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Abstract

Wetland management in the United States is organized through a permit process that requires a permit be filed with
the U.S. Army Corps of Engineers prior to wetland alteration. A collection of these permits from 1984 through
1992 was analyzed in conjunction with classified Landsat Thematic Mapper data from 1984 and 1992 in order to
quantify changes to wetland habitat in the study area in coastal North Carolina. The wetland management process
in the U.S. focuses on a site-by-site review, possibly overlooking important changes to wetlands at the landscape-
scale. These the two datasets were used to determine if wetland habitat loss was occurring at permit sites, but also
to determine if landscape-scale wetland fragmentation and reorganization were occurring in the area surrounding
each permit site under the wetland management process. The use of these two datasets attempted to span two
scales: the site-specific scale often used in the management of wetlands, and the landscape-scale where effects of
such management are evident. Important conclusions from the research include the following. First, while several
sources imply that coastal wetlands are disproportionately protected as a result of the widespread recognition
of their habitat value, estuarine wetlands were altered much more frequently in the study area than their inland
counterparts. Second, despite federal level efforts that require compensatory mitigation when wetland habitat is
lost, such mitigation was required in only three percent of permits, ensuring wetland loss. Third, correlation
between estimates of wetland loss from the Permit Record and from the remotely sensed record was minimal,
highlighting the problems inherent to wetland delineation and implying alterations to habitat not evidenced in the
permit record. Finally, landscape-scale changes of loss, fragmentation and habitat reorganization have occurred
in estuarine emergent wetland habitat in areas adjacent to several permit sites, implying unanticipated additional
impacts to permitted actions. Wetland loss at the permit site occurred with additional fragmentation in 80 percent of
the sites examined. The results highlight the lack of agreement between management and landscape-scale wetland
structure, function and change, and imply the importance of examining the spatial context of permit sites in the
permit review and evaluation procedure.

Introduction

Landscapes can be defined by their structure – the spa-
tial relationship among distinct elements or structural
components; their function – the flow of mineral nu-
trients, water, energy, or species; and change – the
temporal alterations in the structure and function of

landscape elements within a matrix (Bell et al. 1997;
Turner 1990). Within this framework, a particular sys-
tem of natural resource management can be viewed
as part of the anthropogenic disturbance regime prop-
agating through a landscape, changing structure and
function (Coulson et al. 1990; Dunn 1990). As these
landscape elements operate at multiple scales, changes
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can be overlooked or even exacerbated by a manage-
ment regime that focuses on a particular scale in its
operation (Bedford 1996; Bedford and Preston 1988;
Haig et al. 1998; Leidy et al. 1992). This paper ex-
amines this scale discrepancy with respect to tidal
wetland management in coastal North Carolina.

The wetland management process in the United
States is organized around a permit system codified
in Section 404 of the federal law called the Clean Wa-
ter Act. This act requires that a permit - a ‘Section
404 permit’ be filed with the Army Corps of Engi-
neers (Corps) before a wetland is altered. Examples of
these permitted alterations range in size from clearing
wetlands smaller than one acre to build a new dock
on a landowner’s property, to extensive filing of wet-
lands 10s of acres in size necessary to build a new
highway. In some cases, mitigation of wetland habitat
is required to compensate for the loss of the original
wetland. The Section 404 permit process involves a
site-specific review of permits, yet the results of per-
mitted action often have effects over an area larger
than the permit site. The permit process can change
the structure of the wetland landscape by allowing for
alterations to wetland habitat at a series of isolated per-
mit sites, coupled with the creation of wetland habitat
elsewhere. This has the potential to re-configure the
spatial distribution of the wetland ecosystems over
large areas (Bedford 1996). It is hypothesized here
that the wetland regulatory process, in addition to al-
lowing wetland loss, has resulted in two previously
unreported structural changes at the landscape-scale:
an unanticipated fragmentation of wetland habitat in
areas surrounding individual wetland permit sites, and
a reorganization of the spatial pattern of wetland habi-
tat as a result of wetland creation and restoration
due to the compensatory mitigation process. While
the fragmentation effect in wetland landscapes has
been recognized (Harris 1988; Llewellyn et al. 1995;
Semlitsch and Bodie 1998; Wu 1997), the spatial re-
organization effect has not yet been examined. More
importantly, neither of these elements of landscape
change has been quantified within the context of a
management regime.

The research utilizes two datasets: a collection
of the wetland permits that were required by the U.
S. government before wetland alteration could pro-
ceed, hereafter called the Permit Record, and classified
Landsat Thematic Mapper (TM) imagery from two
dates. These data were used to quantify changes to
wetland habitat in the study area in coastal North Car-
olina, and to determine if wetland loss at each permit

site, in addition to wetland fragmentation and reor-
ganization in the area surrounding each permit site
were occurring under Section 404 regulation. The use
of these two datasets attempted to span two scales:
the site-specific scale often used in the management
of wetlands, and the landscape-scale where effects of
such management are evident. Independently, these
two datasets provide important evidence of changes
to estuarine emergent wetlands in coastal North Car-
olina; combined, they provide an unexplored dataset
to discover the landscape-scale changes to the wet-
land habitat that are overlooked by the management
process.

Background

Wetlands loss

Wetlands in the United Stated have been disappear-
ing throughout the country’s post-settlement history.
According to several estimates, 54% of all wetlands
that existed in this country at the time of European
settlement have been destroyed or altered in some
way as to diminish their original wetland function
(United States Geological Survey 1996). Agriculture
has been responsible for the majority of this change,
but urban activities are increasingly altering wetlands,
especially in the southeastern United States (Holman
and Childres 1995; Kelly 1996). In North Carolina,
increasing developmental pressures are necessitating
the alteration of the valuable coastal and upland wet-
land resources. The continued loss of wetlands is
troublesome in light of current research that clearly
demonstrates the functional value that wetlands have
with respect to hydrology, water quality, life sup-
port, as well as recreation and aesthetics (Mitsch and
Gosselink 1993).

Wetland management

Recognition of the importance of wetland functions
has led to federal and state regulation of the destruc-
tion or development of the nation’s wetlands. The
most comprehensive, and often considered the most
controversial of the legal regulatory frameworks as-
sociated with wetland protection is the Clean Water
Act (CWA), first passed in 1972 and re-authorized re-
cently. Section 404 of the act requires that a wetland
permit – a ‘Section 404’ permit be filed before alter-
ation to a wetland can proceed (Berry and Dennison
1993; Studt and Sokolove 1996). In North Carolina,
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as in many states, the administration of the Section
404 permit program is the responsibility of the U.S.
Army Corps of Engineers (Corps), under the gen-
eral overview of the U.S. Environmental Protection
Agency, with advisory roles given to two federal level
environmental agencies, the U.S. Fish and Wildlife
Service and the National Marine Fisheries Service
(NMFS). A wetland permit will only be issued after
review by these relevant agencies and after an oppor-
tunity for public hearing and comment. If the impact
of any proposed change is considered significant by
any of these bodies, the permit can be denied or the
project altered to reduce its impact, or mitigation can
be required.

Where appropriate, the law requires compensatory
wetland mitigation, the process whereby modification
or destruction of natural wetlands is permitted pro-
vided the loss is compensated for by the enhancement,
creation or restoration of another wetland (Dennison
and Berry 1993; Marsh et al. 1996; Studt and Sokolove
1996; Zedler 1996b). Recommended mitigation ratios
(amount lost: amount mitigated) are 1:1, or 1:2, and
they can be higher. There is an expressed preference
for compensatory mitigation that is near, or adjacent to
the altered wetland, called ‘on-site’ mitigation, rather
than mitigation that is ‘off-site’. The Permit Record
contains, along with the location of the permit site
and total acreage altered, information pertaining to any
compensatory mitigation requirements. A collection
of Section 404 wetland permits is a valuable record
of wetland alteration in an area, and has been used in a
few areas to determine trends in wetland loss (Kentula
et al. 1992; Montana Audubon Society 1993; Rivera
et al. 1992).

Landscape changes to wetlands

Wetland ecosystems are affected not only by individ-
ual impacts, but also react to impacts in a cumulative
manner (Bedford 1996; Johnston et al. 1990; Lei-
bowitz 1992). Impacts to individual wetlands can be
examined in a larger context, using a synoptic, land-
scape approach (Bedford 1996; Detenbeck et al. 1993;
Patience and Klemas 1993). While in many areas of
environmental impact assessment there has been a
scaling-up of approach from direct project impact in-
quiry, to cumulative impacts, to a landscape approach,
the wetland permit process has not experienced a sim-
ilar evolution in perspective (Race and Fonseca 1996).
Time and manpower restrictions in the wetland man-
agement process essentially constrain consideration of

the wetland landscape to individual sites, and thus
landscape level changes and cumulative impacts are
difficult to observe. This makes estimates of structural
change all the more important.

Most estimates of wetland change report acreage
lost, but it is necessary to distinguish between areal
loss of wetlands and functional loss of wetlands
(Zedler 1996a). The measurement of wetland acreage
loss is often difficult, but it is more straightforward
than the measurement of functional loss. The cur-
rent management of wetlands allows wetlands to be
drained, filled, and altered, and then recreated at dif-
ferent sites, changing the spatial characteristics of size,
type, shape, location, and spatial configuration of wet-
land sites. It is not yet known what effect such spatial
alterations and rearrangement might have on the func-
tioning of the ecosystem at a landscape-scale. Recent
research strongly suggests that these structural aspects
of the landscape components are influential in control-
ling many ecosystem functions, including distribution,
movement, and persistence of organisms, and redis-
tribution of matter and nutrients (Bell et al. 1997;
Detenbeck et al. 1993; Schwarz et al. 1996; Turner
et al. 1991; Weller et al. 1996; Weller 1988). While
this research does not examine the potential functional
effects of management, it does provide an important
method to examine changes to landscape-scale struc-
ture by examining the spatial context surrounding each
individual permit site.

The study area

The research was conducted in the coastal region of
North Carolina, in a portion of the White Oak wa-
tershed and a portion of the Neuse River watershed
(Figure 1). The study area is in two coastal counties
(Carteret and Craven) which fall under the jurisdiction
of the NMFS in its capacity to review CWA Sec-
tion 404 Permit applications. The area extends some
100 kilometers inland from the coast and contains
extensive acreage of coastal, riparian, and palustrine
wetland. This is a nearly level plain of peninsular
headlands dissected by bays and rivers. Elevations
do not exceed 6 m above mean sea level; soils are
unconsolidated sediments. The landscape is predom-
inantly rural, with agriculture, forest, wetlands and
shrub communities comprise nearly 90 percent of the
area (Holman and Childres 1995). Although mainly
rural, coastal North Carolina has experienced signif-
icant alterations in the last 15 years through urban
development.
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Figure 1. The study area in eastern North Carolina. The study area includes portions of the Neuse River watershed and the White Oak River
watershed. The study area contains extensive acreage of estuarine, riverine and palustrine wetlands. The 27 estuarine emergent permits examined
in the research are located within the study area.
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In the area, tidal salt marshes and brackish marshes
extend along the intertidal shore of sounds, estuaries,
creeks, and rivers where the water is salty or brack-
ish. The primary plant in salt marshes in the study
area is cordgrass (Spartina alterniflora) which grades
into less salt tolerant speciesJuncus roemerianusand
Spartina patenswith elevation and decreasing salinity.
These plants are highly productive because of regu-
lar inputs of nutrients, and support complex trophic
and detritus-based food webs and provide habitat
for economically valuable fish and shellfish species.
Coastal wetlands also stabilize the shoreline, retain
sediment, and cycle nutrients (Mitsch and Gosselink
1993; Thayer et al. 1978; Williams and Murdoch
1972). The homogeneous cover of grasses, and expan-
sive nature of the salt marsh here, make it ideal for
mapping from remotely sensed imagery.

Methods

The datasets

Two data sets were used to analyze spatial changes
to the wetland ecosystem. The permit record for the
study area was provided by the Corps records of Sec-
tion 404 permit data. These records were stored in
digital and paper form at the NMFS Habitat Conserva-
tion Office in Beaufort, NC. There were 109 permits
granted between 1984 and 1992 in the study area. The
record of spatial change at the landscape level was
provided by an analysis of TM sensor data, classified
according to the Coastal Change Analysis Program
(C-CAP) protocol (Dobson et al. 1995). These data
were used to quantify changes in the wetland habitat in
areas of permit activity and in areas adjacent to permit
sites, as well as to correlate the changes in wetland
location and amount presented in the permit record.
Analysis of changes to this type of wetland was made
possible by the use of a common classification system.
The Permit Record utilizes the Cowardin et al. (1979)
system, in which coastal salt marsh is classified as es-
tuarine emergent wetland. The C-CAP system is also
based on the Cowardin system, and classifies coastal
salt marsh as estuarine emergent wetland.

The permit record
A georeferenced dataset of permit activity was cre-
ated by examining the spatial information found in
the paper permit files granted during the time period
September 1984 and October 1992. For all permits

in the study area, location information was gathered
from the paper files. Using this location information,
each permit site was visited in the field using a Trimble
ProXL Global Positioning System (GPS). The ProXL
allows for real time differential correction using a
local base station (Fort Macon, NC), yielding accu-
racy of around 3 meters (Trimble Navigation Limited
1994). The field-gathered location data were linked
with the digital permit record, which contained in-
formation regarding the type of wetland altered, the
type and acreage of alteration, and any mitigation
requirements. The georeferenced point dataset was
maintained as a spatial coverage using the Universal
Transverse Mercator (UTM) projection system (Zone
18, meters, North American Datum 1983) (Snyder
1987) in Arc/Info software.

The Remotely sensed record
The C-CAP effort uses digital remote sensor data and
in situ measurements in conjunction with GPS and
GIS technology to monitor changes in coastal wetland
habitats and adjacent uplands (Dobson et al. 1995).
The use of remotely sensed data in general and the
TM sensor specifically have proven effective in the
mapping and monitoring of wetland ecosystems, in
assessing vegetation health and type of individual wet-
land sites, and in the identification of temporal change
in the type and condition of wetland ecosystems (Dob-
son et al. 1995; Haddad 1992; Patience and Klemas
1993). TM data have a spatial resolution of just un-
der 30 meters, which is considered adequate to map
large areas of wetlands, with special success in map-
ping coastal salt and brackish wetlands (Gross et al.
1987; Hardisky et al. 1986; Hurd et al. 1992). Addition
of ancillary data such as National Wetland Inventory
maps or aerial photography data was not attempted in
this study. Adherence to C-CAP protocols was deemed
to be the most important consideration in the classifi-
cation. For a complete description of the method, see
Kelly (1996).

Two near-anniversary date images were acquired
for the study area (Path 14 and Row 36) from Sep-
tember 21, 1984 and October 13, 1992. Atmospheric
effects were minimized by the choice of a fall scene,
and the morning pass over the area. Both images were
cloud free. The scenes differ in tide stage: the 1984
scene was imaged at medium low local tide, and the
1992 scene was imaged at near high tide. The absolute
difference in tide level was 46 cm, or 1.5 feet. This
tide difference is not ideal, but acceptable for vegeta-
tion classification according to the protocol document.
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Acquisition of identical tidal stage is difficult in North
Carolina, where many images are cloudy.

The two images were analyzed in Erdas Imagine
software. Both images were geometrically corrected
to the UTM projection system (Zone 18, meters,
NAD83 datum), using 25 ground control points (gath-
ered using the GPS method described above). Nearest
neighbor resampling was used to rectify the images,
and resulting RMSE values for each image were under
0.5 pixel. Radiometric correction was performed to re-
duce the effects of different atmospheric conditions on
the two dates using a simple linear regression model
between the brightness values for several spectrally
stable target reflectors at the base time T1984 and the
brightness values of the targets at T1992 for all bands
(Dobson et al. 1995).

Bands 4, 5 and 7 were used in the classification
process as they were particularly useful for wetland
discrimination. Signatures for each landcover class (in
areas where change was minimal) were gathered in the
field using the GPS method described above. Super-
vised classification of bands 4, 5, and 7 for each date
used a Minimum Distance classifier (Dobson et al.
1995) yielding 9 classes: cultivated land, grassland,
forest or woody land, bare land, estuarine emergent,
estuarine woody, palustrine emergent, palustrine for-
est, and water. A stratified random sample of ground
control for each class was used in an accuracy assess-
ment, and 100 ground control points were visited in
the field. Overall accuracy for each date was accept-
able – 1984 had an overall accuracy of 87 percent
(with estuarine emergent wetland classified 100 per-
cent), and 1992 had an overall accuracy of 88 percent
(with estuarine emergent wetland classified at 92 per-
cent). Common mis-classification errors include bare
and cultivated land, due to crop rotation, woody and
woody wetland, urban, bare and sand mixed together,
and grassland as cultivated.

Analyzing change to the wetland habitat

Changes to wetland habitat were evaluated using both
datasets. The Permit Record contains information re-
garding the amount of wetland habitat loss due to
dredging, filling, or other activity permitted for each
permit. Any compensatory mitigation is also quan-
tified in the Permit Record. This information was
summed for all permits granted in the study area. The
remotely sensed record was provided by the classified
imagery, and wetland loss was quantified by perform-
ing a change detection routine on the two images. The

amount of wetland habitat in 1984 was compared to
the amount of wetland in 1992.

Analyzing landscape effects

For each wetland permit site, a buffer was created
that encompassed the area containing the permitted
alteration (as estimated in the Permit Record), and a
series of buffers were created that defined the area
outside of the permit site, but immediately adjacent
to it (Figure 2). The shape of alteration was not con-
sidered because information in the Permit Record was
insufficient for any understanding of the shape of the
permit alteration. Each permit was assumed to be cir-
cular, and the size of the permit itself was calculated
from the acreage estimate provided in the permit file,
with the following adjustment. A circle the size of the
granted permit was determined, with radius equal to
the square root of the area divided byπ (Radius1). A
second circle of twice that radius is drawn (Radius2).
This second buffer (Radius2) is assumed to be suitably
large to include the entire permit site.

This method tended to overestimate the size of the
permit site, and was a crude estimation of the shape of
the alteration, however the method reduced the chance
that any loss of wetland habitat in the area outside of
the permit site would be wrongly attributed to permit-
ted action on-site. The method exaggerated the size
of the permit site, and thus might under-estimate the
amount of wetland fragmentation (discussed below).
A series of buffers greater than the Radius is also cre-
ated, at Radius2+5, +10 . . .+55, +60, +90, and
+120 meters. This series of buffers was used to deter-
mine the amount of wetland within the permit site in
1984, and again in 1992 – determining loss of wetland
in the site, and to determine the amount of wetland in
the area adjacent to the site in 1984 and in 1992 – to
determine the change to structure of the wetland at a
landscape scale.

The classified imagery from both dates was im-
ported into the Arc/Info Grid format. The classes were
reduced from nine to two classes: estuarine emergent
wetland and non-wetland. The buffers were overlayed
on the binary classified remotely sensed imagery, and
the amount of area classed as estuarine emergent wet-
land determined for each buffer zone for each year
using the zonal functions of Grid. The presence of
wetland at 1984 and 1992 was calculated for each of
the permit areas (defined as areas with radius<= Ra-
dius2) and for those areas in each of the successively
larger buffer zones. For each wetland permit site, a sig-
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Figure 2. An example of the buffer routine applied to each permit location. The permit site is approximated by the Radius1 and Radius2 values.
The area adjacent to the permit is defined by increasingly large buffer radii.

nature curve of wetland change within the site and in
the area adjacent to it was created as described below.

Characteristic wetland landscape patterns – homo-
geneous wetland habitat, patchy wetland landscape,
and isolated wetlands – can be demonstrated by graph-
ical representation (Figure 3). When mapped over
distance from a site, the amount of habitat will yield
a signature curve that demonstrates landscape pattern.
In a similar fashion, changes to wetland habitat over
space can be discerned by comparing such signatures
over time. Examples of the three landscape patterns
searched for in the area: loss, fragmentation, and re-
organization are displayed in Figure 4. In 4(a–c), the
x-axis represents distance away from the permit site,
and the y-axis represents the amount of wetland habi-
tat found via classified remotely sensed imagery. The
vertical dashed line represents the edge of the permit
site; to the left of this line is the permit site itself,
to the right of this line is area immediately adjacent
to the permit site. The location of this vertical line
varies with the size of the permit, as estimated in the
Permit Record. Loss occurs when wetland habitat in
1984 is greater than in 1992. Fragmentation occurs
when loss of habitat from 1984 to 1992 occurs in the
area immediately adjacent to the permit site: to the
right of the vertical dashed line. Reorganization oc-
curs when wetland habitat increases in the area to the
permit from 1984 to 1992. Figure 4(a) shows a hypo-

thetical situation of wetland loss at the permit site with
no additional changes in the area adjacent to the permit
site. This is the expected pattern. In Figure 4(b), loss
is shown as a decrease in wetland habitat from 1984
to 1992 in the permit area and fragmentation is shown
as a decrease in wetland habitat from 1984 to 1992
in the area adjacent to the permit site. In Figure 4(c),
reorganization is shown as increased wetland habitat
in the area adjacent to the permit site.

Signature landscape curves were created for each
of the 27 estuarine emergent wetland permit sites for
which alteration was granted by the Corps. These
graphs were interpreted to determine the amount of
loss, fragmentation and reorganization associated with
each of the 27 permit sites examined in the study
area. In order to investigate the significance of these
observed changes, a general model of the kinds of
landcover change that might be expected under wet-
land management was developed, and the observed
changes were compared to this general model. This is
a useful technique in landscape analysis (Frohn 1998).
The development of this general model was difficult,
and relied on the following assumptions. Wetland loss
at the permit sites was expected in all cases, as the
dataset examined, and each permit site examined in-
cluded only permitted activity. The coarse method of
estimating the permit site from circular buffers might
result in some loss of wetland habitat being clas-
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Figure 3. Hypothetical landscape signature curves, describing three
different wetland landscapes: (a) homogeneous wetland cover, (b)
patchy or discontinuous wetland cover, and (c) isolated wetland
habitat.

sified as fragmentation in the area surrounding the
permit site. The expected amount of reorganization
of wetland habitat was expected in levels compara-
ble to the amount of permitted compensatory mitiga-
tion on-site. While general in form, this model was
nonetheless useful for determining the significance of
the landscape-scale changes evidenced in the study
area.

Figure 4. (a) Loss, (b) fragmentation and (c) reorganization demon-
strated. In all three charts the dashed vertical line represents the
spatial extent of a hypothetical permit site. Alteration to the left
of this line is attributed to the original permit work, alteration to
the right of this line represents hypothetical additional impacts:
fragmentation and reorganization.

Results

Wetland habitat change according to the permit
record and TM imagery

Both datasets indicated that estuarine emergent wet-
land has faced significant losses from 1984 to 1992.
Results from the Permit Record are listed in Ta-
ble 1. The Permit Record indicated that estuarine
emergent wetland was altered disproportionately more
than other types of wetland in the study area. More
permits were granted for this type of wetland, and
the area affected was larger. According to the Permit
Record, losses of nearly 20.23 ha of estuarine emer-
gent wetland were permitted between 1984 and 1992
in the study area. Compensatory mitigation was re-
quired for 0.31 ha, yielding a mitigation ratio far below
that recommended (1:0.015). Palustrine wetland had
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Table 1. Alteration of wetland in the study area and the state, according to the
permit record, classed by Cowardin et al. (1979) system.

Cowardin
classification
system

Number of
permits in
study area

Permitted
ha affected

Required
compensatory
mitigation

Mitigation
ratio

Estuarine 91 19.84 0.31 1:0.015

Palustrine 10 0.77 0.63 1:0.81

Riverine 8 0.72 0.00 1:0

Lacustrine 0 0.00 0.00 –

Marine 0 0.00 0.00 –

Total 109 21.32

Table 2. Observed loss, fragmentation and reorganization
in and around permit sites in the study area between 1984
and 1992.

Type of change Number
of permit
sites

Loss alone 2

Fragmentation alone 7

Reorganization alone 2

Loss and fragmentation 9

Loss and reorganization 1

Fragmentation and reorganization 1

Loss, fragmentation, and reorganization 3

the largest mitigation ratio in the study area (1:0.8).
Overall, mitigation was required in only three per-
mits (out of 109), and of these three permits, none
listed the location of the proposed mitigation site in
the paper permit file. In addition to the analysis of
the Permit Record, the classified image from Septem-
ber 1984 was compared to that of October 1992. A
simple change detection routine determined a loss of
151.76 ha of estuarine emergent marsh in the study
area. This represents a loss of 0.5% of the total estuar-
ine marsh in the study area, far more than that found
in the Permit Record.

Landscape changes to coastal wetlands: loss,
fragmentation, and reorganization

While the individual alterations recorded were small,
an examination of the additional changes in the area
surrounding each permit site in its adjacent area was
enlightening. Of the 109 permit examined, 27 per-
mits were for activities affecting estuarine emergent

marsh that had an areal estimate included in the permit
file from which a buffer measurement could be con-
structed. Signature change curves for 1984 and 1992
were produced for each of these 27 permits using the
classified imagery. Figure 5 shows examples of these
signature curves from three representative permits, in-
cluding the location of permit site in the left column,
the classified imagery for each date with buffers in
the two center columns, and the respective landscape
graphs in the right column. The permit location fig-
ures can be used to differentiate between land and
water in the classified images. Figure 5(a) shows an
example of wetland loss at the permit site, and wet-
land fragmentation in the area surrounding the permit
site. This permitted alteration was a moderately sized
(∼0.40 ha) alteration, for a landowner to place fill
material in the emergent marsh on the property. Fig-
ure 5(b) displays a rearrangement of wetland habitat
in the area, and reorganization in the area surrounding
the permit site. This represented a permit for a small,
sub- 0.40 ha alteration for a bulkhead and dock system.
Figure 5(c) displays small losses at the permit site, but
fragmentation in the area surrounding the permit. This
third alteration was over 0.40 ha in size, and received
a permit for road construction in an area with wetland
habitat.

The signature landscape curves for each of the 27
permits were interpreted to determine the occurrence
of loss, fragmentation and reorganization. Of the 27
permit sites examined in this manner, 15 showed some
loss at the permit site, 20 showed some additional
fragmentation, and 7 showed reorganization. Of the
15 cases that showed some loss, 12 of these, or 80%
had accompanying loss in areas outside the permit, or
fragmentation (Table 2).
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Figure 5. Examples of 3 permit sites, and landscape-scale changes that occurred between 1984 and 1992. The left column displays the location
of the permit site in the study area. The middle column displays the classified remotely sensed record, with the dark squares represent estuarine
emergent habitat. The corresponding landscape curve is shown in the right column. The upper row of diagrams (a) depict wetland loss at the
permit site, and associated loss in the area adjacent to the permit site. The middle row of diagrams (b) depict habitat reorganization at the permit
site. The lower row of diagrams (c) show no loss at the permit site, but loss in the area adjacent to the permit site.

Table 3. Expected and observed rates of loss, fragmentation and reorganiza-
tion in and around the permit sites in the study area between 1984 and 1992.
Included is the Chi-Square value for loss and fragmentation. The amount of
loss and fragmentation is significantly more than what might be expected un-
der a general model of landscape change under CWA wetland management
regime.

Expected Observed (O–E)2/E

Total sites showing loss 27 15 5.3

Total sites showing fragmentation 13 20 3.8

Total sites showing reorganization 0 7 N.A.

Chi-Square score= 9.1; Degrees of freedom= 1,α(0.005)= 7.88
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These results were compared with an expected pat-
tern of change under a typical wetland management
regime. An expected pattern of change in each in-
dividual permit site and in the area surrounding the
permit site is displayed in Table 3. Since each per-
mit examined was granted, there would be expected
losses at every site, or in 27 cases. An extremely rough
approximation of fragmentation might allow for ad-
ditional loss in the area surrounding the permit site
in one-half of the cases, given that the buffer estima-
tion that approximated the size of the permit is coarse.
This would yield 13 cases. Reorganization would be
expected in those cases where compensatory mitiga-
tion was required on-site. In this series of permits, as
stated above, there was no spatial information within
the permit file indicating mitigation acreage or loca-
tion. Reorganization thus was expected in zero cases.
A χ2 test was performed on the number of permit
sites showing loss and fragmentation to determine the
significance of these changes (Ebdon 1994). A null
hypothesis was developed that stated that the pattern
of loss and fragmentation observed is not significantly
different from that expected. Theχ2 value of 9.03
suggests significant alteration in the two categories
of landscape-scale structural change with a signifi-
cance value of (α = 0.005). Patterns of wetland loss
and fragmentation derived from the method presented
here are significantly different than might be expected
given the typical management regime described above.

Discussion

This research investigated changes to wetlands ev-
idenced in two very different datasets. The Permit
Record is the sole national-level attempt at managing,
monitoring and inventorying the changes to wetlands
in the United States. Landsat TM imagery is a synop-
tic, timely and spectrally sensitive digital dataset that
allows for landscape level investigations of landcover
change. The results of this research highlight several
important technical and wetland management issues.

First, both datasets used here displayed continued
loss of estuarine emergent wetlands. These wetlands
are valuable for a host of functions including fish and
shellfish spawning and breeding habitat, bird habitat,
and shoreline stabilization. More permits are granted
for alterations in estuarine emergent wetland in the
study area, and more area is affected than their inland
and marine counterparts. This is important to doc-
ument. Estuarine emergent wetland is an extremely

valuable coastal resource, providing habitat, shore-
line stabilization and other functions. Disproportion-
ate losses of one wetland type has the potential to
reconfigure the type and spatial distribution, and thus
change the function, of wetland ecosystems in this
coastal area.

Second, there is little correlation between the es-
timates provided by these two datasets, as the Permit
Record estimated far less alteration than did the clas-
sified imagery. The explanations for this discrepancy
include possible underestimation in the Permit Record
and overestimation in the remotely sensed record. In
the first case, the characterization of wetland alter-
ations from the permit record relied directly upon the
area estimates found in the dataset. These were the
area estimates used in compiling regional and national
wetland inventory statistics. Again, of the permits re-
viewed, many had area estimates of 0.0, shedding
considerable doubt on the overall accuracy of this vari-
able in the dataset. With limited ground verification
from field staff, other techniques to monitor wetland
change are important. In the second case, classification
errors may account for much of the over-estimation
of losses to estuarine emergent wetland. Because of
the tidal stage of the imagery, tide changes could eas-
ily account for some of the wetland losses. While
the classification process seemed to remove the errors
caused by mis-classification of waterlogged wetland
as water, locations not visited in the ground truth
process might be mis-classified, accounting for higher
errors of omission than reported. Moreover, the Clean
Water Act does not govern all wetland alterations in
the study area. Alterations to wetlands not governed
by the CWA could be occurring in the study area
(i.e. agricultural exemptions to the CWA, or natural
losses). Finally, the results could indicate additional
impacts from the permits listed in the permit database.
Thus, the discrepancy between the datasets only high-
lights the struggle within wetland science and man-
agement over wetland delineation, wetland value, and
management strategy, and continued improvements in
monitoring wetlands are warranted.

The third issue raised by this research concerns
compensatory mitigation. Despite the difference in es-
timates of loss provided by the Permit Record and
TM, what both datasets clearly show is that as wetland
habitat is lost, compensatory mitigation is not replac-
ing lost wetlands. As described in the CWA, com-
pensatory mitigation and mitigation banking have the
potential to rearrange wetland habitat at a landscape-
scale, to exchange one kind of wetland for another,
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and to move habitat patches from one part of a wa-
tershed to another location. This process is impossible
to follow or document given the information regarding
compensatory mitigation currently found in the Permit
Record. Whether or not the mitigation is performed,
or if it is required to be on-site or allowed off-site
is impossible to interpret. Clearly, more tracking of
mitigation sites is necessary.

The fourth and final issue raised is that there are
important landscape level changes occurring in the
study area in association with the CWA. Of the three
landscape changes documented here (loss, fragmenta-
tion, and reorganization), loss of wetland habitat in a
permit site was expected, but fragmentation seemed
to be an additional but common occurrence – it oc-
curred in 80% of cases examined. This might indicate
a kind of habitat ‘nibbling’ that is not anticipated in
the present permit review process. Moreover, there is
evidence of significant habitat reorganization in areas
surrounding individual permits. The functional ramifi-
cations of such change are numerous. If the change in
pattern revealed here is an expected result of the permit
process in coastal North Carolina, widespread losses
of wetlands not defined in the Permit Record might
be occurring unnoticed, having detrimental effects on
fish spawning and breeding stocks and local impacts
on shoreline stabilization.

Conclusion

This paper presented a method to assess the spatial
pattern of wetland alteration as a result of site-specific
management decisions. The results confirm that there
were changes to the landscape structure of coastal wet-
lands in the study area that were overlooked by the
current management process. Several of the changes
discussed in this paper – the disproportionate losses
of estuarine emergent marsh, the lack of information
tracking mitigation, and the fragmentation and reor-
ganization at the permit site – all have landscape-scale
consequences to the wetland ecosystem. They have the
potential to re-configure the wetland landscape, and
suggest possible functional changes to wetlands that
were not investigated in this research.

Evidence that fragmentation and reorganization are
occurring in the study area have two important prac-
tical consequences. First, these results suggest that
the area surrounding a permit site seems to be af-
fected by permit action, and should be included in
the review of any permits. Such an activity could be

achieved with the use of spatial techniques, high res-
olution data, and a landscape approach. This echoes
recent calls for such an approach in wetland miti-
gation planning. Second, these results suggest that
landscape-scale structural changes to wetlands are oc-
curring as a result of the Clean Water Act wetland
management process. The results presented here re-
inforce the concept, discussed more than a decade ago
(Bedford and Preston 1988), that there is a scale dis-
crepancy between management and the effect of such
management. This concept continues to be a core issue
of wetland management in the United States.

Remotely sensed satellite data combined with GIS
have proved to be an approach successful in mea-
suring broad scale landscape patterns and correlating
such patterns with ecological functional changes (As-
pinall 1994; Frohn 1998; Johnston 1998; Stow 1994).
Indeed, many aspects of wetland management are in-
creasingly utilizing these spatial techniques: wetland
restoration siting, mitigation bank siting, and wetland
inventory have recently benefited from the use of GIS
and remote sensing (Llewellyn et al. 1995; Moorehead
1999). However, the wetland management process
needs to better incorporate these techniques to exam-
ine the spatial effects of management. Evidence of
changes to landscape-scale pattern that are the result of
management is an important precursor to understand-
ing functional change in an ecosystem. Such evidence
can, and should be used as an intelligent aid to wet-
land permit application review, improving the wetland
management process in the United States.
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