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Abstract 
By gathering, rectifying, interpreting, and digitizing historical aerial photography (from 1938 
to 1998) we computed the rate of change of back-barrier land cover types and used GIS 
spatial analysis tools to compute the degree of fragmentation of marshes through time and 
place. To quantify the significance of this historical change, a series of tests were designed and 
conducted to describe the amount of spatial variability and accuracy of the rectified 
photographs, the digitized polygons, and the quantification of change. A digitizing accuracy 
assessment was conducted where randomly chosen locations were identified on the aerial 
photographs and compared with the digitized data. The accuracy assessment resulted in 
greater than 80 percent accurate which is acceptable. Second, the digitized polygons were 
tested for degree of crenulation, or curviness, and also line generalization tests were 
conducted which indicated that the interpretation of the photographs was not a factor in the 
results. Third, we incorporated a fuzziness test (using derived epsilon bands) into the GIS data 
to identify and quantify true changes in the marsh habitats versus positional changes, or sliver 
polygons. Results indicate that rectification of aerial photography (although an RMS error of 
less than 1), interpretation, and digitizing can lead to erroneous results however by using 
fuzziness techniques we can minimize the errors and predict which areas are changing through 
time. 
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1 Introduction 
Barrier islands and coastal salt marshes are complex ecosystems that move and change through 
time in response to many factors. For example, hurricanes bring strong winds, rain, and storm 
surge which can greatly change the distribution of surficial deposits. Through time the islands 
can migrate and inlets change their positions. The purpose of this study was to measure back-
barrier salt marshes as they have changed through time, quantify a variety of spatial statistics 
to describe the morphology of the marshes, and to the test the accuracy of the change detection 
results. 

There are many reasons for investigating how back-barrier marsh systems change through 
time. For example, they provide protection for the mainland during storms by absorbing the 
tidal surge and providing a stabilizing environment for storm overwash. These environments 
are also economically and environmentally important ecosystems because they provide fish 
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nursery habitats, bird nesting and foraging sites, and act as a filter for chemicals entering the 
ecosystem. 

To understand how these habitats change through time a barrier island, located in southeastern 
North Carolina, was investigated (Figure 1). Topsail Island is part of a chain of barrier islands 
in the geologic system known as the Georgia Bight. As illustrated in Figure 1, Topsail Island is 
a long (40 km) and narrow island that has undergone an interesting history. The island was a 
typical undeveloped barrier island and in the mid 1930’s the island was first officially named 
Ashe Island and years later this was changed to Topsail Island. With the approach of World 
War II, the U.S. Army took over the island and converted the desolate landscape into a military 
reservation (which lasted from 1941 to 1947). This base was known as Camp Davis and 
became an anti-aircraft artillery school. Once the war ended the base was abandoned and then 
in 1948 the U.S. Navy revived the fort for the Bumblebee Project, a classified rocket 
experiment. Within a two-year period over 200 missiles were tested and launched on Topsail 
Island. After the Army abandoned the island in the 1950’s people began building recreational 
homes for summer vacations. Only recently, since the 1980’s, when the vicinity to the cities of 
Wilmington and Jacksonville became within commuting distance and the influx of retirees 
began, has there been an increase in larger structures, more commercial enterprises, and other 
infrastructure to support the increased number of year-round residents. Today Topsail Island is 
inhabited by approximately 3,500 residents and is visited by more than 35,000 tourists 
annually. Three municipalities now separate the island into North Topsail Beach, Surf City, 
and Topsail Beach. With this increased urbanization there is a need to study how the back-
barrier marshes have changed through time in order to determine if there is a relationship 
between development and marsh stability.  

In the southeastern United States salt marshes are typically found in tandem with barrier 
islands. This ecosystem includes the beach, dunes, vegetated zones, maritime forest, swampy 
terrains, tidal flats, and low-lying salt marshes (Bates and Jackson, 1984). Researchers have 
identified several factors related to marsh stability: geomorphology, elevation, vegetation, 
hydrologic conditions, frequency of tropical storms, tidal range, and sediment supply 
(Goodbred and Hine, 1995; Davidson-Arnott, et. al., 2002; Riggs and Ames, 2003). If 
estimates are correct and sea level rise is increasing at 1.9 cm/year (Davis, 1994), then the salt 
marshes in this region require a substantial amount of sediment, either from overwash or other 
transport mechanisms, to sustain their existing size.  

In addition to the geologic and geomorphic processes of marsh formation, there has been a 
steady increase in coastal development along all coasts of the United States (Titus, 1990) and it 
is yet to be determined what impact this urbanization has had on back barrier marshes. 
Therefore, this study was undertaken to map the back barrier marshes in order to quantify 
change, compute various spatial indices to identify patterns in how these marshes have 
changed through time, and to assess the spatial variability and accuracy of these change 
detection results. Although the primary goals of this paper are the results of the accuracy 
assessment, ultimately it is planned that these results be used to create a process model for 
predicting marsh geography. 
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Figure 1 Location of Topsail Island, North Carolina. The island straddles two counties, Onslow and 

Pender, which can lead to difficulties in locating comprehensive aerial photography. The portion of the 
island that was studied is highlighted in a series of 0.5 km width boxes from the Surf City bridge south to 

New Topsail Inlet. 

2 Change Detection 

2.1 Aerial Photography 
It has become quite common to utilize the tools available in a Geographic Information System 
(GIS) for mapping coastal habitats such as salt marshes (for example, see Delaney and Webb, 
1995). In this study, the development of the GIS began with a detailed survey of all local, 
regional, state, and federal agencies that commonly acquire aerial photography. Many dates of 
photography were identified, however only those dates where the photography covered all of 
the back barrier marshes and were of similar scale (ranging from 1:12,000 to 1:20,000) were 
collected and used in the study. The most recent photography, from 1998, was already rectified 
to orthophotography standards and was the only non black and white (near-infrared) 
photography available for the study. This orthophotography was used as the reference layer for 
all rectification processing. All other years (1938, 1949, 1956, 1971, and 1986) were in analog 
(hard copy) format which required scanning and rectifying. After several tests at varying 
resolutions, it was determined that scanning the aerial photographs at 400 dpi was sufficient 
for the scale, interpretation and digitization of the marshes. 
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2.1.1 Digitization 
After several digitizing experiments, where two graduate students who were studying and 
mapping barrier islands were tested on their abilities to map the marshes, it was determined 
that the smallest marsh polygon that could be consistently and accurately interpreted and 
digitized was 100 m2 (or 0.1 hectare). The land cover classification scheme was: marsh, 
upland, water, and barrier island (Figure 2). After all of the photographs for the 6 years were 
digitized and checked for logical consistency and topological correctness an accuracy 
assessment was conducted where 140 points were randomly located in the study area and the 
land cover classes were compared to the aerial photography. Using an error matrix, an overall 
accuracy greater than 80 % was computed for each year which was acceptable to proceed with 
further data analysis.   

 
Figure 2 An example of the land cover classification scheme for Topsail Island. These data were digitized 

from 1:12,000 1998 aerial photography. 

2.2 Computation of Change 
To compare how the marsh habitats changed from one time period to the next, a series of 
change matrices were created. The technique used in this study is known as the post-
classification comparison where the input data layers have been independently 
classified/interpreted and then the results are compared, or overlaid (Jensen, 1996). Using this 
approach, we created matrices documenting how each land cover class changed from one time 
period to the next. The benefit of this approach is that you can compute how much area (in 
hectares) has changed and what the land cover has become. 

The change detection analyses revealed that 71% of the marsh in 1938 remained marsh in 
1949; this dropped to 65% in 1956, 58% in 1971, 65% in 1986 and increased to 73% in 1998 
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(Table 1). Interestingly, of the marshes that did not remain as marsh in the next time period, 
most of this area became water, not upland. In the areas that were upland, some converted to 
marsh (e.g. 16% in 1938 and 1956) and to a lesser extent, some converted to water. Lastly, 
water generally stayed the same from one time period to the next, but when the water did 
change they mostly became marsh, not upland. An example of the changing land cover from 
1938 to 1949 is given in Figure 3. 

Table 1 Change detection classification matrices for each time period with total area (measured in 
hectares) and percent change (given in parentheses). 

    1949     

  marsh upland water 

1938 marsh 449 (71) 29 (4.5) 157 (25) 

 upland 45 (16) 216 (77) 21 (7) 

 water 118 (11) 18 (2) 947 (88) 

  1956   

  marsh upland water 

1949 marsh 403 (65) 37 (6) 177 (29) 

 upland 43 (16) 203 (78) 13 (5) 

 water 144 (13) 24 (2) 962 (85) 

  1971   

  marsh upland water 

1956 marsh 339 (58) 54 (9) 192 (33) 

 upland 48 (18) 180 (69) 34 (13) 

 water 193 (17) 29 (3) 923 (81) 

  1986   

  marsh upland water 

1971 marsh 378 (65) 50 (9) 152 (26) 

 upland 38 (15) 205 (79) 17 (7) 

 water 135 (12) 17 (2) 1,004 (87) 

  1998   

  marsh upland water 

1986 marsh 406 (73) 34 (6) 114 (21) 

 upland 17 (6) 240 (88) 15 (5) 

  water 81 (7) 10 (1) 1,087 (92) 
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Figure 3 An example map of land cover change on a portion of Topsail Island from 1938 to 1949. 

3 Accuracy Assessment 
Several analytical procedures were conducted to investigate the spatial characteristics of the 
digitized habitats, with emphasis placed on the characterization of the marsh polygons since 
these were the focus of the study. With the digitizing accuracy measured at greater than 80 
percent for each of the six years of photography then the question was how can we model the 
change detection results to predict how the marshes will change through time? To address this 
question we computed fragmentation statistics and spatial indices. 

3.1 Fragmentation Index 
To measure fragmentation, the study area was divided into 28 roughly equally sized areas (0.5 
kilometers in width) and within each sample area the number of wetland polygons was divided 
by the area of wetlands (Kingsford and Thomas, 2002) (Figure 4). This method reveals the 
amount of fragmentation within each zone, or geographic unit of measurement. As seen in 
Figure 4, some zones are highly fragmented and these are geographically clustered in the 
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central portion of the study area. Conversely, there is a cluster of zones with a relatively low 
degree of fragmentation. We are currently investigating these data further to determine if there 
is a statistical relationship between marsh change results from the change detection analysis 
and degree of fragmentation through time. Preliminary analyses indicate that the degree of 
fragmentation is positively correlated with the loss of wetland habitat; however, the influence 
of inlets is also related to marsh gain or loss. It is too early to state with statistical confidence 
the likelihood of marsh sustainability, but the measure of fragmentation is one tool that has 
demonstrated utility. 

 
Figure 4 An example of the 1938 fragmentation index for Topsail Island. Each sample area/polygon is 

attributed with the fragmentation index value which is computed as the number of marsh polygons divided 
by the total area of marsh. 

3.2 Spatial Indices 
Secondly, a variety of indices were calculated to derive quantitative spatial characteristics of 
the marsh polygons/areas. These indices, or landscape metrics, included: size or area of the 
polygons, ratio of area to perimeter (Lovejoy, 1982), and fractal dimension or relative amount 
of edges in a polygon (Mondelbrot, 1982; Olsen et al., 1993; Chen et al., 2001). Each spatial 
index was ranked into 5 classes to statistically compare with the change detection matrices. 
The equation for the fractal dimension index was: 

)ln(
)4ln(Pr/2

A
S =  (1) 

where: 
S = fractal dimension, 
Pr = perimeter, 
A = area. 
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The spatial indices were applied to each year and statistical analysis concluded there was no 
difference in the Area versus Area/Perimeter indices and these indices predicted marsh 
survival that ranged from 55 to 72% (Table 2). Interestingly, although the Fractal Dimension 
index had a lower probability of predicting marshes that remained through time (34 to 50%), 
this index outperformed the others by more correctly predicting which marshes would not 
remain through time. Therefore, a combination of these indices would best predict which 
marshes will last and which will not. 

Table 2 Probability of each index (Area/Perimeter, Area, and Fractal Dimension) predicting presence or 
absence of marshes in following time period. 

Classa A/P Area FD 

1938 to 1949    

1 0.5 0.8 11.9 

2 0.2 0.6 25.4 

3 29.4 29.0 18.0 

4 69.9 69.5 44.7 

1949 to 1956    

1 2.0 2.2 11.2 

2 1.1 0.9 18.4 

3 33.1 32.9 23.9 

4 63.8 64.0 46.5 

1956 to 1971    

1 1.6 1.6 18.2 

2 0.6 0.7 21.6 

3 42.6 42.6 26.0 

4 55.2 55.1 34.2 

1971 to 1986    

1 2.0 2.1 10.8 

2 0.9 1.0 23.0 

3 33.0 32.9 24.2 

4 64.1 64.0 42.0 

1986 to 1998    

1 1.8 1.7 9.3 

2 0.9 1.0 24.1 

3 25.5 25.6 18.0 

4 71.8 71.8 48.6 
a Classes are represented as the following: 1) low probability of marsh remaining but they did, 2) 
low probability of remaining and they did, 3) high probability of remaining but they didn’t, and 
4) high probability of remaining and they did. 

3.3 Degree of Crenulation 
We now have measures of marsh change, fragmentation, and spatial indices that somewhat 
correlate with marsh changes through time, but what confidence can we place on these results? 
Even though we have an overall accuracy greater than 80 percent, does the level of detail, or 
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number of vertices in the polygons, influence the quantification of change? To answer these 
questions, we applied several smoothing functions to a subsection of the study area, computed 
the curviness, or degree of crenulation, and compared these data with the original polygons to 
see if they derived statistically different results. A smoothing algorithm was applied to the 
polygons for each year using increasing distances beginning with 5m and ending with 70m. 
With each new data set the three indices of Area, Area/Perimeter, and Fractal Dimension were 
calculated. Statistical analyses using chi square determined that there were no significant 
differences between the original polygons and the smoothed data; therefore, it was concluded 
that the level of detail did not influence the spatial indices. 

3.4 Fuzziness Test Using Epsilon Bands 
To test whether or not the precision of interpretation and digitization impacted the change 
detection results, we created epsilon bands which were used to remove polygons from the 
change detection results. Mas (2005) describes a method for assessing land use/cover change 
whereby an average and standard deviation width of sliver polygons is used to remove 
polygons that are statistically not appropriate for computing change. In the Mas (2005) study it 
was determined that this method increased the accuracy of the change detection matrix. In our 
study, we used the change from 1938 to 1949 to test this methodology. The average width of 
the sliver polygons (1.44m) and standard deviation (0.4) was determined by dividing the area 
by half the perimeter (Mas, 2005, p. 621). A buffer distance of 1.84m was applied to the 1938-
1949 change dataset. The buffer results were joined with the change dataset to identify the 
polygons located within the buffer areas. The polygons within the buffer were deleted by 
merging with the adjacent polygons with the longest shared boundary. A new classification 
matrix was tabulated and compared with the initial matrix. The process was repeated with 2 
standard deviations (a buffer distance of 2.24m) and all three change matrices were compared. 
Unlike the Mas (2005) study, our results were not statistically different from one another. 
Therefore, it is concluded that creating epsilon bands for removal of slivers did not alter the 
change detection results.  

4 Future Directions 
This study has computed change and has determined that the change is real and not an artefact 
of either the data collection or processing methodologies. Several indices have been 
implemented, tested, and appear to be able to provide some insight into the changing 
morphology of back-barrier marshes; however a robust model of the spatial dynamics of 
marshes in the Topsail Island study area has yet to be created. One step in that direction would 
be the calculation of Relative Errors of Area (Shao and Wu, 2004) which is a tool for assessing 
the accuracy of landscape indices.  

Although we have not described automated image processing methods for classifying aerial 
photography, several techniques were examined and were found to be unacceptable for our 
mapping needs. For example, unsupervised and supervised analyses were tested using a variety 
of cluster algorithms and training site selection trials. Unfortunately, the image processing 
algorithms were not able to distinguish marshes from water with any consistency because the 
photography had little spectral variety being that it was black and white. Although we 
determined that traditional interpretation and on-screen digitizing was the most appropriate 
technique for this study, there are several image processing techniques that may be tested in 
future research. For example, cross-correlation analysis, neural networks, and object-oriented 
classification have been found to be useful methods in land use change analyses (Civco et. al., 
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2002). These techniques may provide good mapping results, would be repeatable, and less 
time consuming in comparison to photointerpretation and digitizing. 
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