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Abstract 
Improved understanding of the spatial dynamics of invasive plant species is critical for effective 
land management and control of future invasion. The Yancheng National Nature Reserve (YNNR), 
an internationally important wetland, has the largest distribution of alien Spartina alterniflora in 
China. This alien plant was intentionally introduced for erosion prevention and dike protection in 
China. However, it became an aggressive competitor with native salt marsh plants in the coastal 
regions in China. High resolution imagery, SPOT-5, was used to map plant communities including 
invasive species in the south core zone of YNNR with the natural ecosystem of salt marshes in 
2003, 2005 and 2008. The fuzzy set assessment method significantly improved the classification 
accuracies over the conventional error matrix, i.e., from 73.8%, 73.5% and 81.4% to 91.5%, 91.6% 
and 93.4% in 2003, 2005 and 2008, respectively. It shows a great potential for mapping invasive 
plant species. Phragmites australis and S. alterniflora were the most accurately mapped classes, 
and sparse and dense Suaeda glauca were the least accurately mapped. From 2003 to 2008, S. al-
terniflora increased 28.8% from 1664.1 to 2142.6 ha in area size, and more than 2.5 times from 
742 to 2608 patches. The highest increase in patch number occurred within the interval between 
2001 and 3000 m from the eastern baseline. This increase was dominated by small patches with 
area less than 200 m2. During the study period, the mean spread width was 405 ± 80.7 m in the 
original large patch of area over 200 ha. The eastward/seaward spread was distinctively larger 
than the westward/landward. The results enhance the understanding of alien plant’s invasion 
patterns and help improve conservation efforts. 

http://www.scirp.org/journal/oje
http://dx.doi.org/10.4236/oje.2016.63012
http://dx.doi.org/10.4236/oje.2016.63012
http://www.scirp.org
http://creativecommons.org/licenses/by/4.0/


C. Y. Liu et al. 
 

 
114 

Keywords 
Spartina alterniflora, SPOT-5, Remote Sensing, Fuzzy Set Assessment, Expansion Characteristics, 
Management Implications 

 
 

1. Introduction 
Alien invasive species can alter the composition, structure, and functioning of both terrestrial and aquatic eco-
systems [1] [2], pose threats to biological diversity, and lead to habitat loss and fragmentation [3]-[7]. Combined 
with anthropogenic disturbances such as land conversion and climatic change, the expansion of alien species is 
likely to continue, or even accelerates in the near future [8] [9]. Therefore, the major challenge for land manag-
ers, conservationists and ecologists is to determine how to effectively manage non-native plants and preserve 
native biodiversity. Distribution maps are critical for early detection and rapid response to new invasions 
[9]-[11], and they also provide support for decision making regarding management and control efforts [12] [13]. 

Spartina alterniflora (hereafter referred to as S. alterniflora) is a perennial grass native to the Atlantic and 
Gulf coasts of North America [14]. It was intentionally introduced to Jiangsu coastal wetland for erosion pre-
vention, soil melioration and dyke protection in 1979 [15] [16]. However, the exceptional adaptability and re-
productive ability of this species have led to its extensive dispersal along the eastern coast of China from Liaon-
ing Province to Guangxi Province, where it has had a negative impact on native species [17] [18]. In 2003, S. 
alterniflora was listed as one of top 16 invasive species by State of Environment Protection Agency of China 
[19]. Subsequently, its invasion and control have been a major challenge and received intense interest from bi-
ologists and ecologists in China and abroad [17] [20]-[23]. 

Since its introduction to the coastal wetland of Jiangsu Province in 1982 [15], S. alterniflora has formed the 
largest invasion area in China to date [18] [22], particularly in the Yancheng National Nature Reserve (YNNR). 
The distribution area of S. alterniflora in the YNNR reached 14,491 ha in 2007 [22], accounting for 42% of the 
total invasive area in China [18]. The reserve is composed of core, buffer, and experiment zones, with the aim of 
conserving rare waterbirds and coastal wetland ecosystem. In 2009, the remaining natural wetland only ac-
counted for 11% of the total area, facing increasing pressure of further loss, degradation and fragmentation due 
to the land conversion and invasion of S. alterniflora [22]. It is urgent to assess the detailed distribution of S. al-
terniflora in order to support effective strategies of invasive species control and conserving biodiversity. 

Remote sensing technology has been widely used to detect numerous invading species in variety of ecosys-
tems [5] [10] [11] [24] [25]. There are a number of types of remote sensing imagery currently available, ac-
quired by both public and private satellites as well as an array of airborne sources of aerial photos and imagery. 
Choosing the appropriate remotely sensed data for a study needs to account for the tradeoffs among spatial ex-
tent (size of image), spatial resolution (pixel size), spectral resolution (number and range of visible and infra-red 
bands) and temporal resolution (frequency of data acquisition) [13]. Previously studies mainly used the Lands at 
TM and ETM+ images to detect the distribution of S. alterniflora at the landscape scale [14] [22] [26]-[29]. 
Landsat was incapable of identifying detailed expansion characteristics at smaller spatial scales due to low spa-
tial resolution of this imagery, especially in the early infestation stage. Early detection of invasive plants when 
their spatial extent is small reduces the cost of control and increases the possibility of successful eradication 
[30]. 

Fortunately, higher-resolution satellite-based imagery is now commercially available. Quickbird (0.6 m), 
IKONOS (1 m) and SPOT-5 (2.5 m) with a higher spatial resolution image have been used to map vegetation in 
different wetland environments, including mangroves and submerged aquatic vegetation [30]-[33]. Traditionally, 
the classes in thematic maps have been treated as crisp sets, based on the classical set theory. In this formulation, 
map classes are assumed to be mutually exclusive and exhaustive. This approach limits the ability of thematic 
maps to represent the continuum of variation found in most landscapes [34]. Fuzzy sets allow more flexibility 
for treatment of map classes in the accuracy assessment, and consider the magnitude of errors and the frequency 
of ambiguity in map classes [34]. 

This study used high resolution SPOT-5 images to derive the distribution maps of S. alterniflora patches in 
the south core zone of YNNR at 2.5 m spatial resolution. The YNNR is the largest coastal wetland reserve in 
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China [22]. The study area is in natural condition with the exception of S. alterniflora invasion, because it is be-
ing managed by the reserve authority and no land reclamation has been allowed to occur. The objectives are 
threefold: 

1) to assess the accuracy of land cover maps based on fuzzy set theory, and map the detailed distribution of S. 
alterniflora patches in YNNR in 2003, 2005 and 2008; 2) to analyze the spatial expansion characteristics of S. 
alterniflora patches of different sizes over the study periods; and 3) to discuss management implications based 
on the results of temporal and spatial patterns of this alien plant. 

2. Methods 
2.1. Study Area 
The Yancheng Nature Reserve was established by the Jiangsu provincial government in 1983, and became the 
YNNR in 1992. According to the China’s legal system, the national nature reserve is given the highest protec-
tion priority. It is located across five counties in Yancheng City in Jiangsu Province of eastern China (Figure 
1(A)). The reserve became a member of North East Asian Crane Site Network in 1996 and East Asian-Australian  
 

 
Figure 1. (A) The Yancheng National Nature (YNNR) is located at the center of east coast of 
China; (B) The study area is located at the south of core zone of YNNR; (C) SPOT-5 images of 
the study area highlighted by the red boundary (composed of bands 4, 3, and 2 for red, green, and 
blue) in 2003, 2005 and 2008. The black rhombuses along the transect lines in 2003 image indi-
cate the locations of field samples, which were continued in 2005 and 2008. The gray lines indi-
cate the extension of 17 transect lines. The white dashed line presents the baseline for calculating 
the number of Spartina alterniflora patches in different distance intervals for each year. 
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Shorebird Site Network in 1999, and an internationally important wetland in 2002 [35]. This recognition is a re-
sult of its global significance for the breeding, stopover and wintering of migratory waterbirds, especially for the 
globally threatened species, such as breeding Saunders gull Larus saundersi [36]-[38], wintering Red-crowned 
crane Grus japonensis [39] [40], and migratory spotted greenshank Tringa guttifer [41]. 

Salt marshes are the most common habitats in the intertidal zone with S. alterniflora, Suaeda glauca, and 
Phragmites australis, representing the most common plant communities in the coastal hinterland. In the past two 
decades, the natural wetlands of YNNR experienced huge losses and fragmentation due to land development and 
invasion of S. alterniflora [27] [28]. Since 2005, the majority of reclamation was occurred in the community of 
S. alterniflora, which was distributed in the outer periphery of salt marshes [22]. The reserve authority only has 
the land ownership in core zone and can manage the habitats not to be developed. The south core zone is this 
study area (33˚27'N - 33˚40'N, 120˚30'E - 120˚44'E), where is in natural condition with the exception of S. al-
terniflora invasion (Figure 1(B) and Figure 1(C)). 

2.2. Land Cover Classification Scheme 
Before introduction of S. alterniflora, the native saline vegetation consisted of S. glauca and P. australis. The S. 
glauca community inhabited the outer periphery of salt marshes and was located in the middle and lower inter-
tidal zones. The P. australis community was mixed with Aeluropus littoralis and Imperatacy cylindrical, and 
was located in the upper intertidal zone [38]. After its introduction in 1982, this alien plant inhabited the mud-
flats in the lower intertidal zone in the early infestation stage, and gradually invaded S. glauca and even P. aus-
tralis communities. Therefore, we classified eight land cover types for the study area, which can also be appli-
cable to SPOT-5 imagery resolution (Table 1). 

2.3. Imagery Source 
Three cloud-free SPOT-5 scenes images acquired on 24 October 2003, 31 October 2005 and 7 December 2008 
were collected over the southern area of YNNR. Each SPOT-5 scene was purchased with four spectral-band 
(10-m pixel resolution) and one panchromatic-band (2.5-m pixel resolution) bundles. Pre-processing of digital 
images was conducted by the commercially available image processing software package ENVI v4.5 [42]. Each 
image was projected to the Universal Transverse Mercator (UTM) coordinate system, Center Meridian E120˚, 
World Geodetic System of 1984 (WGS84), using second-order transformation and nearest neighbor re-sampling, 
and the pixel size was kept at 2.5 × 2.5 m. The imagery of 2003 was geometrically registered to the images of 
2005 and 2008 in ENVI v4.5 (Research Systems Inc., 2008) using ground control points between the images 
 
Table 1. Land cover classification scheme of the study area. 

No Land cover types Remarks 

1 Spartina alterniflora Alien invasive plant, is distributed across the whole intertidal salt marshes. The patches with large 
area and high density, are not available habitats for waterbirds, except their outer periphery. 

2 Sparse Suaeda glauca 
Coverage is lower than 40%, which provides breeding habitats for Saunders’s gull, Common Tern, 
White-fronted Tern and Kentish Plover and so on [36] [38], and the wintering habitats for 
Red-crowned crane [39] [40]. 

3 Dense S. glauca Coverage is higher than 40%, which provides wintering habitats for Red-crowned crane with 
condition of food availability [39] [40]. 

4 Phragmites australis 
The dominant plant is P. australis, mixing with Aeluropus littoralis and Imperatacy cylindrical, 
provides breeding habitats for Reed parrotbill, and Great reed warbler and so on [35], and also 
wintering habitats for Red-crowned crane [39] [40]. 

5 Unvegetated marsh Bare mudflat and lower land with open water, which provide feeding habitats for breeding and 
wintering waterbirds. 

6 Intertidal mudflats Mudflat between the outer peripheries of S. alterniflora in 2003 and 2008, which provides the 
feeding habitats in the low tide for migratory waterbirds. 

7 Tidal channels and river The river only distributes in the south boundary of study area. The channels and river can provide 
feeding habitats for egrets, herons and ducks. 

8 Road Newly constructed motorbike road in salt marshes, which would increase the human disturbances 
to waterbirds, and result in the habitat fragmentation. 
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after mosaic processing within the same year. The root mean square error was 0.47 pixels, which is about 1.2 m 
on the ground. 

2.4. Training Data 
The YNNR land cover maps were produced using computer-assisted classification (Maximum-Likelihood Clas-
sification, MLC) of SPOT-5 imagery in ENVI 4.5. Each image was processed separately (i.e, training-data-  
collection, classification and accuracy-assessment data collection). Thus, no radiometric atmospheric correction 
or normalization algorithm was needed [10]. 

The training data were created using the field data collected in late July of 2003, 2005, and 2008. Seventeen 
transects were established from inland (west) to the sea (east) in 2003 (Figure 1(C)), which were generated by 
creating a fishnet with 500 m width using Data Management Tools in ArcToolbox of ArcGIS 9.2 [43]. On each 
transect, the sampling points were acquired through setting 250 m Equidistant Points using Convert Features to 
Points of Feature conversions in XTools Pro in ArcGIS 9.2 (http://www.xtoolspro.com/). The large patch of S. 
alterniflora was too high and dense to access. Accordingly, the sampling data only reached the western peri-
phery of the zone occupied by this alien plant. The coordinates of sampling points were numbered and imported 
to the portable GARMIN 60CSx for navigation in the field sampling in three years. 

As a compromise between the accuracy of the GPS and the pixel size of the satellite images, we used field 
plots corresponding to four times the minimum pixel size of SPOT-5 images (6.25 m2 multiplied by 4 = 25 m2), 
as suggested by [33] and [44]. At each plot, plant identification, plant composition, percent cover, and the coor-
dinates were collected and recorded. We also recorded a minimum of two and, whenever feasible, four GPS 
points within a plot. An ArcView shape file of field plots was digitized onscreen using the GPS points, and ga-
thered field information under ESRI ArcGIS 9.2 [45]. 

For long linear features such as tidal channels, roads and S. alterniflora along the channel, there were few 
training data pixels in sites. The post-classification masks were applied to distinguish the diminutive patches of 
S. alterniflora by visual interpretation. The linear features (tidal channels and roads) were wide enough to con-
fidently locate on the imagery by interpreters. Therefore, tidal channels and roads were excluded from the accu-
racy assessment. 

2.5. Accuracy Assessment 
Traditional binary assessment and fuzzy set assessment were used to compare the overall accuracy of land cover 
classifications. The use of fuzzy sets in map accuracy assessment expands the amount of information that can be 
obtained regarding the nature, frequency, magnitude, and source of errors in a thematic map [44] [45]. Fuzzy set 
theory aids in the assessment of maps produced from remotely sensed data by analyzing and quantifying vague, 
indistinct, or overlapping class memberships, which can produce higher estimation of map accuracy at the spe-
cies level than the conventional contingency table [44] [46]. Distinct boundaries between land cover classifica-
tions seldom exist in nature. Instead, there are often gradations from one cover type to another. Confusion re-
sults when a location can legitimately be labeled as more than one cover type. Unlike a binary assessment, fuzzy 
set analysis allows partial agreement between the reference and mapped cover types, generally on a five-category 
scale. Additionally, the fuzzy set analysis provides insight into the types of errors that are being made, which is 
more useful for assessing land cover types that may grade into one another yet must be classified into discrete 
types by a human observer [46]. 

To the end, we used the fuzzy-set analysis to develop the land cover maps. Data collection, processing, and 
interpretation methods, followed [46] and [44]. Each field plot data was scored between 1 and 5 for five land 
cover types, which include S. alterniflora, sparse S. glauca, dense S. glauca, P. australis and unvegetated marsh. 
A five-point membership scale ranging from “absolutely incorrect” to “absolutely correct” values was developed: 
1 = absolutely incorrect, 2 = understandable but incorrect, 3 = reasonable or acceptable answer, 4 = good answer, 
and 5 = absolutely correct. 

Four fuzzy measures (MAX, RIGHT, DIFFERENCE, and MEMBERSHIP) were calculated to assess the map 
accuracy [34] [44] [46]. The first measure was called “MAX”. The matches in the MAX column indicate sites 
where the highest rating was given to the class assigned in the map (5, absolutely correct or best answer). MAX 
provided a conservative estimate of accuracy, and the overall accuracy from MAX was identical to that derived 
from the conventional binary assessment matrix. 

http://www.xtoolspro.com/
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The second measure was called “RIGHT”, which accepts matches using any degree of correctness, whose 
scores were greater than or equal to 3. Clearly, the percentage of matches of RIGHT measure is, by definition, 
larger than those measured by MAX. RIGHT quantified the frequency of a plant community in the maps whose 
scores were larger than or equal to 3. 

The third measure, called “DIFFERENCE”, is designed to measure the magnitude of errors, and is calculated 
as the score for the class assigned in the map minus the highest score given to any other class. This function 
ranges theoretically from −4 to +4, when using a linguistic scale from 1 to 5. High positive or negative values 
indicate the magnitude of a correct or incorrect classification of a field plot, respectively. All sites that are 
matches using the MAX function have DIFFERENCE values greater than or equal to 0 and all mismatches are 
negative. For example, if a site was mapped as a certain land cover class, to which the evaluator assigned a score 
of 1 whereas s/he gave a score of 5 to another land cover class, the DIFFERENCE function takes a value of 1 - 5 
= −4. For the ideal case, where the mapped category is perfectly right (score = 5) and all other categories are 
absolutely wrong (score = 1), the DIFFERENCE function yields a 4. 

The last measure, called MEMBERSHIP, indicates the frequency of set membership (match, M) or non- 
membership (non-match, N) of a land cover class for each field observation. The higher the membership value is 
the higher the apparent overlap in the differentiating characteristics within and between classification classes. 

2.6. Accuracy Assessment 
Four steps were employed to quantify the spatial expansion characteristics of S. alterniflora community. The 
first is to detect changes in number of S. alterniflora patches and changes in area of S. alterniflora community 
over the study periods based on different vertical distance to the eastern baseline. The eastern boundary of study 
area in 2008 was used to create the eastern baseline, which was converted to the points using Feature to Point by 
ArcGIS 9.2. All points in 2008 were exported to generate a linear asymptote with a slope of −2.1. Using the 
most eastern boundary point as reference point, the eastern baseline with the same slope generated on-screen to 
linear shape file under ArcGIS 9.2 (Figure 1(C)). All vegetation including S. alterniflora patches occurred west 
of the baseline. The vertical distance of the centroid of each S. alterniflora patch to the eastern baseline was 
calculated by the Near Function Analysis Tools. The patches were divided into five classes. The number of 
patches within 1000-m intervals from the baseline was calculated: <1001 m, 1001 - 2000 m, 2001 - 3000 m, 
3001 - 4000 m, and >4000 m. 

The second is to detect changes in number and area of S. alterniflora patches between 2003-2005 and 
2003-2008. We used the Selected by Location function to identify the spatial location of the 2003 year’ patches 
in 2005 and 2008. Then we calculated the number and area of these matched patches according to the centroid 
location assignments. Patches present in 2005 and 2008 that were not present in 2003, were treated as newly 
formed patches. 

To evaluate the effects of patch size on expansion characteristics, we compared diminutive patches (<200 m2 
area) to large patches (>1 ha area). We also evaluated changes in the number and area of diminutive and large 
patches among three years. The area of diminutive patch ranged from one times (6.25 m2) to 32 times (200 m2) 
the pixel size (2.5 × 2.5 m). We divided the diminutive patches into two groups: 6.25 - 100 m2 and 106.25 - 200 
m2, to detect the number difference between two groups among three years using the paired samples test of 
SPSS 19.0. 

The forth step is to detect the spread characteristics of original large patches (area over 200 ha) among three 
years, which were almost consecutively distributed as the vegetation belt in the eastern part of study area. We 
extended the 17 transect lines by edit tools under ArcGIS 9.2, and recorded the geographical coordinates of in-
tersection points between each transect and both edges of large patches for each year. The expansion distance 
was calculated to detect the spread difference in east/sea and west/inland directions among three years. 

3. Results 
3.1. Fuzzy Accuracy Assessment 
MAX function values exceeded 73% in all 3 years, which are the conservational estimates of accuracy (Table 2, 
Appendix 1 and 2). These accuracies from MAX are identical to that derived from the conventional binary as-
sessment, i.e. the numbers in the “Matches” column. 
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Table 2. Fuzzy accuracy tables for 2005 map classification result of the study area. 

MAX and RIGHT function 

Land cover classes Sites % 
Max (M)—best answers Right (R)—correct Improvement 

h(R-M) % 
Matches % Mismatches % Matches % Mismatches % 

S. alterniflora 18 11.6 15 83.3 3 16.7 18 100.0 0 0.0 3 16.7 

Sparse S. glauca 47 30.3 29 61.7 18 38.3 43 91.5 4 8.5 14 29.8 

Dense S. glauca 46 29.7 39 84.8 7 15.2 43 93.5 3 6.5 4 8.7 

P. australis 17 11 13 76.5 4 23.5 14 82.4 3 17.6 1 5.9 

Unvegetated marsh 27 17.4 18 66.7 9 33.3 24 88.9 3 11.1 6 22.2 

Total 155 100 114 73.5 41 26.5 142 91.6 13 8.4 28 18.1 

DIFFERENCE function 

Land cover classes Sites 
Mismatches  Matches Arithmetic 

mean of ismatch 
Arithmetic 

mean of match −4 −3 −2 −1 0 1 2 3 4 

S. alterniflora 18 0 0 1 2 1 1 2 2 9 −0.22 0.72 

Sparse S. glauca 47 1 3 8 6 0 1 5 9 14 −0.74 0.47 

Dense S. glauca 46 0 3 3 1 0 7 13 8 11 −0.35 1.20 

P. australis 17 2 1 0 1 4 0 4 4 1 −0.71 1.65 

Unvegetated marsh 27 0 3 2 4 1 0 8 4 5 −0.63 0.89 

Total 155 3 10 14 14 6 9 32 27 40 −0.54 0.92 

% of total  1.9 6.5 9.0 9.0 3.9 5.8 20.6 17.4 25.8   

MEMBERSHIP function 

Land cover classes Sites 
0 1 2 3 4 

T M N T M N T M N T M N T M N 

S. alterniflora 18 0 0 0 6 4 2 10 10 0 9 8 1 3 1 2 

Sparse S. glauca 47 0 0 0 20 7 13 22 17 5 20 16 4 2 2 0 

Dense S. glauca 46 0 0 0 23 20 3 20 16 4 19 15 4 0 0 0 

P. australis 17 0 0 0 13 10 3 4 3 1 1 1 0 1 1 0 

Unvegetated marsh 27 0 0 0 14 9 5 13 9 4 6 2 4 1 0 1 

Total 155 0 0 0 76 50 26 69 55 14 55 42 13 7 4 3 

% of total  0.00 0.00 0.00 49.03 32.26 16.77 44.52 35.48 9.03 35.48 27.10 8.39 4.52 2.58 1.94 

T = Total number of sites in each group; M = number of matched sites; N = number of mismatched sites. 
 

Using the less restrictive assessment metric, RIGHT, improved the correct classifications by 17.7% in 2003, 
18.1% in 2005, and 14.4% in 2008. However, improvements in individual land cover classifications varied from 
0% to 29.8% (in the case of sparse S. glauca in 2005). The sparse and dense S. glauca improved very much in 
comparison with the other land cover classes. MAX values for the alien S. alterniflora indicated 100% correct 
classification in 2003 and 2008, thus no improvement in classification was possible for the RIGHT function in 
this community in those years. In 2005, however, there was a 16.7% improvement in classification with the 
RIGHT function. 

The results of DIFFERENCE functions were very similar for the mean of matches (4 scores), which were 
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28.1% in 2003, 25.8% in 2005, and 29.3% in 2008, in the field samples, respectively. The maximum mis-
matches (−4 scores) occurred in 2003 (3.6% of the field sites), primarily of a result in classification error for the 
unvegetated marsh. These field samples were confused with sparse S. glauca community, and their spectra were 
mixed with vegetation as soil background, thus leading to misclassification. The nature of the mismatches indi-
cated that there was little ambiguity or uncertainty in determining the land cover conditions at each plot. 

Results for the MEMBERSHIP functions suggested that a small number (14.37% in 2003, 25.8% in 2005, and 
17.36 in 2008) of field samples are members of Sparse S. glauca and unvegetated marsh, they are distributed 
close to evenly between matches and non-matches. These results indicated that land cover classifications were 
clearly defined and showed little confusion to field crews when they were assigning a linguistic score. 

3.2. Changes in Area of Eight Land Cover Classes 
Eight land cover classes were mapped in the study area (Figure 2). 

The area of S. alterniflora and P. australis increased by 28.8% and 47.3% in 2003-2008, respectively (Table 
3). The annual increase rate of invasive plant in 2003-2005 (6.7%) is higher than that in 2005-2008 (4.5%), 
while the annual increase rate of P. australis was less in 2003-2005 (5.5%) than in 2005-2008 (10.9%). The 
sparse S. glauca, unvegetated marshes, tidal channels and rivers, and intertidal mudflats decreased in areas in 
2003-2008 (Table 3). The dense S. glauca increased by 69.0% in area in 2003-2005, and decreased in 2005-2008 
(−1.9%). The overall area in dense S. glauca increased by 65.7% (728 ha) in 2003-2008 (Table 3). The entire 
area of intertidal mudflats in 2003 was completely occupied by the S. alterniflora by 2008 (Figure 2 and Table 
3). 

3.3. Expansion Characteristics of S. alterniflora Patches 
The numbers of S. alterniflora patches increased by 2.5 times from 742 individuals in 2003 to 2608 in 2008, 
with annual average increase of 373 patches. The number of patches within each 1000-m interval kept increasing 
 

 
Figure 2. Maps of eight land cover classes of study area generated from 
SPOT-5 images in 2003 (A), 2005 (B), and 2008 (C). 
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from 2003 to 2008, except those in 0 - 1000 m interval between 2003 and 2005 (Figure 3(A)). The maximum 
increase occurred in the interval from 2001 to 3000 m, which are 422 patches in 2003-2005 and 548 patches in 
2005-2008. However, the area of patches increased to the most extent in 0 - 1000 m interval, which are 126 ha 
in 2003-2005, and 142 ha in 2005-2008 (Figure 3(B)). The annual average number and area of patches at over 
3001-m interval in 2005-2008 increased faster than those in 2003-2005. Contrarily, those at less than 3000-m 
interval in 2005-2008 increased slower than in 2003-2005. The distance of the most western patch in 2008 (5931 
m) was approximately 700 m far from the most one in 2003 (5247 m). 

Specifically, the number of S. alterniflora patches in 2003 indicated to be decreasing at each 1000-m interval 
in the following years, except those at 0 - 1000 m interval (Figure 4(A)). This was attributed to the large area of 
patches in this interval and most of them have been connected with each other with the expansion in 2005 and 
2008. The number of these patches in 2003 decreased to the most occurred at 2001 - 3000 m interval, which the 
area expanded to the most extent at the 1001 - 2000 m interval, and the second expansion occurred at 2001 - 
3000 m interval (Figure 4(B)). 

Contrarily, the number of newly formed patches showed increasing at each 1000-m interval between 2005 
and 2008 (Figure 5(A)). The number and area increased to the most occurred at 2001 - 3000 m interval in 2005, 
which were 680 patches and 1077 ha, respectively. The most increasing of number and area in 2005-2008 ap-
peared at 3001 - 4000 m interval, which increased by 479 patches in number and by 1025 ha in area (Figure 5(A) 
and Figure 5(B)). At 0 - 1000 m interval, the number and area of new patches formed very slightly, which 
mainly distributed in the tidal channels. 
 
Table 3. Area and percentage of eight land cover classes of study area in 2003, 2005 and 2008 (the bold numbers presented 
the overall increase in area of four land covers). 

Land cover class 
2003 2005 2008 

Area(ha) % Area(ha) % Area(ha) % 

S. alterniflora 1664.1 23.9 1888.6 27.2 2142.6 30.8 

Sparse S. glauca 2241.0 32.2 1912.7 27.5 1727.3 24.8 

Dense S. glauca 1107.5 15.9 1871.7 26.9 1835.6 26.4 

P. australis 629.2 9.1 698.6 10.0 926.5 13.3 

Unvegetated marsh 894.7 12.9 305.6 4.4 189.9 2.7 

Tidal channels and river 191.2 2.8 143.5 2.1 109.0 1.6 

Intertidal mudflats 223.2 3.2 130.4 1.9 0.0 0.0 

Road 0.00 0.0 0.00 0.0 19.7 0.3 

Total 6951.1 100.0 6951.1 100.0 6951.1 100.0 

 

 
Figure 3. Changes in number of S. alterniflora patches (A) and area of this community (B) at each 1000-m interval against 
the eastern baseline in 2003, 2005 and 2008. The number of patches was consistent with the number of patch centroids in the 
corresponding interval belt. 
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Figure 4. Changes in number (A) and mean expansion area (B) of S. alterniflora patches at each 1000-m interval in 2005 
and 2008, which were based on the number and mean area of S. alterniflora patches in 2003. 
 

 
Figure 5. The number (A) and area (B) of S. alterniflora patches newly formed at each 1000-m interval in 2005 and 2008. 

3.4. Changes in Diminutive and Large S. alterniflora Patches 
The accumulative number of S. alterniflora patches with area less than 200 m2 accounted for 81.0%, 79.7%, and 
79.4% of the total number of S. alterniflora patches in 2003, 2005 and 2008, respectively (Table 4). However, 
the accumulative area only occupied 0.18%, 0.31% and 0.59% of the total area in each year. The number of 
patches with the area less than 100 m2 showed distinctively increasing between 2003, 2005 and 2008. The mean 
increases in 2003-2005 and 2005-2008 were 23.9 ± 10.1, and 50.4 ± 4.1 patches, respectively (n = 16, p < 0.05). 
Accordingly, the number of patches with the area between 106.25 and 200 m2, also showed distinctively in-
creasing between three years (5.6 ± 0.4 in 2003-2005, and 12.1 ± 1.6 in 2005-2008). While, the increase range is 
lower than those in smaller patches. 

The numbers of patches with area more than 1 ha were 13 individuals in 2003 (1.75%), 7 in 2005 (0.52%), 
and 16 in 2008 (0.61%), respectively (Table 4). However, the area of these patches accounted for 99.11%, 
98.44% and 97.30% of the total area of S. alterniflora community in each year. 

3.5. Spread Characteristics of Original Dominant S. alterniflora Patches 
The numbers of original dominant patches with area over 200 ha were 4 individuals for each year, which ac-
counted for 91.2%, 98.0%, and 92.8% of the total area of S. alterniflora community in 2003, 2005 and 2008, 
respectively. The mean spread width increased by 405.2 ± 80.7 m along 17 transects between 2003 and 2008, 
including 254.6 ± 53.2 m towards east direction and 148.9 ± 44.7 m towards west direction. The east spread was 
significantly larger than that in west direction (118.04 ± 54.13, t = 2.181, df = 16, p = 0.044). 

Mean east spread distance between 2003-2005 was 124.3 ± 36.5 m, which did not show significant increase in 
comparison with that (66.5 ± 31.0 m) in west direction (57.8 ± 47.0 m, t = 1.23, df = 16, p = 0.236). Mean east 
spread distance between 2005-2008 was (133.3 ± 44.2 m), which also did not indicate significant increase com-
pared with that (82.9 ± 22.6 m) in west direction (47.4 ± 40.8 m, t = 1.161, df = 16, p = 0.263) (Figure 6). 
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Table 4. Number of patches with area less than 200 m2 and more than 1 ha at each 1000-m interval in 2003, 2005 and 2005. 

Number of patches <1001 m 1001 - 2000 m 2001 - 3000 m 3001 - 4000 m >4000 m Total 

Year Patch area in 6.25 - 100 m2 

2003 27 118 303 55 30 533 (71.80%) 

2005 13 169 537 156 40 915 (67.90%) 

2008 28 183 908 460 142 1721 (66.00%) 

Year Patch area in 106.25 - 200 m2 

2003 0 15 37 10 6 68 (9.16%) 

2005 1 15 123 15 4 158 (11.74%) 

2008 0 27 205 96 23 351 (13.46%) 

Year Patch area in 1 - 200 ha 

2003 1 2 4 1 1 9 (1.21%) 

2005 0 0 2 1 0 3 (0.22%) 

2008 1 0 6 4 1 12 (0.46%) 

Year Patch area over 200 ha 

2003 0 4 0 0 0 4 (0.54%0 

2005 0 3 1 0 0 4 (0.30%) 

2008 0 3 1 0 0 4 (0.15) 

 

 
Figure 6. Spread distances of original dominant patches of S. alterniflora along 17 transects between 2003-2005 and 
2005-2008, which distributed in the outer periphery of the mudflat. Its mean widths were 1591.8 ± 103.0 m, 1779.9 ± 117.2 
m, and 1997.0 ± 122.5 m in 2003, 2005 and 2008, respectively. 

4. Discussion 
This study further proved the fuzzy accuracy assessment approach combined with abundant field samples can 
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significantly improve the map accuracy compared with the conventional binary assessment [34] [44]. The over-
all accuracies for the land cover maps in 2003, 2005 and 2008 were satisfactory high on a basis of a convention-
al error matrix (MAX function in fuzzy set assessment), ranging from the lowest 73.5% in 2005 to the highest 
81.4% in 2008. When the degrees of acceptability of mis-classification are introduced (in the fuzzy assessment 
approach), the distribution maps were much better, with acceptable classifications in 91.5% in 2003 and in up to 
93.4% in 2008. 

These results are encouraging, given the fact that a simple method (maximum-likelihood classification) was 
chosen for land cover classification in this study. A number of more sophisticated algorithms are currently 
available, including several that evaluate and use the spectral local texture of images to improve pixel classifica-
tion [13] [47]. Based on works done in other contexts, it is likely that this approach can still result in higher 
classification accuracies in wetlands and marshes. The results can satisfy to recognize invasive process and ex-
pansion pattern of exotic S. alterniflora, and to be applied to coastal wetland management. 

The classification maps derived from higher resolution satellite data can elaborate the expansion characteris-
tics of S. alterniflora, especially in the early infestation stage when the invasive species has not yet gained do-
minance. For early detection and rapid response to invasions, higher resolution imagery are therefore more ap-
propriate [44] [48]. In this study, the MAX values for S. alterniflora varied from 83.3% to 100% in three years, 
and a 16.7% improvement in classification occurred in RIGHT function in 2005. These were largely associated 
with high spatial resolution of images and small size of field samples (one in 2003, and 18 in 2005 and 2008). A 
combination of high spatial resolution imagery and fuzzy set assessment would effectively improve the overall 
classification accuracy and early detection abilities of this invasive plant. 

The results showed the area of S. alterniflora community increased by 479 ha (28.8%) from 2003 to 2008, 
while the number of patches increased by 2.5 times from 742 individuals in 2003 to 2,608 in 2008, with average 
annual increase of 373 patches. Specifically, the area of patches increased much larger in 2003-2005 and the 
number of patches increased much more in 2005-2008. The number of patches with area less than 100 m2 in-
creased by 605 (32.4% of newly formed patches) and 405 (21.7%) patches in 2001 - 3000 m and 3001 - 4000 m 
intervals, respectively. The newly formed patches with area less than 200 m2 accounted for 67.7% (1,264 
patches) of all increased patches. These indicated salt marshes located in 2001 - 3000 m interval are the most 
vulnerable to the invader, and in 3001 - 4000 m interval is the second. 

The S. alterniflora can accrete and hold sediment in intertidal areas that they invade [49]. The rigid, densely 
packed stems decrease the rate of tidal flow, causing suspended sediment to precipitate, while dense root mats 
cause sediment accumulation [14] [50]. In New Zealand, rates of sediment accumulation in both S. alterniflora 
and S. townsendii have been reported at around 4 cm/year, while adjacent open mud showed no change [51]. 

Tidal water can carry the seeds, root stocks, or other parts of the plants deep into the native salt marshes [52]. 
S. alterniflora can rapidly settled along the tidal channels and in lower lands of salt marshes. Growth of Spartina 
spp. along river banks and tidal channels can restrict water flow and cause widening of the floodplain [14]. In-
troduced S. alterniflora that modifies their physical environment in distinct ways, like through altering substrate 
characteristics, often has great ecological effects on native communities [52]. The original dominant S. alternif-
lora patches with area over 200 ha covered over 90% of total invasive area for each year in the eastern vegeta-
tion belt. The mean eastern spread width (254.6 ± 53.2 m) was distinctively larger than that in western direction 
(148.9 ± 44.7 m). This indicated that this alien plant invaded mudflats more effective than salt marshes. Its inva-
sion of open mud in the intertidal salt marshes will affect availability of open-mud shorebird feeding areas there 
[53] [54]. 

In this study, sparse S. glauca kept shrinking in the study period, and dense S. glauca showed increasing in 
the first stage and shrinking afterwards. S. alterniflora outcompeted S. glauca due to changes in growth condi-
tions [50] [55]. The expansion of S. alterniflora reduced the area of native saline S. glauca, which is the impor-
tant habitats for globally vulnerable Larus saundersi [36] [38] and endangered G. japonensis [39] [40]. The de-
gradation and shrinking of native salt marshes may cause a decline in numbers of birds and eventually decrease 
local bird diversity. Our previous study indicated that the degradation of breeding habitats would continue, and 
suitable breeding habitats for L. saundersi would disappear by 2018 [38]. 

5. Management Implications 
The ecological impacts of S. alterniflora invasion have been documented in previously numerous studies, and 
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recognized worldwide [14] [21] [22] [52] [54]-[57]. In this study area, introduced S. alterniflora has clear nega-
tive effects on native S. glauca and P. australis communities, and potentially negative effect on invertebrate 
communities, and eventually affects the local biodiversity and coastal ecosystem integrity [27] [36] [38] [40] [49] 
[58]. A major issue is how much human resources should be expended in an effort to eliminate present invasions 
and prevent future invasion. 

A number of different strategies have been used to control the invasion of S. alterniflora, including physical, 
chemical, biological or integrated methods [59]. There have been large variations in its effectiveness ranging 
from no effect to complete elimination. 

Based on our findings related to the specific expansion characteristics of S. alterniflora, combining with its 
biology, ecology and management in published literatures, we recommend the following management proposals 
targeting to conserve globally threatened waterbirds and coastal ecosystem. 

1) Considering the S. alterniflora spread along the tidal channels in the study area, it is recommended to 
dredge the channels in some appropriate way to ensure that the tide currents can flood the saltmarshes regularly. 
The tide currents can also swash the dead stems of S. glauca plant to keep low plant coverage and density. These 
would provide suitable habitats for nesting and feeding by waterbirds [38]. 

2) For the small patches with area less than 200 m2 in 2001 - 4000 m vertical interval, the mowing combined 
with the herbicides would be suitable to maintain the growth of native saline plant. [58] concluded that the most 
effective method Spartina control technique used in Washington combines a single mowing followed by Rodeo 
application once its growth reaches 30 - 45 cm in height or in the early infestation. [59] illustrated mowing at 
early florescence is more efficient for controlling S. alterniflora. From a management point of view, each con-
trol method has its optimal treatment timing in relation to the phenology of the target plant. However, the effec-
tiveness of different herbicides appears to be highly variable. The use of herbicides could also have deleterious 
impacts on native flora, and lead to other biological changes within a system. The opportunity also poses great 
challenge for decision-makers on how to manage this risk. 

3) For the original large and dominated patches in the eastern vegetation belt, it is recommended to apply the 
waterlogging together with mowing. Water irrigation has been used as a means to control S. alterniflora in the 
marshes and estuaries [17] [60], and even S. alterniflora can survive by respiring aerobically and anaerobically 
[61]. [62] concluded that waterlogging with water depth less than 50 cm could promote the growth of S. alter-
niflora, while waterlogging with water depth more than 50 cm could effectively inhibit the vegetative growth 
and sexual reproduction, being an effective water depth for controlling the expansion of S. alterniflora. 

Managing invaded ecosystems is a great challenge for managers and conservationists, especially in the face of 
scientific uncertainty and ecological stochasticity [63]. The existing methods for control of S. alterniflora are 
also uncertain to some extent, and require long-term planning, monitoring and financing. Therefore, it is impor-
tant to conduct the demonstrations at the first stage to avoid the huge loss of time, money and effort. 
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