224 38369

LEG_S_L_I 30 30 32 35 78 26 55 87

LEG_S_L_O 115 122 116 115 71 121 93 65

LEG_SLA_I 67864 53583 65687 49172 127045 58913 92000 142189

LEG_SLA_O 191382 205663 193559 210074 132201 200333 167246 117057

OBT_SCB_I 2747445 3755571 3563823 5035382 8355137 3262932 4348286 6948580

OBT_SCB_O 12102611 11094485 11286233 9814670 6494920 11587124 10501770 7901477

OBT_FS_I 686925 1482325 1129570 860855 99889 2546084 282640 113019

OBT_FS_O 3908870 3113470 3466225 3734940 4495906 2049711 4313155 4482776

OBT_RS_I 5475736 3678196 4214111 3014475 7367518 10106258 11253913 8751558

OBT_RS_O 34535406 36332946 35797031 36996700 32643624 29904884 28757229 31259584

RES_ROV_I 7628 7510 7710 255 1197 7710 1728 2061

RES_ROV_O 2615 2733 2533 9988 9046 2533 8515 8182

RES_STA_I 204 183 225 35 115 225 158 167

RES_STA_O 308 329 287 477 397 287 354 345

RES_TAG_I 17 295 235 294 15 154 0 22

RES_TAG_O 285 7 67 8 287 148 302 280

RES_TRP_I 63 87 90 69 45 87 29 57

RES_TRP_O 91 67 64 85 109 67 125 97

RES_SED_I 11 14 15 18 24 24 27 26

RES_SED_O 101 98 97 94 88 88 85 86

RES_LTR_I 1 1 1 0 0 1 0 0

RES_LTR_O 0 0 0 1 1 0 1 1

RES_TRA_I 38 45 44 51 68 48 46 72

RES_TRA_O 139 132 133 126 109 129 131 105

RES_BEN_I 38 45 44 51 68 48 46 72

RES_BEN_O 139 132 133 126 109 129 131 105

FIS_BOT_I 50 18 32 7 39 29 39 56

FIS_BOT_O 37 69 55 80 48 58 48 31

FIS_GER_I 1.13 0.13 0.59 0 0.43 0.44 0.41 0.54

FIS_GER_O 0.14 0.43 0.28 0.5 0.31 0.33 0.34 0.23
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