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Abstract: Spartina alterniflora (S. alterniflora) is one of the most harmful invasive plants in China.
Google Earth (GE), as a free software, hosts high-resolution imagery for many areas of the world.
To explore the use of GE imagery for monitoring S. alterniflora invasion and developing an
understanding of the invasion process of S. alterniflora in the Zhangjiang Estuary, the object-oriented
method and visual interpretation were applied to GE, SPOT-5, and Gaofen-1 (GF-1) images.
In addition, landscape metrics of S. alterniflora patches adjacent to mangrove forests were calculated
and mangrove gaps were recorded by checking whether S. alterniflora exists. The results showed that
from 2003-2015, the areal extent of S. alterniflora in the Zhangjiang Estuary increased from 57.94 ha to
116.11 ha, which was mainly converted from mudflats and moved seaward significantly. Analyses of
the S. alterniflora expansion patterns in the six subzones indicated that the expansion trends varied
with different environmental circumstances and human activities. Land reclamation, mangrove
replantation, and mudflat aquaculture caused significant losses of S. alterniflora. The number of
invaded gaps increased and S. alterniflora patches adjacent to mangrove forests became much larger
and more aggregated during 2003-2015 (the class area increased from 12.13 ha to 49.76 ha and the
aggregation index increased from 91.15 to 94.65). We thus concluded that S. alterniflora invasion
in the Zhangjiang Estuary had seriously increased and that measures should be taken considering
the characteristics shown in different subzones. This study provides an example of applying GE
imagery to monitor invasive plants and illustrates that this approach can aid in the development of
governmental policies employed to control S. alterniflora invasion.

Keywords: remote sensing; Google Earth; invasive species; smooth cordgrass; object-oriented
method; landscape metrics
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1. Introduction

Biological invasions are important components of global change that challenge the conservation
of biodiversity and negatively affect ecosystem functioning [1-3]. In particular, invasive plants can
directly compete with native species, indirectly cause economic losses, and formidably threaten local
ecological environments by altering dominant vegetation types, soil properties, biogeochemical cycles,
patterns of herbivory, and disturbance regimes [4,5]. To provide scientific guidelines on managing
or controlling invasive plants, mapping the spatial distribution and dynamics of invasive plants is
particularly critical for further action.

S. alterniflora, an invasive plant, was first introduced to China from the Atlantic Coast of the U.S.
in 1979 [6]. For the purpose of ecological engineering, it was used to protect coastal dikes, promote
siltation, purify water quality, and ameliorate soil, etc. [6,7]. However, with its strong adaptability, high
productivity, and rapid growth, introduced S. alterniflora expands rapidly in the intertidal zones [8-10].
Over the past three decades, S. alterniflora has become a primary invasive species in the coastal areas of
China from Liaoning Province to Guangxi Province, and even across the Taiwan Strait [11,12]. The area
of S. alterniflora greatly increased from being absent in 1981 to 34,451 ha by 2007 [12]. In recent years,
some studies have indicated that S. alterniflora is an increasing threat to many coastal environments and
native communities by altering the characteristics of local environments, clogging navigation and flood
control channels, reducing open mud feeding habitats of shorebirds, competing with native plants,
and even decreasing biodiversity [13-15]. Therefore, in 2003, S. alterniflora was officially regarded as
one of the 16 most serious invasive species by the Ministry of Environmental Protection of China [16].

Remote sensing has been extensively applied to monitor invasive plants [17-19]. Landsat imagery
with a 30 m/60 m resolution and almost 40-years-long time span is the most widely used dataset for
characterizing invasive plants; however, it is insufficient for mapping invasive plants in the ecotone
and for generating detailed maps in a small area [12,20,21]. Moreover, it is useless for discriminating
initial small patches, and a lag may thus exist between patch establishment and patch detection [22,23].
Therefore, high-resolution imagery (pixel size less than 10 m) is necessary for local or finer scale
research to provide more detailed information. Some researches have suggested that high-resolution
imagery is a feasible and straightforward data source that can be used to pinpoint invasive plants
based on their unique spatial patterns or phenological characteristics [24,25]. Nonetheless, in previous
studies focused on monitoring S. alterniflora dynamics, little research and few projects have used
high-resolution images because of their high cost and the short time-span of a single data source.
As a public available software, Google Earth can freely provide high-resolution imagery of simulated
natural color derived from commercial imaging satellites and aerial photography, which are usually
expensive, and the historical imagery function can help users to traverse back in time and study earlier
stages of any place [26,27].

The Zhangjiang Estuary is a site designated as Wetlands of International Importance (Fujian
Zhangjiangkou National Mangrove Nature Reserve. Ramsar site No. 1726) that protects the
northernmost and the largest concentrated area of natural mangrove forests in China. Despite this,
in recent years, the Zhangjiang Estuary has suffered from S. alterniflora invasion. However, little
research has been conducted on the dynamic changes or expansion patterns of S. alterniflora. Therefore,
the aims of this paper are: (1) to explore the use of Google Earth imagery in combination with other
high-resolution images to delineate S. alterniflora invasion; (2) to monitor the dynamics of S. alterniflora
extent during 2003-2015 and conversions between S. alterniflora and other land cover types; (3) to
analyze the expansion patterns of S. alterniflora under different environmental circumstances and
human activities; and (4) to examine the possible impacts of S. alterniflora invasion on mangrove forests
and determine the driving factors of S. alterniflora expansion in this estuary.
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2. Materials and Methods

2.1. Study Area

The study area is located within the estuary of Zhangjiang River in Yunxiao County, Fujian
Province, China (Figure 1). It consists of 21.1 km? of estuary waters, intertidal mudflats, mangrove
swamps, and salt marshes. Intertidal vegetation is dominated by invasive S. alterniflora and native
mangroves (Kandelia obovata, Aegiceras corniculatum, and Avicennia marina) [28]. The topography shows
an apparent ladder-like decreasing pattern in elevation from northwest to southeast. The climate
is subtropical maritime monsoon with an annual average temperature of 21.2 °C. The maximal
temperature is 38.1 °C, while the minimal temperature is 0.2 °C, and the hottest period lies between
July and September. The annual precipitation ranges from 1348 mm to 2493 mm, with an average
of 1714 mm, and the rainfall is mostly distributed between April and September. The dynamics and
geomorphologic processes of the Zhangjiang Estuary are profoundly influenced by runoff and tidal
(semidiurnal) currents. Located in this area, the Fujian Zhangjiangkou National Mangrove Nature
Reserve (ZNMNR) was established for protecting mangrove ecosystems, endangered wildlife, and
aquiculture genetic resources [29].
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Figure 1. The study area: (a) The location of Zhangjiang Estuary in China and the extent of subzones in
this area; (b) Vegetation distribution of the intertidal zone in the Zhangjiang Estuary; (c) Distribution of
S. alterniflora populations as a strip along the coast; and (d) Expansion of newly colonized S. alterniflora
clumps towards the sea.
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In 1981, S. alterniflora was first successfully planted in Luoyuan Bay of Fujian Province. Up to 2007,
there were 4166 ha of S. alterniflora in the coast along Fujian Province [12]. Tidal flats with estuaries,
bays, and winding coastlines are suitable for S. alterniflora plantation and proliferation. However,
the expansion patterns of S. alterniflora usually vary under different environmental backgrounds and
are susceptible to human activities. Therefore, based on different environmental backgrounds, six
subzones were defined to study the different expansion patterns of S. alterniflora in this region (Figure 1).
The Mangrove Zone contains the largest patch of mangrove forests in this region, and the Mudflat
Zone is the area that appears in front of the Mangrove Zone during low tides, where little land was
reclaimed. The Sandbank Zones include one big sandbank suffering from land reclamation and a small
sandbank where most of the mudflats have been converted into aquaculture ponds. The North/South
Coastal Zones are typical transitional areas between land and ocean that are sensitive to human and
natural disturbances. These six subzones encompass the most extensive infestations in this region.

2.2. Data Acquisition and Preprocessing

Land cover data from 2003 to 2015 were acquired from cloud-free high-resolution images,
including GF-1, SPOT-5, and GE images. GF-1 satellite is the first flight unit of the Chinese
High-Resolution program and plays an important role in high-resolution land observation and disaster
monitoring. GF-1 images were downloaded from the China Center for Resources Satellite Date and
Application (http:/ /www.cresda.com/CN/), including a panchromatic band of a 2 m spatial resolution
and four multi-spectral bands (near-infrared, red, green, and blue) of an 8 m spatial resolution. The
SPOT-5 simulated natural color image was purchased from the AIRBUS. Google Earth is the most
popular virtual globe, and more than 25 percent of the Earth’s land surface and three-quarters of the
global population are covered by sub-meter resolution GE imagery, mainly provided by DigitalGlobe
and CNES/ Astrium [30]. However, GE imagery has been manipulated to reduce spectral information
and improve the appearance when it is displayed on the surface of the virtual globe. Therefore, GE
imagery only has three bands (red, green, and blue), even though the original imagery had more
bands [26,31,32]. In this paper, “GE imagery” only represents the improved RGB imagery displayed on
the surface of Google Earth, rather than its original imagery provided by commercial image operators.
Table 1 lists the images used in this study with their characteristics and applications.

Table 1. Characteristics of the selected high-resolution images.

Year Source Acquisition Date Band Resolution (m)  Tidal Level Remark
2003 SPOT-5 2003.01.04 3 2.5 Low Classification
2005 Google Earth ! 2005.02.09 3 1 Low Classification
2011 Google Earth ! 2011.04.24 3 1 Low Classification
2012 Google Earth ! 2011.12.24 3 1 Middle Classification
Google Earth 2 2014.01.31 3 1 Low Classification
2014 GF-1 2014.01.18 4 2 Low Ancillary data
GF-1 2014.08.23 4 2 High Ancillary data
2015 Google Earth! 2015.10.17 3 1 Low Classification

Google Earth 1and Google Earth 2 have the same data source (i.e., Google Earth), but their original data providers
are different, the former indicates the GE imagery is provided by DigitalGlobe, and the latter indicates the GE
imagery is provided by CNES/ Astrium.

Gram-Schmidt pan sharpening is one of the most widespread fusion methods, which usually
produces high quality fusion results for most images and performs better than many other
algorithms [33-35]. We applied this method by ENVI software to merge the panchromatic and
multi-spectral bands of GF-1 images; the resulting fused images exhibited a higher sharpness and
spectral quality (with a spatial resolution of 2 m and four bands). To standardize the image dataset
and keep the spatial details, all images were resampled to a pixel size of 1 m x 1 m and projected to
the Universal Transverse Mercator (UTM) coordinate system, Zone 50 North. To reduce the potential
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position errors among these images, we initially geo-rectified the GE image obtained in 2015 with a
1:50,000 topographic map. Then, using the geo-rectified GE image as a reference, we made geometric
corrections for other images based on ground control points (GCPs). With at least 30 evenly distributed
GCPs in each image, the root mean squared error (RMSE) of geometric rectification was less than
0.5 pixel.

Ground surveys were conducted in December 2012 and September 2015, and a total of 131 and
116 samples of land cover types were collected in each year, respectively. The samples contained 21
and 35 points of S. alterniflora in 2012 and 2015, the remaining samples of 2012, respectively, contained
30, 37, 13, 24, and 6 points for the mangrove forest, water body, aquaculture pond, intertidal mudflat,
and other land, and there were 26, 17, 11, 15, and 12 points in 2015 for each class, in the same sequence
as above. All points were used to validate the accuracy of the classification results in 2012 and 2015.

2.3. Classification Methods and Accuracy Assessment

In this study, an object-oriented method was applied in conjunction with visual interpretation
to classify the land cover types in different years. Six land cover types were delineated: S. alterniflora
(SA), mangrove forest (MF), intertidal mudflat (IM), aquaculture pond (AP), water body (WB), and
other land (OL).

The object-oriented classification method was conducted by the eCognition Developer
8.64 software. The first step was image segmentation, which aims to segment an image into groups of
contiguous and homogeneous pixels (image objects) as the mapping unit [36]. It is crucial to develop an
appropriate segmentation scheme because subsequent classification directly depends on the segmented
image objects [37]. In this study, a multi-resolution segmentation algorithm was adopted, and the scale
factor and homogeneity criterion are the most important parameters during this process. The scale
factor determines the size of the image objects; the larger the scale parameter, the more objects can
be fused and the larger the objects grow [38].The homogeneity criterion is composed of a shape
and compactness factor that controls the clustering decision process [27]. The shape factor balances
the spectral homogeneity with the shape of the objects, while the compactness factor balances the
compactness with smoothness [39,40]. Users can set values from 0 to 1 for the shape and compactness
factor to determine objects at a certain level of scale. Small S. alterniflora patches are regularly shaped
as round clumps, and a little more weight was thus assigned to the shape than the default value
(the shape factor was set to 0.2); the compactness parameter was set at 0.5 to balance the compactness
with smoothness. Based on our previous experiments, we segmented images with different scales
that ranged from 1 to 30, and after a series of tests, we compared the segmentation results by visual
inspection. When the scale parameter was eight, a satisfactory match between the image objects and
landscape features was achieved. Using a thematic layer for segmentation will cause a further splitting
of the image objects, while enabling consistent access to its thematic information [41]. To ensure that
the unchanged landscape patches in different years have consistent outlines, we used the image objects
created by the images of latter years as thematic layers to segment the earlier image. Figure 2 shows
the segmentation results of multi-source high-resolution images.
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Figure 2. Segmentation results of multi-source high-resolution images: (al)—(c1) illustrate images of
three typical regions of different data sources; (a2)—(c2) show segmentation results of the three parts
corresponding to (al)—(c1).

The second step was to classify land cover types by visual interpretation. There are obvious
spectral differences between S. alterniflora and the mangrove in the images of winter, because the
leaves of S. alterniflora turn yellow, while mangrove is evergreen. Since newly colonized patches
of S. alterniflora are small in size and difficult to discern, to minimize biasing dispersal data with
classification errors, uncertain patches of S. alterniflora were refined by contrasting the context features
on at least two years of images to determine the final land cover types. Firstly, we classified the
image of 2015, and validated the classification results by ground survey points. Then, we took the
classification results of 2015 as a thematic layer to segment the 2014 image and revised the land cover
types in 2014. In this way, we took the previous classification results as a thematic layer to segment the
next image until all images were classified.

The accuracy of the classification results of 2012 and 2015 were assessed by ground survey samples
(described in Section 2.2). Due to a lack of field survey data in 2003, 2005, 2011, and 2014, one hundred
independent points for each image were generated by a random sampling scheme. These random
points were classified into S. alterniflora and other land cover types after consulting with local experts
and experienced interpreters, and were then used as validation points. Confusion matrices were
individually created for each study year to measure the agreement between our classification results
and the validation points. The overall accuracy, user accuracy, producer accuracy, and Kappa coefficient
calculated from the confusion matrices were used to assess the accuracy for each land cover map [42].

2.4. Landscape Metrics and Dynamic Indices

S. alterniflora patches that occurred on the margins of mangrove forests not only compete with
mangrove forests for nutrients, light, and space, but also suppress mangrove recruitment [28].
To quantitatively assess the possible impacts of S. alterniflora expansion on mangrove forests, the
S. alterniflora patches adjacent to mangrove forests were selected and some landscape indices for
each study year were calculated, resulting in a time series of indices to assess the environmental
stress of mangrove forests caused by S. alterniflora expansion. In this study, five indices were selected:
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(1) class area (CA); (2) largest patch index (LPI); (3) mean patch size (MPS); (4) clumpiness index
(CLUMPY); and (5) aggregation Index (Al). CA is a commonly used metric to measure landscape
composition. LPI is a simple measure of dominance that equals the percentage of the total landscape
area comprised by the largest patch [43]. MPS is probably best interpreted in conjunction with the
total class area, patch density (or number of patches), and patch size variability, which is a widely
used metric in spatial pattern analysis [44]. CLUMPY is an effective index of dispersion that isolates
the configuration component. Al is applied to quantify the level of aggregation of spatial patterns
and provides a quantitative basis to correlate spatial patterns with processes that are typically class
specific [45]. These landscape metrics were calculated using the Fragstats 4.2 software.

To objectively describe the dynamic degree of S. alterniflora, the annual change rate was used to
describe S. alterniflora changes in the entire region where S. alterniflora invasion and land reclamation
both occurred over time, whereas the annual expansion rate emphasizes the range and speed of the
natural expansion of S. alterniflora that usually leads to an exponential growth, so it was only used in
the Mudflat Zone where land was not reclaimed by human activities. The equations are expressed
as follows:

u,z_uh 1

K= =t x gy X 100% 1)

U, = Uy x (1+p)N ()

where K is defined as the annual change rate of S. alterniflora for each stage; P represents the annual
expansion rate; U, and U, are defined as the area of S. alterniflora at the beginning year and ending
year in each stage, respectively; and N is the time in years.

3. Results

3.1. Classification Accuracy Assessment

Table 2 presents the accuracy assessment results of the land cover types in each study year.
The classification accuracy in 2012 was lower than that of other years. Especially when considering the
categories of water body and intertidal mudflat, the confusion may be attributed to the tidal activity,
which can lead to turbid water in littoral areas. The overall accuracies of all the classification results are
more than 0.85, and all of the Kappa coefficients are more than 0.80, which means that our classification
results are significantly consistent with those obtained from the validation points.

Table 2. Summary of land cover classification accuracies from 2003 to 2015.

Year 2003 2005 2011 2012 2014 2015
Source SPOT-5 GE GE GE GE&GF-1 GE

Land Cover Type Pro Use Pro Use Pro Use Pro Use Pro Use Pro Use
S. alterniflora 082 09 082 093 08 094 09 09 084 088 091 0.89
Mangrove Forest 090 09 091 091 09 092 093 090 089 089 091 091
Water Body 086 08 091 087 09 090 08 082 092 088 083 083
Aquaculture Pond 078 078 082 090 092 08 100 093 100 088 082 090
Intertidal Mudflat 091 08 08 078 082 090 063 071 077 085 080 0.86
Other Land 080 100 075 100 08 080 083 1.00 100 075 083 0.83
Overall accuracy 0.87 0.87 0.90 0.86 0.87 0.88
Kappa coefficient 0.83 0.84 0.88 0.82 0.84 0.85

Pro denotes producer accuracy; Use denotes user accuracy.

3.2. Spatial Distribution and Temporal Changes

Figure 3 displays the classification results of S. alterniflora in the Zhangjiang Estuary from
2003-2015. Table 3 lists the temporal change of the S. alterniflora area and the change rate in each
period. The results show that the areal extent of S. alterniflora expanded from 57.94 ha to 116.11 ha
during the study period (2003-2015), with an annual change rate of 8.37 percent. In 2003, S. alterniflora
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was mainly distributed around the aquaculture ponds or along the coastline of the Zhangjiang estuary,
and some small and scattered S. alterniflora clumps were located in front of the mangrove forests
towards the sea. From 2003 to 2005, the area of S. alterniflora increased to 66.76 ha, with an annual
change of 7.61 percent. In 2005, S. alterniflora clumps evidently spread, but some patches had already
been surrounded by aquaculture ponds. Additionally, several newly colonized S. alterniflora clumps
of a small size appeared on the mudflat. In 2011, some S. alterniflora patches in mangrove forests
and on the mudflat disappeared. The area of S. alterniflora in 2011 was the smallest during the entire
study period, and most S. alterniflora presented a belt-like distribution along the southeast-northwest
direction. During the period 2011-2012, the expansion of S. alterniflora was insignificant by the creeping
spread of existing patches, but the spatial pattern of these existing S. alterniflora patches was more
aggregated. However, S. alterniflora expanded explosively after 2012. From 2012 to 2014, the rising
trend was obvious and the annual change rate reached 21.14%. Some scattered clumps were turned
into dense and extensive stands, which was the primary contributor to S. alterniflora expansion, and
some new colonized S. alterniflora clumps appeared on the mudflat and gradually moved to the sea.
By 2015, more than 60 percent of S. alterniflora was concentrated on the mudflat within the Mudflat
Zone and Big Sandbank Zone because of S. alterniflora expansion and land reclamation. In particular,
during 2014-2015, the annual change rate reached 32.98 percent and newly colonized S. alterniflora
patches widely and randomly covered the mudflat.
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Table 3. Area of S. alterniflora from 2003-2015 and its changes during different stages

Year Area (ha) Stage Change of Area (ha) Annual Change Rate (%)
2003 57.94 2003-2005 8.82 7.61

2005 66.76 20052011 -9.41 —2.35

2011 57.34 2011-2012 4.02 7.01

2012 61.36 2012-2014 25.95 21.14

2014 87.31 2014-2015 28.80 32.98

2015 116.11 2003-2015 58.17 8.37

3.3. Conversions between S. alterniflora and Other Land Cover Types

The conversion results between S. alterniflora and other land cover types are displayed in Figure 4.
It was found that the process of S. alterniflora expansion was significantly seaward throughout the
study period (Figure 4a), but the areal extent of conversions changed at different stages (Figure 4c).
At the beginning, S. alterniflora spread along the edges between S. alterniflora and other land cover types.
However, the extent of S. alterniflora was markedly enlarged after 2012. During the entire study period,
nearly 105 ha of S. alterniflora was transformed from intertidal mudflats. After 2012, approximately 1 ha
of mangrove forests was converted into S. alterniflora. Small portions of aquaculture ponds occupied
by S. alterniflora also occurred during 2005-2011 and 2012-2014. The spatial extents of S. alterniflora
occupied by other land cover types are shown in Figure 4b. The results indicate that most areas of
S. alterniflora declined during the period from 2005 to 2011; S. alterniflora was primarily converted into
aquaculture ponds over the entire period (Figure 4d). Especially during the period before 2011, nearly
28 ha of S. alterniflora was converted into aquaculture ponds, and some areas of S. alterniflora were
transformed into mangrove forests for mangrove replantation; from 2005 to 2011, some S. alterniflora
were even shifted to intertidal mudflats, mainly because of mudflat aquaculture activities. After 2011,
only small areas of S. alterniflora shrank, and the patches were mainly transformed into aquaculture
ponds and intertidal mudflats.
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Figure 4. Gain and loss of S. alterniflora and their conversions in different periods from 2003 to
2015. (a) displays the gains of S. alterniflora in different stages from 2003 to 2015; (b) shows the
losses; (c) displays the conversion from other land cover types into S. alterniflora; and (d) shows the
opposite transformation.
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3.4. Expansion Patterns of S. alterniflora in the Six Subzones

Curves representing the expansion patterns of S. alterniflora in the six subzones are illustrated
in Figure 5. The results show that the trends of S. alterniflora expansion varied with different
environmental circumstances and human activities. In the Mangrove Zone, areas of S. alterniflora
decreased during 2003-2011, remained almost unchanged during 2011-2012, and then increased from
2012 to 2015 (Figure 5a). The expansion of S. alterniflora in the Mudflat Zone was significant and had
an exponential tendency (Figure 5b). Owing to sufficient living space and little land reclamation by
human activity, S. alterniflora spread naturally and its invasion experienced two distinct stages during
the study period: the stage between 2003 and 2012 was characterized by a lag time, which is a common
feature of invasion between colonization and rapid expansion. In 2003, only 2.5 ha of S. alterniflora
appeared on the mudflat with a small size, but in 2012, the area of S. alterniflora approached 12 ha, at
an annual expansion rate of 18.81%. The year 2012 marked an onset of rapid population growth, so the
period during 2012-2015 was a rapid expansion phase with an annual expansion rate of up to 62.80%.
Although Coastal Zones are easily disturbed by humans, areas of S. alterniflora kept increasing, and the
increasing rate of the South Coastal Zone was faster than that of the North (Figure 5e,f). Additionally,
the changes of S. alterniflora in the Sandbank Zones fluctuated for several land reclamation events
(Figure 5c¢,d).
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Figure 5. Expansion patterns of S. alterniflora in subzones during the study period.
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3.5. Invasion of S. alterniflora into Mangrove Forests

The landscape metrics of these S. alterniflora patches contiguous and adjacent to mangrove forests
at the class level in each study year are listed in Table 4. It is clear that stress from S. alterniflora
expansion on mangrove forests became increasingly serious because the larger extents of S. alterniflora
distributed in front of the mangrove forests acted as a strip isolating the mangrove from the mudflat
and the ocean. In 2003, these S. alterniflora stands only occupied small areas in front of the mangrove
forests, but then rapidly spread and were gradually aggregated by turning scattered clumps into
large and dense stands over a period of 12 years. CA substantially increased from 12.13 ha in 2003
to 49.76 ha in 2015, LPI rose from 0.11% to 1.32%, and MPS increased significantly. All values of
CLUMPY in each year were close to one and presented a rising trend, which indicates that S. alterniflora
was increasingly aggregated. Al varied from 91.15 to 94.65, which also reconfirms the aggregation of
spreading S. alterniflora over the study period.

Table 4. Landscape metrics of S. alterniflora on the margins of mangrove forests from 2003 to 2015.

Year CA LPI MPS CLUMPY Al

2003 12.13 0.11 0.12 091 91.15
2005 18.27 0.17 0.14 0.92 91.63
2011 27.42 0.24 0.21 0.93 93.31
2012 29.51 0.24 0.22 0.93 93.49
2014 45.11 0.71 0.36 0.94 94.14
2015 49.76 1.32 0.37 0.95 94.65

CA denotes Class Area; LPI denotes largest patch index; MPS denotes mean patch size; CLUMPY denotes clumpiness
index and Al denotes aggregation index.

Figure 6 illustrates the degree of S. alterniflora invasion in mangrove gaps by recording whether
S. alterniflora exists in each gap. The results showed that the number of invaded gaps increased as
time passed, along with the total number of gaps. However, the percentage of invaded gaps varied: it
was approximately 85 percent in 2003 and then decreased sharply from 2003 to 2005, which may have
been affected by two reasons. One is that the amount of all gaps was low in 2003, and the other is that
sparse or dead mangroves easily formed gaps when large areas of mangroves were replanted during
2003-2005; however, some areas of S. alterniflora were cleared at the same time, which led to a limited
S. alterniflora spread in mangrove forests. The percentage of invaded gaps in 2011 was the same as in
2012 for the short stage, and then exhibited an increasing trend from 2012 to 2015, especially during
2014 to 2015, when the percentage rapidly increased as some small gaps were formed and invaded
along the river or tidal creek and some non-invaded gaps near land were merged with invaded gaps

to form big gaps.
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Figure 6. The invasion of S. alterniflora in mangrove forests.
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4. Discussion

4.1. Application of Multi-source High-resolution Imagery in Monitoring S. alterniflora Invasion

In this study, we selected the Zhangjiang Estuary as a case to explore the synergistic use of GE,
SPOT-5, and GF-1 images for monitoring S. alterniflora expansion. It was found that multi-source
high-resolution imagery has clear advantages in detecting S. alterniflora at a finer scale, such as
detecting newly colonized clumps, discerning S. alterniflora from other land cover types, and accurately
monitoring the process of S. alterniflora invasion. Google Earth is highly recommended for exploring
the invasion process of S. alterniflora in view of its cost-free historical imagery function. Another
advantage is that researchers can flexibly select images of different resolutions from Google Earth
based on the scale of the study area, because the spatial resolution of GE imagery depends not only
on the spatial resolution of the original image provided by the commercial image operators, but
also on the zoom level of Google Earth. However, in this study, the GE and SPOT-5 imagery only
had three bands and it was difficult to apply automatic computer classification methods to extract
S. alterniflora from such limited spectral information [46]. Additionally, a previous study showed that
visual interpretation seems to be the most intuitive and straightforward approach for mapping invasive
plants [18]; however, on-screen digitization is so subjective for delineating the outlines of landscape
patches that the classification results can be directly affected. Therefore, the object-oriented method,
combined with visual interpretation, was applied in this study. In addition, setting the classification
result as a thematic layer for further segmenting the next image can help to keep consistent outlines of
unchanged landscape patches and reduce the change analysis uncertainty. Finally, we achieved a high
accuracy for each study year, especially for GE imagery, which yielded more reliable classification
results according to the accuracy assessment in Table 2. These GE images derived from commercial
satellite images of a sub-meter spatial resolution may be the main reason. Nonetheless, multi-source
images still have some uncertainties because of the different characteristics in each image and the
complex environments in the coastal area. It is difficult to produce unbiased maps derived from images
of different data sources because there are spatial uncertainties caused by different satellite over-pass
times, scanning systems, and angular effects. Although we have standardized these images to a pixel
size of 1 m X 1m, the relatively coarse spatial resolution of the SPOT-5 image (2.5 m) in 2003 cannot be
truly resampled to a smaller spatial resolution. Therefore, patches in the classification maps of 2003 are
relatively coarser than in other maps.

4.2. S. alterniflora Dynamics Driven by Human Activities

Based on the spatial-temporal distributions shown in Figure 3 and the conversions between
S. alterniflora and other land cover types shown in Figure 4, it was found that human-induced land
cover changes are the major factor resulting in S. alterniflora shrinkage. Especially with economic
development, land reclamation from unvegetated mudflats or S. alterniflora to aquaculture ponds
occurred frequently, and the Zhangjiang Estuary became an important area for aquaculture production.
In addition to land reclamation along the coastal area, some sandbanks were reclaimed for aquaculture
ponds or used for mudflat aquaculture under the local land-contract policy [47]. Humans practicing
mariculture activities may clear S. alterniflora from most of the broad mudflats in this estuary [48].
Our results are in accordance with these situations and suggest that the losses of S. alterniflora were
mainly due to land conversions to aquaculture ponds during the study period; the most evident land
reclamation occurred on the big sandbank (Figure 7), and some S. alterniflora stands on the mudflat
were removed during 2005-2011.
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Figure 7. Images of S. alterniflora shrinkage caused by land reclamation from 2003 to 2015.

Mangrove replantation is another important factor resulting in S. alterniflora shrinkage (Figure 8).
Considering both ecological and economic benefits, mangrove forests should be protected and
replanted. In contrast, the harmful invasive plant S. alterniflora clogs navigation, threatens the operation
of aquaculture in this area, and should thus be controlled and even eliminated. As reported by Wetlands
International China (a global conservation organization in China), after a series of tests by managers of
ZNMNR and experts from Xiamen University, some S. alterniflora covers were eliminated, and a large
area of mangrove forests was replanted in their place from 2003 to 2010 [47]. Our monitoring results
showed that mangroves increased by nearly 10 ha compared with a reduction of S. alterniflora of nearly
1.6 ha during 2003-2011 in the Mangrove Zone.
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Figure 8. S. alterniflora shrinkage (red ovals) caused by mangrove replantation from 2003 to 2011.
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However, in some cases, human activities can also accelerate the expansion of S. alterniflora,
such as the planting of S. alterniflora and the inadvertent dispersal of its seeds. Additionally, human
disturbance of mangrove forests can easily form gaps and S. alterniflora can colonize these mangrove
gaps and suppress mangrove recruitment.

4.3. Possible Effects of S. alterniflora Invasion

S. alterniflora, as an invasive plant, has both positive and negative effects in the coastal areas
of China [12,49]. For example, a 4000-m-long dike in Yueqing Bay was seriously damaged by a big
typhoon in 1994, whereas 600 m of an 800-m-long dike in Wenling, close to Yueqing Bay, that was
covered by dense S. alterniflora, remained in good condition [21]. In Jiuduansha, because of the high
proliferation ability and competitive advantage, S. alterniflora inhibited the growth of other plant
species [50]. In the Zhangjiang Estuary, Li [28] found that S. alterniflora produced a huge number of
seeds per year along the Zhangjiang Estuary from 2011 to 2013. This probably explains why numerous
clumps appeared on the intertidal mudflat after 2012 in our study. Previous studies have also suggested
that once S. alterniflora becomes established in mangrove gaps, this invasive species can suppress
mangrove recruitment by competing for nutrients, light, and space [28,48]. Our results also showed
that mangrove forests were suppressed by the expansion of S. alterniflora in or around mangrove forests
(Figure 6). Moreover, S. alterniflora expansion directly affects mariculture activities and shorebirds that
forage on the mudflat, which provides abundant resources for local residents and migratory shorebirds.
Furthermore, S. alterniflora is becoming denser and larger, and if there is no deliberate intervention,
S. alterniflora may gradually cover the entire intertidal mudflat. Additionally, environmental changes
and ecosystem transformation may occur in this estuary because of the accretion of sediments and
competitive superiority by the invasion of S. alterniflora. As mentioned above, Figure 9 illustrates some
effects of S. alterniflora invasion in the Zhangjiang Estuary.

(d)

Figure 9. Effects of S. alterniflora invasion in the Zhangjiang Estuary. (a) S. alterniflora populations as a

strip isolating mangrove from the open sea; (b) S. alterniflora growth in the gaps of mangrove forests;
(c) S. alterniflora invasion as a threat to local mariculture activities; (d) S. alterniflora expansion towards
to the sea.
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4.4. Suggestions for Managing and Controlling the Invasion of S. alterniflora

In 2015, the total area covered by S. alterniflora had reached 116.11 ha and it is still increasing in the
Zhangjiang Estuary. We suggest that measures should be taken based on the different characteristics
of the subzones. Herbicide application and introducing new species are not suitable for this region in
view of environmental safety concerns. Cutting and grubbing combined with mangrove replanting
may be suitable for excluding S. alterniflora in mangrove gaps; mature and dense S. alterniflora clumps
need to be removed first because previous studies have shown that the combination of competition
and crab herbivory is sufficient to exclude young ramets or new recruits of S. alterniflora from intact
mangrove forests [28,48]. Moreover, it is necessary to reduce human disturbance to the mangrove
forests. The areas of S. alterniflora in the Sandbank Zones and Costal Zones were mainly affected by
land reclamation, so a potential method for S. alterniflora control in these regions is the combination of
cutting, flooding, and aquaculture [13]. With respect to S. alterniflora invasion in the Mudflat Zone,
it is difficult to eliminate such a large extent of S. alterniflora on the intertidal mudflat of a mangrove
reserve. More experiments and efforts should be taken to gain a full understanding of S. alterniflora
invasion and gather more experiences for controlling S. alterniflora expansion.

5. Conclusions

Google Earth imagery, as a freely available data source, has great advantages for monitoring
S. alterniflora invasion, especially for discerning small, newly colonized S. alterniflora clumps at an
early stage and improving the classification accuracy. Analyses of GE, SPOT-5, and GF-1 images for
tracking S. alterniflora invasion in the Zhangjiang Estuary from 2003-2015 showed that S. alterniflora
has significantly expanded during the past 12 years, the total area increased from 57.94 ha to 116.11 ha
with an obvious trend towards the sea, and the pattern of spread gradually changed from the lateral
expansion of the established populations to saltation dispersal created by seeds rather than by clonal
propagules. Most of the expansive S. alterniflora was converted from intertidal mudflats, while
S. alterniflora was mainly converted into aquaculture ponds by land reclamation. The expansion
patterns of S. alterniflora varied with different environmental circumstances and human activities.
In the Mangrove Zone, S. alterniflora first decreased before 2012 because of S. alterniflora harvesting
and mangrove replantation, and then increased rapidly after 2012. Several land reclamation events
resulted in S. alterniflora losses so that the dynamic trends fluctuated in the Sandbank Zones. Although
the Coastal Zones are easily disturbed by humans, areas of S. alterniflora maintained a rising trend and
the increasing rate of the South Zone was faster than that of the North. Up to 2015, nearly 44 percent
of S. alterniflora was distributed in the Mudflat Zone and the expansion pattern of this region showed
an exponential increase in cover for a sufficient living space. The year 2012 marked an onset of rapid
population growth: the period before 2012 was a lag time when the expansion rate was lower, whereas
the period during 2012-2015 was a rapid expansion phase with an annual expansion rate of up to
62.80%. Moreover, the effect of S. alterniflora invasion on mangrove forests was increasingly serious
because invaded mangrove gaps increased and S. alterniflora patches adjacent to mangrove forests
became much larger and more aggregated.

Above all, S. alterniflora invasion has been a serious threat to mangrove ecosystems, local
mariculture activities, and even endangered wildlife in the Zhangjiang Estuary. If measures are
not taken, the mudflat may be converted to monospecific intertidal grassland as a dense strip of
S. alterniflora isolating mangrove and wildlife from the mudflat and the sea. This study can aid in the
understanding of S. alterniflora invasion in different subzones with different natural conditions and
human impacts. These conclusions may be beneficial for making governmental policies that preserve
ecological environments and control S. alterniflora invasion.
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Abbreviations

The following abbreviations are used in this manuscript:

Al Aggregation Index

AP Aquaculture pond

CA Class area

CLUMPY Clumpiness index

GF-1 Gaofen-1

GCPs Ground control points

GE Google Earth

™M Intertidal mudflat

LPI Largest patch index

MEF Mangrove forest

MPS Mean patch size

OL Other land

RMSE Root mean squared error

S. alterniflora Spartina alterniflora

SA S. alterniflora

UM Universal Transverse Mercator

WB Water body

ZNMNR Zhangjiangkou National Mangrove Nature Reserve
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