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ABSTRACT I

ROZAS, L.P.; CALDWELL, P. and MINELLO, T.J., 2005. The fishery value of salt marsh restoration pro-
jects. Journal of Coastal Research, SI(40), 37-50. West Palm Beach (Florida), ISSN 0749-0208.

We assessed the benefits of different wetland restoration techniques for fishery resources by comparing
habitat complexity, fishery support, and construction costs among five salt marsh restoration projects in
Galveston Bay, Texas. The restoration projects included marsh terracing at Galveston Island State Park
{GISPT) and Pierce Marsh Preserve (PMPT), mound construction at Jumbile Cove (JC), and marsh island
construction north of Galveston Island along Interstate Highway 45 at 1-45 East Marsh (I45EM) and 1-45
West Marsh (I45WM). The projects were located in shallow estuarine waters and used bottom sediments
or upland soils to construct intertidal areas that were planted with smooth cordgrass Spartina alterniflora.
We used a Geographic Information System (GIS) and high-resolution aerial photography to classify areas
into land (marsh vegetation) and water and applied fishery density models to assess fishery support. These
models were developed to describe fine-scale distribution patterns for brown shrimp Farfantepenaeus azte-
cus, white shrimp Lifopenaeus setiferus, and blue crab Callinectes sapidus across shallow estuarine habitat
types (emergent marsh and shallow open water) of the Galveston Bay estuary. Restoration sites ranged in
size from 6.9 ha (I45EM) to 68.2 ha (GISPT). Construction costs ranged from $362,250 (GISPT) to $74,200
(I45EM). Costs standardized to 1 ha for comparison among projects were $40,608 (I45WM), $11,875 (JC),
$10,685 (I45EM), $8,771 (PMPT), and $5,310 (GISPT). The I45WM project contained the greatest percent-
age of marsh vegetation (68%), whereas the two terracing projects had the smallest percentage (PMPT =
18%, GISPT = 19%). More of the constructed marsh in the terracing projects, however, was vegetated
marsh edge (located within 1 m of the marsh shoreline) than in other projects (PMPT = 29%, GISPT =
25%, 145EM = 20%, JC = 11%, I45WM = 9%), and this habitat type supports the greatest densities of
fishery species. Based on our modeling analysis, overall fishery support was greatest for the two I-45
projects, followed by the PMPT terracing project. Estimates of standing crop (number of animals) stan-
dardized to 1 ha ranged between 22,246-30,863 for brown shrimp, 21,773-33,139 for white shrimp, and
17,240-24,927 for blue crab. The two terracing projects and I45EM had higher fishery-benefit:cost ratios
(ratio of standardized net fishery value to standardized project cost) than the other projects. Although marsh
terraces composed of small cells supported the highest nekton populations, terraces constructed of medium
cells were more cost-effective than terraces composed of either small or large cells. Based on our modeling
results, all five restored sites supported relatively high populations of fishery species compared to pre-
restoration conditions. However, restoration sites did not support populations equivalent to a reference
marsh system. Restoration projects should maximize the area of marsh vegetation and create a high degree
of water-marsh interspersion to provide the most benefit for fishery species.

ADDITIONAL INDEX WORDS: Restoration methods, marsh terracing, restoration mounds, fishery species,
Galveston Bay, habitat value, penaeid shrimps, blue crab, GIS.

INTRODUCTION

An important ecological function of coastal
marshes is their support of fishery populations
(BoeEscH and TURNER, 1984; KNEIB, 1997). Salt
marshes in the northern Gulf of Mexico are essen-
tial nursery areas for brown shrimp Farfantepen-
aeus aztecus, white shrimp Litopenaeus setiferus,
blue crab Callinectes sapidus, and other estuarine-
dependent species, as this habitat type provides
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food for growth and structure that increases sur-
vival (ZIMMERMAN et al, 2000; MINELLO et al.,
2003).

More than half of the total area of wetlands in
the conterminous U.S. has been lost over the last
two centuries (DAHL, 1990). Loss rates were par-
ticularly high for coastal marshes in Louisiana and
along the upper Texas coast (BRITSCH and DUN-
BAR, 1993; WHITE and TREMBLAY, 1995), and much
of this loss was due to the conversion of brackish
and salt marshes to open water (DAHL et al., 1991).
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In response, a variety of restoration methods have
been developed to return these open-water areas
to marsh (TURNER and STREEVER, 2002).

A major goal of coastal marsh restoration is to
increase habitat for fishery species. Yet, coastal
marsh restoration projects are seldom assessed for
fishery support. Recently, MINELLO and RozAs
(2002) developed a modeling approach to estimate
fishery populations in coastal marshes that could
be used to assess fishery support for restoration
projects. The models use fine-scale density rela-
tionships with landscape-scale patterns of marsh
and water to estimate population sizes for fishery
species in salt marsh systems. While we recognize
that true fishery value of a marsh system is more
complicated and involves long-term production, we
believe that population estimates for marsh sys-
tems can be a surrogate for fishery value.

The cost of wetland restoration can be widely
variable (TURNER and STREEVER, 2002). Projects
should be assessed for cost-effectiveness to ensure
that we maximize wetland functional value. Esti-
mating nekton populations provides a mechanism
for assessing fishery benefits derived from a pro-
ject and developing benefit:cost ratios. Information
on the cost-effectiveness of different restoration
methods should be useful in making decisions on
the type of restoration projects to use under differ-
ent conditions and in the design of future projects.

We examined five salt marsh restoration pro-
jects within the Galveston Bay system that were
constructed using a variety of methods. Our objec-
tive was to compare these projects in terms of hab-
itat complexity, fishery support, and construction
costs. In addition, we compared these restored
sites with pre-construction conditions and a ref-
erence marsh site. We also compared habitat com-
plexity and fishery support in marsh terraces of
three cell sizes that were constructed at Galveston
Island State Park.

MATERIALS AND METHODS
Study Area

The marsh restoration sites were located within
the Galveston Bay system on the upper Texas
coast (Figure 1). Tides within the study area are
predominantly diurnal, and the mean tidal range
is approximately 0.3 m (ORLANDO et al,, 1991). In-
tertidal vegetation in the study area is dominated
by smooth cordgrass Spartina alterniflora Loisel.
We used the Elmgrove Point marsh as a reference
site with which to compare the five restoration

sites in our study. This site is located in East Bay
on the northwest shore of the Bolivar Peninsula
(Figure 1) and has been examined in detail by Mi-
NELLO and Rozas (2002).

Restoration Sites

We assessed five restoration sites within the
Galveston Bay system (Figure 1). Two projects,
Galveston Island State Park Terracing (GISPT)
and Pierce Marsh Preserve Terracing (PMPT), in-
corporated marsh terracing to convert shallow
subtidal bottom to marsh (RozAs and MINELLO,
2001). Bottom sediments at each site were exca-
vated and used to construct terraces or ridges at
marsh elevation. These ridges were arranged in a
checkerboard pattern with open corners to allow
movement of water and organisms through the
terrace fields. Following construction, the intertid-
al ridges were planted with smooth cordgrass. The
PMPT site was constructed in 1999 and is com-
posed of 64 cells, each with 61-m-long sides sur-
rounding a 0.29-ha terrace pond (Figure 2a). In ad-
dition, two rectangular (122 m by 61 m) cells were
constructed in the project area (Figure 2a). Ter-
race cells of three different sizes were constructed
at GISPT in 1999 and 2000 (Figure 2b). A total of
100 medium cells have the same dimensions as
most of the PMPT terraces. In addition, 5 large
cells were constructed with 122-m sides, 1.30-ha
ponds, and four times the area of the medium cells;
and 20 small cells were constructed with 30-m
sides, 0.06-ha ponds, and approximately one-
fourth the area of medium cells.

The Jumbile Cove (JC) project was constructed
in 2001 and consists of 35 small islands or mounds
(Figure 2¢). Mounds were built using a small hy-
draulic dredge to excavate sandy bottom sedi-
ments off site and to pump this material into the
project area. The end of the dredge discharge pipe
was moved sequentially within the project area to
construct each circular mound. Following con-
struction, smooth cordgrass was planted on the in-
tertidal mounds in August 2002.

The remaining two projects were constructed
north of Galveston Island along Interstate High-
way 45 (I-45) using road-construction equipment.
The I-45 West Marsh (I45WM) project was con-
structed west of I-45 in 1999 by restoring a marsh
degraded by borrow pits and a leveed disposal
area, The site was restored to marsh elevation,
and 12 meandering channels spaced approximate-
ly 30 m apart were excavated to create narrow
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Figure 1. Locations of the five restoration sites included in our assessment and the Elmgrove Point marsh reference area in
the Galveston Bay system of Texas. GISPT = Galveston Island State Park terracing site, PMPT = Pierce Marsh Preserve
terracing site, JC = Jumbile Cove restoration mound site, J45WM = 1-45 West Marsh site, and I45EM = 1[-45 East Marsh
site
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Figure 2.  Aerial photographs and GIS results of land-water classifications for the five restoration sites: marsh terracing at
(a) Pierce Marsh Preserve (PMPT) and (b) Galveston Island State Park (GISPT?, (¢) restoration mounds at Jumbile Cove (JC),
and marsh islands constructed along Interstate Highway 45 at (d) [-45 West Marsh (145WM) and (e) I-45 East Marsh (I45EM).

marsh islands (Figure 2d). The intertidal area be-
tween channels was planted with smooth cord-
grass in summer 1999. East of 1-45, a total of 32
marsh islands were built in 2001 at the [-45 East
Marsh (I45EM) project site (Figure 2e). This pro-
ject was constructed with fill from a necarby aban-
doned well-pad and access road using a bulldozer
at low tide to move and shape the material into
small (10-30 m wide), irregularly shaped islands.
These intertidal islands were planted with smooth
cordgrass in 2001.

Assessment Analysis Methods
Use of Fishery Density Models

We used the modeling approach of MINELLO and
Rozas (2002) to estimate potential nekton popu-

lations for each restoration project and the Elm-
grove Point reference site. This approach is based
on the development of regression models that de-
scribe fine-scale (1-10 m) nekton density patterns
within a marsh system in relation to the peak den-
sity at the vegetated marsh edge. For densities
within marsh vegelation, we used refined versions
of the models described by MixeLLo and Rozas
(2002); the models were modified to include their
validation data. For shallow open water, we used
models developed from a comparable study (un-
published data) where we estimated mean nekton
densities in spring, summer, and fall of 2000 in
marsh edge vegetation and on nonvegetated bot-
tom at 1, 3, 15, 25, and 50 m from the marsh edge.
The nonlinear regression models from this study
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Figure 2. Continued.
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described the decline in density from the marsh
edge out into open water.

All of the models (brown shrimp, white shrimp,
and blue crab) predict nekton densities within a
marsh system based on the density at the vege-
tated marsh edge. We used marsh edge densities
derived from 1,566 enclosure samples collected in
the lower portion of the Galveston Bay system
(mean annual salinity = 15-30 %c) on various pro-
jects between 1982 and 1997. Mean densities were
estimated for periods when a species was abun-
dant in the Galveston Bay system. These densities
in marsh edge vegetation (and the seasonal abun-
dance periods) were 13.5 brown shrimp per m?
(April-September), 11.3 white shrimp per m?2
(June-November), and 6.8 blue crabs per m?2
(April-October).

GIS Classification and Analysis of Habitat
Complexity and Fishery Support

We calculated the areas of vegetation and water
at different distances from the marsh edge with
ArcView 3.2a (ESRI, Redlands, California) using a
process similar to that described by MINELLO and
Rozas (2002). Base maps of each project site were
constructed in a Geographic Information System
(GIS) from digital georeferenced aerial images
(scale = 1:14,000) taken December 14, 2001, by
Landiscor Aerial Information (Houston, TX). We
drew a 25-m buffer around restored marsh in pro-
ject areas to define the boundary of each project
site. The base map for the reference site was con-
structed in a GIS from a 1-m ground-resolution
Digital Orthophoto Quarter Quadrangle (DOQQ)
image analyzed by the U.S. Geological Survey
from a color-infrared photograph (1:40,000 scale)
taken February 5, 1995.

We generated habitat layers in vector format for
each project site. First, we digitized the areas of
water and vegetation in each scene using an on-
screen digitization procedure. We classified all
constructed intertidal area (e.g., terraces, islands)
within a project scene as vegetation, assuming
that all emergent land at restoration sites will
eventually become vegetated with smooth cord-
grass and be available for use by nekton. We then
classified the vegetation and water areas in each
scene into different categories based on distance to
the nearest marsh shoreline (e.g, 0-1 m, 1-2 m,
and so on) using Spatial Analyst 1.1 (ESRI, Red-
lands, California). We calculated the overall areal
coverage of each distance-to-edge category within

the water and marsh areas for each scene. Finally,
we applied modeled densities for each distance-to-
edge category using Microsoft Excel 2000 to esti-
mate nekton populations for the entire project ar-
eas and the reference site.

We also estimated the size of fishery populations
(standardized to 1 ha) at JC, GISPT, PMPT, and
I45EM before any restoration projects were con-
structed at these sites. These sites, prior to resto-
ration, consisted almost entirely of open water
that was >25 m from the nearest marsh. There-
fore, for this analysis, we estimated pre-restora-
tion populations by multiplying the model densi-
ties of fishery species (number of individuals m~2)
in water >25 m from marsh by 10,000 m2. For
comparison purposes, we also calculated hypothet-
ical nekton populations before construction for the
145WM project, as if this project was built in shal-
low open water. In reality, the I45WM project was
built over borrow pits and a leveed disposal area.

Cost Estimates

We obtained construction costs from project
managers with state and federal resource agencies
or local project sponsors. Only the costs of con-
structing marsh platforms (e.g., terraces, restora-
tion mounds) or tidal channels were included in
the project cost. We did not include the cost of
building structures such as the geotextile tube bar-
riers that were used at GISPT and JC to protect
these restoration sites from erosive waves. Such
structures were necessitated by site conditions and
are not required for most applications of these res-
toration methods (e.g., marsh terracing or hydrau-
lic-dredge mound construction), yet they can add
substantially to the total cost of a project. For ex-
ample, the cost of installing geotextile tubes at the
GISPT site was >5 times the cost of constructing
the terraces. We also did not include the costs as-
sociated with planting marsh vegetation at the
sites. Volunteers did most of the planting at some
sites, whereas paid workers or a combination of
these two labor sources were used for planting the
marsh at other sites. Therefore, the actual costs
incurred for planting did not represent the true
cost of planting the marsh at every site. Planting
costs generally increase with the proportion of
marsh area at a site, but these costs usually ac-
count for only a small fraction of the total cost of
a project.

Our cost estimates for terraces of different cell
sizes were based on levee length as a proxy for
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Table 1. Results of habitat classification for the Elmgrove Point reference site and each restoration site. The total project area,
the area that was marsh (marsh area), the proportion of the site that was marsh (percent marsh area), the total area of the site
that was marsh edge (total marsh edge), and the percentage of marsh edge within marsh and over the entire site (within site)

are given for each site.

Marsh Area  Percent Marsh Total Marsh Percent Marsh Edge
Site Total Area (ha) (ha) Area Edge (ha) Within Marsh ~ Within Site

Jumbile Cove 11.8 3.6 30.4 0.4 11.1 34
Pierce Marsh Preserve 31.6 5.6 17.7 1.6 28.5 5.0
1-45 East 6.9 1.8 26.1 0.4 20.1 5.2
1-45 West 8.6 5.8 67.7 0.5 8.9 6.0
GISP Terraces 68.2 12.7 18.6 3.2 25.0 4.7
Elmgrove Point (Reference) 481.6 306.8 63.7 44.4 14.5 9.2

construction cost. If terraces are of similar width
and height, the cost of constructing a terrace pro-
ject can be determined by multiplying a fixed con-
struction cost (per unit length of levee) for that
specific site by the total length of levees to be con-
structed within the project area. Therefore, terrace
levee length can be used as a realistic proxy for
the construction cost at a particular site because
the construction cost for each unit length of levee
within a site is equal. We calculated levee length
from hypothetical, large terrace fields composed of
the three cell sizes used at GISPT by extracting
the levee length from a 1-ha area imbedded within
these hypothetical terrace fields.

Fishery Benefits

Using our density models and land-water config-
urations, we calculated the projected standing
crops (per hectare) of brown shrimp, white shrimp,
and blue crab for each restoration project. Species-
specific fishery benefits were then calculated as
the difference between these estimates and the es-
timates for 1 ha of shallow open water that was
replaced by the project. After standardizing project
costs to a per ha basis, we summed the fishery
benefits for the three nekton species and calculat-
ed a benefit:cost ratio by dividing standardized
benefits by costs; this ratio is expressed as number
of nekton per U.S. $1.00 of construction cost. Ben-
efit:cost ratios used to compare marsh terrace
fields of different cell size were determined by di-
viding the sum of fishery benefits by the length of
terrace levee estimated for a 1-ha area.

RESULTS

Classification and Habitat Complexity

The area encompassed by the restoration pro-
jects included in our study ranged from 6.9 ha

(I45EM) to 68.2 ha (GISPT), and habitat complex-
ity (marsh-water pattern) differed substantially
among sites (Table 1). The [45WM project con-
tained the greatest percentage of marsh vegeta-
tion (68%). The two marsh terracing projects con-
sisted mostly of open water; the percentage of
marsh at the terracing sites was 19% and 18%.

Marsh edge, that portion of the marsh area
within 1 m of the shoreline, composed 9% to 29%
of the vegetated area among projects (Table 1).
Marshes at the two terracing projects contained
the highest percentage of marsh edge, whereas the
marsh at the [45WM site had the smallest propor-
tion of this habitat type. This vegetated marsh
edge, as a percentage of the entire project area,
was highest at the I45WM and I45EM sites; the
JC site had the lowest percentage of marsh edge
(Table 1).

Habitat complexity in marsh terraces differed
with cell size (Table 2). Small cells were > 35%
marsh, whereas medium and large cells were 28%
and 13% marsh, respectively. The percentage of
marsh edge (both within marsh and within each
cell) increased as cell size decreased (Table 2).

Fishery Support

Based on our modeling analysis, overall fishery
support (expressed as standing crop or number of
animals per ha of project area) was greatest for the
two I-45 projects, followed by the PMPT terracing
project (Table 3). Standardized standing crop
ranges for the restored sites were 22,246-30,863
brown shrimp ha-!, 21,773-33,139 white shrimp
ha-1, and 17,240-24,927 blue crab ha—!; estimates
for each species were highest for [45WM and low-
est for JC (Table 3). Variability associated with
these population estimates is difficult to assess be-
cause of the large number of potential sources (MI-
NELLO and Rozas, 2002).
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Table 2. Results of habitat classification for marsh terrace cells of three sizes. Small terrace cell has 30-m sides and a 0.06-ha
pond, medium cell has 61-m sides and 0.29-ha pond, and large cell has 122-m sides and 1.30-ha pond. The total area, the area
that was marsh (marsh area), the proportion of the cell that was marsh (percent marsh area), the total area that was marsh
edge (total marsh edge), and the percentage of marsh edge within marsh and over the entire cell (within cell) are given for each

cell size.
Percent Marsh Edge
Percent Marsh Total Marsh el paial s
Cell Size Total Area (m?) Marsh Area (m*) Area Edge (m?) Within Marsh Within Cell
Small 920.1 3246 35.3 100.5 31.0 10.9
Medium 4,001.6 1,106.1 27.6 273.8 24.8 6.8
Large 14,906.7 1,951.3 13.1 431.7 22.1 2.9

We calculated that a 1-ha area of open water
>25 m from marsh would support 6,431 brown
shrimp, 2,400 white shrimp, and 7,623 blue crab;
these represent estimates of pre-restoration pop-
ulations (standardized to 1 ha) for the sites. Post-
restoration population estimates for brown
shrimp, white shrimp, and blue crab were up to an
order of magnitude higher than these pre-resto-
ration estimates (Figure 3). Prior to restoration,
the [45WM site likely would have supported even
fewer animals because this area was composed of
borrow pits and a leveed disposal area that was
inaccessible to fishery species.

Based on our modeling estimates, the Elmgrove
Point reference site supported higher nekton pop-
ulations than the five restoration sites (Table 3).
This reference site would support 37,748 brown
shrimp, 38,606 white shrimp, and 26,680 blue
crabs ha !, according to our models (Table 3).
These values differed slightly from the estimates
we reported previously (MIn:LLO and Rozas, 2002)
for the same site because we refined our earlier
methodology to include models for open water.

Our modeling analysis showed that nekton pop-
ulations increase as terrace cell size decreases (Ta-
ble 4). For example, white shrimp population es-

Table 3.  Estimates of standing crop (number of animals) for
brown shrimp, white shrimp, and blue crab populations in
restoration project areas and the Elmgrove Point reference
site. Standing crops are standarized for 1 ha of the site area.

Brown Shrimp White Shrimp  Blue Crab
Site (number/ha)  (number/ha)  (number/ha)
Jumbile Cove 22,246 21,773 17,240
Pierce Marsh
Preserve 27,296 25,698 17,978
[-45 East 28,997 28,815 19,775
1-45 West 30,863 33,139 24,927
GISP Terraces 26,490 24,807 17,823
Elmgrove Point
(Reference? 37,748 38,606 26,680

timates for a 1-ha terrace field of small cells were
1.5 and 2.8 times higher than those for 1-ha ter-
race fields of medium and large cells, respectively.
Likewise, estimates of brown shrimp and blue crab
populations for a standardized terrace field com-
posed of small cells were higher than those for ter-
race fields of medium or large cells (Table 4).

Construction Costs

The cost of constructing these restoration pro-
jects was related to the method used to build each
project, initial site conditions, and project size (Ta-
ble 5). Total construction costs ranged from
$74,200 (I45EM) to $362,250 (GISPT). Based on
costs standardized to 1 ha of project area, the two

Fishery Support
35000 4 OWhite Shrimp
2 ] EBrown Shrimp
v i
8 30000 i B Blue Crab
@ 25000 M -
£ =
3 20000 4
z
g 15000 -
o
o 10000 4
£
2 5000 -
s
® 9 ; ; ; : .

{45WM 145EM  PMPT GISPT

Restoration Site

JC  NRES

Figure 3. Population estimates for white shrimp, brown
shrimp, and blue crab in a standard 1 ha area for the five
restoration projects and a non-restored area (NRES) of shal-
low water >25 m from the nearest marsh which represents
the pre-restoration condition. See legend of Figure 1 for res-
toration project acronyms.

Journal of Coastal Research, Special Issue No. 40, 2005



Fishery Value of Restoration Projects 45

Table 4. Estimates of standing crop (number of animals) for
brown shrimp, white shrimp, and blue crab populations in
terraces of three cell sizes (small, medium, and large). Stand-
ing crops are standarized for 1 ha of the site area.

Brown Shrimp White Shrimp  Blue Crab
Site (number/ha)  (number/ha)  (number/ha)
Small Cell 47,062 48,503 28,661
Medium Cell 34,362 32,735 22,120
Large Cell 19,639 17,113 14,411

marsh terracing projects were the least costly to
build, and the I45WM site was the most expensive
(Table 5). The demolition of levee walls at the
I45WM site added considerably to the project cost.

The cost of constructing marsh terraces in-
creased as cell size decreased, because the length
of terrace levees within a unit project area increas-
es as cell size decreases (Table 6). For example, the
length of terrace levees per ha in a terrace field of
small cells is 3.3 and 1.8 times greater than that
in terrace fields of large or medium cells, respec-
tively (Table 6).

Fishery Benefit:Cost Assessment

The ratio of standardized fishery value to stan-
dardized project cost varied almost 6-fold among
sites (Table 5). The two marsh terracing projects
were more cost-effective than the other projects we
assessed. The 145WM project was the least cost-
effective.

Although nekton populations increased substan-
tially as terrace cell size decreased, cost (length of
levees) increased faster than population size for
small cells (Table 6). Therefore, the benefit:cost ra-
tio for terraces composed of small cells was less

than that for terraces of medium cells. Based on
our modeling analysis, terrace fields constructed of
medium cells are more cost-effective to construct
than terrace fields composed of either small or
large cells (Table 6).

DISCUSSION

Our analysis indicated that restoration success-
fully improved fishery habitat at all five sites that
we examined. Our models show that these sites
should support relatively high populations of fish-
ery species compared with pre-restoration condi-
tions. The I45EM, GISPT, PMPT, and JC sites
were estimated to support 9 to 14 times more
white shrimp than an equal area of shallow open
water, the composition of these sites before resto-
ration. These restored sites also supported more
than three times the population of brown shrimp
and more than twice the population of blue crab
that we estimated for the sites prior to restoration.
The difference in fishery support between pre- and
post-restoration conditions at the [45WM site was
likely even greater than that at the other sites be-
cause much of this site was leveed and inaccessible
to fishery species prior to restoration. Levees and
other structures that restrict tidal exchange can
severely limit habitat use by fishery species (Mc-
GOVERN and WENNER, 1990; ROGERS et al, 1994;
Rozas and MINELLO, 1999).

Our model estimates of fishery populations in-
creased as the proportion of marsh edge increased
at a site. Numerous studies have documented that
penaeid shrimps and blue crab are concentrated in
flooded shoreline vegetation, and these species
reach much higher densities in the marsh edge
than in other shallow water habitat types (ZIM-

Table 5. Project costs and fishery benefits. Construction costs, fishery benefits, and benefit-cost ratios are given for each project
site. Standardized construction costs were estimated by dividing the total construction costs by the total project area. Standard-
ized net standing crops for each species were derived by subtracting the standing crops for that species estimated for 1 ha of
open water (6,431 brown shrimp, 2,400 white shrimp, and 7,623 blue crab) from the standardized standing crops for that species
at each site. Standardized total nekton standing crops were calculated by summing the standardized net standing crops of the
three species for each site. The benefit : cost was derived by dividing the standardized total nekton standing crops by the stan-
dardized cost for each project.

Standardized . . Standardized Standardized

Total Project Cost Standardized Net Standing Crop Total Nekton Benefit : Cost

Site Cost ($) (8, cost/ha) Brown Shrimp White Shrimp  Blue Crab  Standing Crop (nekton per $)
Jumbile Cove 140,375 11,875 15,815 19,373 9,617 44,805 3.8

Pierce Marsh

Preserve 277,000 8,771 20,865 23,298 10,355 54,518 6.2
1-45 East 74,200 10,685 22,566 26,415 12,152 61,133 5.7
1-45 West 350,000 40,608 24,432 30,739 17,304 72,475 1.8
GISP Terraces 362,250 5,310 20,059 22,407 10,200 52,666 9.9
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Table 6. Comparison of fishery benefits for terraces of three cell sizes (small, medium, and large). Length of terrace levees
standardized to 1 ha of a hypothetical terrace field (Standardized Levee Length), fishery benefits, and benefit-cost ratios are given
for each cell size. Standardized levee lengths were estimated by determining the total length of levees within a 1-ha area for each
cell size. Standardized net standing crops for each species were derived by subtracting the standing crops for that species
estimated for 1 ha of open water (6,431 brown shrimp, 2,400 white shrimp, and 7,623 blue crab) from the standardized standing
crops for that species for each cell size. Standardized total nekton standing crops were calculated by summing the standardized
net standing crops of the three species for each cell size. The benefit : cost was derived by dividing the standardized total nekton

standing crops by the standardized levee length (SLL) for each cell size.

Standard-
ized Levee . . Standardized Standardized
t.
Total Area of  Length Standardized Net Standing Crop Total Nekton Benefit : Cost
Site One Cell (ha) (m/ha) Brown Shrimp White Shrimp Blue Crab Standing Crop (nekton per SLL)
Small Cell 0.09 491 40,631 46,103 21,038 107,772 219
Medium Cell 0.40 267 27,931 30,335 14,497 72,762 272
Large Cell 1.49 149 13,208 14,713 6,788 34,709 234

MERMAN et al., 1984; ZIMMERMAN and MINELLO,
1984; MINELLO et al., 1994; PETERSON and TURNER,
1994; CICCHETTI, 1998; HOWE et al., 1999; MINELLO,
1999; Rozas and ZIMMERMAN, 2000). Therefore, the
size of these nekton populations increases with the
amount of marsh edge present at a site (MINELLO
and Rozas, 2002). Our population models express
this edge-density relationship, and project realistic
estimates of fishery populations at the landscape
scale (MINELLO and Rozas, 2002).

The projected populations of fishery species at
the restored sites were not equivalent to those at
the reference marsh at Elmgrove Point. Although
each project was designed to create a considerable
amount of marsh edge, the restoration sites con-
tained less marsh edge than the reference marsh
(3.4-6.0% vs 9.2% of total area). These results in-
dicate that restoration projects can be further im-
proved to benefit fishery species by increasing the
amount of marsh edge.

Based on our assessment, marsh terracing was
the most cost-effective restoration method. Marsh
constructed using the terracing method contains a
relatively high proportion of marsh edge, and
marsh terraces are relatively inexpensive to build.
The 145WM site contained a greater proportion of
marsh edge (6% of total site area) than the other
sites and therefore supported the highest fishery
populations, but it was very expensive to con-
struct. Heavy equipment was required to move a
large amount of material to restore the site, mak-
ing this project the least cost-effective of the five
projects we assessed. Initial site conditions, how-
ever, were mainly responsible for the project cost.
This design could be constructed at a considerably
lower cost if initial site conditions were more fa-
vorable.

Two different restoration techniques were used
at I45EM and JC to construct small marsh islands.
The JC site was less cost-effective than I45EM for
two reasons. The cost of constructing the mounds
with hydraulic dredging at JC was about 11%
higher than constructing islands at the I45EM site
with earth-moving equipment. Further, although
the JC site contained a greater proportion of
marsh than the I45EM site, the proportion of
marsh that was marsh edge at the JC site was
about half that of the I45EM site (11% vs 20%).
More importantly, marsh edge represented only
3.4% of the entire JC site compared with 5.0% of
the I45EM site. The islands at the JC site were
circular in shape, and circles have the smallest pe-
rimeter-to-area ratio of any geometric surface.
Consequently, the irregularly shaped islands at
I45EM contained more marsh edge (perimeter),
and therefore, could support higher fishery popu-
lations than the circular mounds at JC. The
I45EM project ranked just behind the two terrac-
ing projects in cost-effectiveness. This site is pro-
jected to support relatively high fishery popula-
tions, but the construction method used at the
T45EM site was more expensive than that used to
build marsh terraces.

Design changes could improve the fishery value
of marsh restoration projects. The terracing pro-
jects at GISPT and PMPT contained a large
amount of marsh edge, but fishery species would
have benefited even more had the proportion of
marsh area within the terrace fields been higher
(Rozas and MINELLO, 2001). One way to increase
the proportion of marsh in a terrace field is to de-
crease terrace cell size. Our comparison of the
three cell sizes used at GISPT showed that smaller
cells would support higher fishery populations
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than large cells. However, the cost of constructing
small cells rises at a faster rate than increases in
fishery support, and therefore, marsh terraces
composed of small cells are less cost-effective than
terraces with medium or large cells. In addition,
as cell size decreases, the proportion of borrow
area (or deep, disturbed bottom habitat) in a cell
increases. The amount of borrow area in a terrace
field is directly related to total terrace length. For
example, based on the GISP terrace field, the pond
area in a terrace field of small cells would be 62%
borrow area compared with fields composed of me-
dium cells (37% borrow area) or large cells (15%
borrow area). If borrow areas have much less hab-
itat value for juvenile fishery species than undis-
turbed areas in a terrace pond, the increased bor-
row area would further offset any gain in fishery
support achieved by increasing the proportion of
marsh in a field. Other potential negative impacts
of deep borrow areas include the possibility that
they harbor large fishes that may prey on juvenile
fishery species and they replace shallow intertidal
feeding areas for shorebirds. The slope of the in-
tertidal area also is an important consideration in
the construction of marsh habitats. The proportion
of a terrace or island that is composed of low in-
tertidal marsh decreases as slope increases. Marsh
with steep slopes may provide little accessible hab-
itat for fishery species.

The method used at JC to construct marsh (.e,
off-site dredging) may have the advantage of caus-
ing less habitat disturbance to a site than marsh
terracing, where borrow areas are adjacent to the
terrace levees. Off-site dredging can move the bor-
row areas to deeper areas of the bay, where any
negative effects of creating deep-water habitat
may be reduced. Alternatively, borrow areas can
be avoided completely where material is available
and substrate conditions allow the use of bulldoz-
ers to construct marsh islands as was done at
I45EM. Future projects that use these restoration
methods should build marsh islands with geomet-
ric shapes that maximize the perimeter:area ratio.
For example, long, narrow (10- to 30-m-wide) is-
lands would provide much more marsh edge, and
fishery support, than circular islands of equal
area.

Marsh restoration projects are not built solely to
benefit fishery species, although this objective is
common. Other reasons for restoring marshes in-
clude providing fish (non-fishery species) and wild-
life habitat, shoreline protection, sediment stabi-
lization, water filtration, nutrient cycling, and aes-

thetic value (MATHEWS and MINELLO, 1994). The
Jumbile Cove and 1-45 projects, for example, were
designed to avoid the unnatural appearance of ter-
racing projects. The checkerboard grid used in
many terrace fields is not aesthetically pleasing to
many people, despite the cost-effectiveness of this
restoration method.

Our modeling approach allowed us to assess res-
toration projects for fishery support. We believe
that our population estimates are realistic for
coastal marsh systems in the northern Gulf of
Mexico. However, the estimates are based on
many assumptions that could affect the model out-
put. A discussion of possible sources of error that
could influence population estimates derived from
our models is presented by MINELLO and Rozas
(2002). In applying this modeling approach to res-
toration sites, additional sources of error should be
considered. The location and size of the buffer area
that is drawn around the boundary of a site could
affect population estimates. We used a 25-m buffer
that was mostly open water. The effect of this buff-
er on our population estimates was likely minimal,
because the buffer area was relatively small com-
pared with the total area of each site, and because
nekton densities in open water are relatively low.
To examine the potential effect of a buffer along
with project size and shape on our results, we con-
ducted an additional analysis in which all open
water was removed from the calculations, and ben-
efits and costs were estimated solely on the area
of marsh constructed. We obtained the same rank-
ing among sites in this exercise as in the original
analysis (Table 7).

Our approach was based on the assumption that
all of the intertidal area within the 2001 aerial
images of the restoration sites would ultimately
support Spartina alterniflora marsh because our
models are based on nekton patterns established
for this marsh type. In fact, portions of some re-
stored sites may not support this marsh vegeta-
tion. For example, some of the terraces located on
the outside of the terrace field at GISP are too low
to support marsh vegetation because of erosion
from storms that occurred after the 2001 photo-
graphs were taken, and portions of the marsh at
T45WM were initially constructed too high in the
intertidal zone to support S. alterniflora. Further,
at some sites, the intertidal area capable of sup-
porting S. alterniflora may have expanded since
2001 as coastal processes reworked sediments
placed there to restore the sites. An analysis based
on more recent aerial photography would likely

Journal of Coastal Research, Special Issue No. 40, 2005



48 Rozas, Caldwell and Minello

Table 7. Ratio of Fishery Benefits to Project Costs using marsh area only. Standardized net standing crops for each species
were derived by subtracting the standing crops for that species estimated for 1 ha of open water (6,431 brown shrimp, 2,400
white shrimp, and 7,623 blue crab) from the standardized standing crops for that species in marsh at each site. Standardized
total nekton standing crops were calculated by summing the standardized net standing crops of the three species for each site.
The benefit : cost was derived by dividing the standardized total nekton standing crops by the standardized cost (project cost/

area of marsh constructed) for each project.

Standardized
R . Total Nekton Standardized Standardized
Standardized Net Standing Crop Standing Crop Cost Benefit : Cost
Site Brown Shrimp  White Shrimp Blue Crab (number/ha) (cost/ha marsh)  (nekton per $)
Jumbile Cove 39,606 43,275 27,257 110,138 $39,069 2.8
Pierce Marsh
Preserve 88,770 81,898 47,372 218,041 $49,482 44
I-45 East 65,869 64,757 38,552 169,178 $40,994 4.1
1-45 West 30,919 35,519 22,940 89,378 $59,983 1.5
GISP Terraces 82,603 77,599 45,174 205,376 $28,501 7.2
Elmgrove Point
(Reference) 42,285 43,592 26,349 112,226

yield different estimates of fishery populations for
all the sites, but a change in their ranking is un-
likely because the proportion of the affected area
within each site is small relative to the total pro-
ject area.

The nekton densities used for the vegetated
marsh edge in the models also will affect the re-
sults. The densities we used were based on mean
values documented for natural habitats in Galves-
ton Bay, Texas. Densities of fishery species in re-
stored marsh may be different from those in nat-
ural habitat. In fact, densities of penaeid shrimps
and blue crab can be significantly lower in con-
structed marsh than natural marsh (MINELLO and
ZIMMERMAN, 1992; MINELLO and WEBB, 1997; Ro-
zAS and MINELLO, 2001). Densities in natural hab-
itat often vary considerably over time and space as
well. Therefore, our modeling approach will not
give accurate estimates of populations for any par-
ticular site (natural or restored) or time. However,
our models should be robust for estimating rela-
tive differences in populations among different
sites because the spatial patterns (i.e, edge-den-
sity relationship) for fishery species appear to be
consistent in marsh systems of the northern Gulf
of Mexico. Although projected population esti-
mates may differ from reality in time and space,
project rankings that result from our modeling ap-
proach should be consistent.

This modeling approach estimates the standing
crop of juvenile fishery species in different marsh
systems, and we are using these population esti-
mates as a surrogate for fishery value. We recog-
nize that fishery value is more complicated and
should encompass the productivity of species de-

rived from the marsh system and the longevity of
the system. We have not incorporated these con-
cepts into our analysis. Using estimates of produc-
tivity as a basis for comparing restoration success
would be preferable to using standing crop, but
productivity is far more difficult to measure, es-
pecially at multiple sites, over large spatial scales,
and in open systems like an estuary. Density and
standing crop reflect recruitment, mortality, and
emigration of juvenile fishery species, and there-
fore, should be important indicators of habitat val-
ue for these species (MINELLO, 1999). Project lon-
gevity should be included in assessments of res-
toration projects when this information is avail-
able. Further research may provide reasonable
estimates for the longevity of these relatively new
restoration techniques. Other measures of fishery
value also should be considered when assessing
the success of restoration projects including, for
example, species diversity, productivity of prey
populations, and ecological values of inner marsh
habitat.

Our population models included only decapod
crustaceans, but models also could be developed
for fishes. Gulf menhaden Brevoortia patronus,
spotted seatrout Cynoscion nebulosus, and red
drum Sciaenops ocellatus support important fish-
eries in the northern Gulf of Mexico and would be
suitable species to include in such models. The
young of spotted seatrout and red drum, like the
decapods used in our models, are most abundant
at the marsh shoreline (MINELLO, 1999), and we
expect that populations of these two species also
would increase with the amount of marsh edge at
a site. Juvenile gulf menhaden are more abundant
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in open water than in marsh vegetation (MINELLO,
1999), and therefore may not benefit directly from
restoration projects that replace shallow water
habitat with marsh.

In conclusion, our results from population mod-
els indicate that the fishery value of marsh resto-
ration projects can be quite variable. We believe
that the use of population models can be a useful
tool for assessing the habitat value of marsh res-
toration projects. In addition to providing infor-
mation on benefits to fishery species, our approach
provided a basis for comparing the cost-effective-
ness of projects. This approach also provides a
mechanism for evaluating alternative designs for
future restoration projects and for designing pro-
jects that most improve fishery habitat at a rea-
sonable cost.
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