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Abstract: Rapid invasion of Spartina alterniflora in coastal wetlands throughout the world has
attracted much attention. Some field and imagery evidence has shown that the landward invasion
of S. alterniflora follows the tidal channel networks as the main pathway. However, the specific
patterns and processes of its invasion in salt marshes in relation to tidal channel networks are still
unclear. Based on yearly satellite images from 2010 to 2018, we studied the patterning relationship
between tidal channel networks and the invasion of S. alterniflora at the south bank of the Yellow
River Estuary (SBYRE). At the landscape (watershed and cross-watershed) scale, we analyzed the
correlation between proxies of tidal channel network drainage efficiency (unchanneled flow lengths
(UFL), overmarsh path length (OPL), and tidal channels density (TCD)) and spatial distribution of
S. alterniflora. At the local (channel) scale, we examined the area and number of patches of S. alterniflora
in different distance buffer zones outward from the tidal channels. Our results showed that, overall,
the invasion of S. alterniflora had a strong association with tidal channel networks. Watershed
with higher drainage efficiency (smaller OPL) attained larger S. alterniflora area, and higher-order
(third-order and above) channels tended to be the main pathway of S. alterniflora invasion. At the
local scale, the total area of S. alterniflora in each distance buffer zones increased with distance within
15 m from the tidal channels, whereas the number of patches decreased with distance as expansion
stabilized. Overall, the S. alterniflora area within 30 m from the tidal channels remained approximately
14% of its entire distribution throughout the invasion. The results implicated that early control of
S. alterniflora invasion should pay close attention to higher-order tidal channels as the main pathway

Keywords: salt marsh; Spartina alterniflora invasion; tidal channel network; drainage efficiency;
remote sensing; Yellow River Estuary

1. Introduction

Over the last decades, perennial rhizomatous Spartina alterniflora, as a dreaded invader spreading
rapidly to estuaries and coastal salt marshes throughout the world, has received much attention [1–3].
In tidal saltmarshes, sexual reproduction by seeds and asexual propagation by tillering and rhizome
production are the main ways for S. alterniflora to successfully colonize in new habitats [4–6].
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The invasion of S. alterniflora is influenced by numerous biotic and abiotic factors, such as nutrients [7]
and herbivores [8], as well as local geomorphology [9,10] and hydrology [11,12], which can be further
linked to tidal channels as ubiquitous landscape configuration controlling tidal prism and inundation,
fluxes of sediments, nutrients, and hydrochorous seed dispersal in and between salt marshes [13–15].
The latter can be of disproportionate importance by mediating colonization of remote habitats [16,17].
More recently, some field observations and aerial images in Chinese shorelines have shown that the
landward invasion of S. alterniflora follows the tidal channel networks as the main pathway [13,18,19].
Therefore, to make a robust prediction of S. alterniflora invasion for coastal wetland management, it is
important to improve our understanding of the role of tidal channel networks in its invasion in coastal
salt marshes.

The previous studies focused on the influence of tidal channels on the distribution of salt marsh
plants have demonstrated that both native and invasive species tended to colonize along the tidal
channels [9,20,21]. Some studies have also reported that salt marsh plants showed a significant increase
in abundance along channel banks, which was followed by a decrease with lateral distance further away
from the tidal channels [22,23]. This may be attributed to the lower salinity [24], higher moisture [25],
higher nutrient level [10], and better-aerated condition [26] near tidal channels. Some morphological
features of tidal channels (e.g., bifurcations and meanders) are fundamental in determining species
distribution patterns in salt marsh, and marshes with highly sinuous channels were found to possess
more productive vegetation [27]. Moreover, small and shallow tidal channels tended to retain more
nutrients and particulates within the salt marsh [10,23], for which a mathematical function was
proposed by Sanderson et al. [28] to measure the “channel influence” at each point of the adjacent area
as a function of its distance to channels as well as channel order.

Some studies have examined the interplay between exotic species invasion and tidal channel
networks. Amongst them, Hou et al. [29] analyzed the qualitative relationship between the size
and alignment of tidal channels and the invasion area and rate of S. alterniflora, and found that
S. alterniflora mainly invaded landward along the main tidal channels aligned in the land–sea direction.
Schwarz et al. [13] studied the impact of altered bio-geomorphic feedbacks caused by S. alterniflora
invasion on tidal channel networks through proxies such as unchanneled flow lengths (UFL) and
overmarsh path length (OPL) as indicators of tidal channel drainage efficiency [30,31], and found
that the tidal channel drainage efficiency in the invaded site had a decreasing tendency throughout
S. alterniflora invasion. Tidal channels density (TCD) is another proxy commonly used to define the
drainage efficiency of a tidal channel network based on channelized length [31]. The conventional
TCD was defined as a single integral parameter out of the entire channel network, and did not take
into account the spatial heterogeneity of channel order and sinuosity that are of great importance to
drainage efficiency of a tidal channel network in salt marshes [10,23]. Considering this limitation,
Zheng et al. [21] proposed a modified TCD as a spatially variable index, and observed a significant
negative correlation between modified TCD and fractional vegetation cover (FVC) at landscape scales
in a S. alterniflora invaded salt marsh.

By far, the majority of the previous studies [10,20,23] have focused on the response of salt marsh
plants to the abiotic factors (e.g., salinity, inundation, and elevation) near tidal channels at local scales,
typically through field surveys with limited sampling plots or transects. A few studies [9,21,23] have
attempted to clarify the spatial relationship between salt marsh vegetation distribution patterns and
tidal channels at landscape scales using aerial images, but the specific patterns and processes of exotic
species invasion in salt marshes in relation to tidal channel networks still remain elusive. On an
analogous note, linear wetlands such as channels, ditches, or roadsides as highly connected networks
have been recognized as serving corridors facilitating species invasion at the landscape scale [32].

In this study, we explore the effects of tidal channel networks on the spatiotemporal invasion
dynamics and distribution patterns of S. alterniflora at both local and landscape scales at a typical
coastal salt marsh at the Yellow River Estuary (YRE), China. This salt marsh has experienced fast
areal expansion of S. alterniflora since 2013 [33], and the intertidal zone is free of intensive human
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disturbances, allowing us to observe the invasion and distribution patterns of S. alterniflora under
close to natural conditions. In this paper, we aim to: (1) investigate the spatiotemporal dynamics of
S. alterniflora invasion at both local and landscape scales; and (2) quantify the patterns and processes of
the invasion with respect to the tidal channel networks. The ultimate goal is to provide references to
improve the understanding of S. alterniflora invasion and its control for coastal wetland management.

2. Materials and Methods

2.1. Study Area

We conducted the research at the YRE located in Dongying City, Shandong Province, China
(118◦68′E–119◦34′E; 37◦77′N–38◦12′N) (Figure 1). The study area is characterized by a semi-humid
continental monsoon climate with four distinctive seasons (Jiang et al., 2013). The annual mean
temperature is 11.5 to 12.4 ◦C, and the annual mean precipitation ranges from 576.7 to 596.9 mm [34,35].
The relative elevation to sea level (Yellow Sea Datum, YSD) ranges from −0.7 to 0.63 m [36]. Previously,
Suaeda salsa, Tamarix chinensis, and Phragmites australis were the dominant native species in the coastal
salt marshes [33].
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Figure 1. Map of the study area.

S. alterniflora is a perennial rhizomatous grass native to the Gulf and Atlantic coasts of North
America. It was originally introduced to East China in 1979 for beach protection and enhancing
sedimentation, and nowadays has aggressively invaded a wide expanse of Chinese shoreline [37,38].
As such, S. alterniflora was listed as one of the 16 invasive species by the Environmental Protection
Bureau of China in 2003. S. alterniflora was purposely introduced to the tidal flats of Wuhaozhuang
to the north of Gudong oil field at the YRE in 1990, and had occupied the low marshes and spread
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out to the high marshes since 2013 [33,39,40]. In recent years, some field and imagery evidence has
been reported that the invasion of S. alterniflora followed the tidal channel networks as the main
pathways [13,18,19]. At the YRE, we have observed the same phenomenon from remote sensing images
(Figure 2a) and field surveys (Figure 2b).
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Figure 2. GaoFen-2 remote sensing image (CIR: NIR, red and green band) acquired in 2018 (a) and field
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The study area is located at a well-developed tidal channel system at the South Bank of the Yellow
River Estuary (SBYRE), which contains 6 watersheds (Figure 1). Due to the favorable hydrodynamic
conditions with relatively weak waves and strong tidal currents, well-developed dendritic tidal channel
networks formed at the SBYRE [41]. As a result, S. alterniflora seeds can be dispersed along the tide
channel networks throughout salt marshes, which also partly contributed to the rapidly expanding
S. alterniflora communities in this area [39].

Due to the bidirectional flow in the tidal channels, the terrestrial approach of delineating
watersheds based on the elevation data proved inapplicable in intertidal systems [31]. Following
previous studies [30,42], we delineated the watershed areas of our study area using the principle
proposed by Marani et al. [31], i.e., the divide between watersheds is approximately equidistant from
adjacent tidal channels. Therefore, the seaward boundary was determined by the inlet of the tidal
channel network, and the lateral boundary was delineated with equal distances to tidal channels in
adjacent watersheds.

2.2. Data Acquisition and Preprocessing

Given that S. alterniflora first colonized the study area in 2010, salt marsh tidal channel networks
and land cover data from 2010 to 2018 were acquired from yearly satellite images (Table 1) in this study.
Amongst them, cloud-free Landsat images were mainly used to extract the distribution of S. alterniflora
and study its invasion patterns at landscape scale, whereas the high-resolution GaoFen images with
cloud cover less than 1% were used to extract both S. alterniflora and tidal channel networks and
study their relationship at local scales. Landsat images were downloaded from the United States
Geological Survey (https://earthexplorer.usgs.gov/), including a panchromatic band of 15 m resolution
and multi-spectral bands of 30 m resolution. All Landsat images were selected at low tides in winter to
facilitate distinguishing S. alterniflora from other annual species. GaoFen images were downloaded
from the China Centre for Resources Satellite Data and Application (http://www.cresda.com/CN/),
including a panchromatic band and four multi-spectral bands (near-infrared, red, green, and blue).
Given its long revisit period and high cloud cover during the study period, the selection of the GaoFen
images was not able to match the seasons and tidal levels of the selected Landsat images.

https://earthexplorer.usgs.gov/
http://www.cresda.com/CN/
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Table 1. Characteristics of the selected remote sensing images.

Year Source Acquisition Date Resolution (m) of
Multispectral Bands

Resolution (m) of
Pansharpen Bands Tides

2010 Landsat 7 ETM+ 5 October 2010 30 15 Low
2011 Landsat 7 ETM+ 11 December 2011 30 15 Low
2012 Landsat 7 ETM+ 27 November 2012 30 15 Low
2013 Landsat 8 OLI 22 November 2013 30 15 Low
2014 Landsat 8 OLI 24 October 2014 30 15 Low
2015 Landsat 8 OLI 27 October 2015 30 15 Low
2016 Landsat 8 OLI 16 December 2016 30 15 Low
2017 Landsat 8 OLI 30 September 2017 30 15 Low
2018 Landsat 8 OLI 3 October 2018 30 15 Low
2014 GaoFen -1 PMS2 21 May 2014 8 2 Middle
2015 GaoFen -1 PMS2 25 May 2015 8 2 Low
2016 GaoFen -2 PMS2 11 August 2016 4 1 High
2017 GaoFen -2 PMS2 31 January 2017 4 1 Low
2018 GaoFen -2 PMS2 1 March 2018 4 1 High

Ground surveys were conducted in October 2018, and a series of aerial images were acquired by
drone while sampling. Overall, a total of 145 verification samples containing 43 points of S. alterniflora
and 102 points of non-S. alterniflora were collected. The location of sampling sites is shown in Figure S3
in Supplementary Material.

Using ENVI 5.3 software, all images were processed for radiometric calibration and FLAASH
atmospheric correction. To improve image resolution, the panchromatic band was merged with
multispectral bands through Gram–Schmidt pan sharpening in the toolbox. Afterwards, all images
were projected to the Universal Transverse Mercator (UTM) coordinate system, Zone 50 North.
To reduce the potential position errors with GaoFen images, we made geometric corrections based on
ground control points (GCPs) using the Landsat image as a reference in ArcGIS10.2. To standardize
the image dataset and retain the spatial details, all Landsat and GaoFen images were resampled to a
pixel size of 15 m × 15 m and 2 m × 2 m, respectively. Before we performed the image segmentation,
all images were clipped using the boundary of the study area.

2.3. Classification Methods and Accuracy Assessment

Following Vandenbruwaene et al. [42] and Zheng et al. [21], normalized difference water index
(NDWI) was adopted alongside visual interpretation to identify the tidal channels in ENVI 5.3.
After interpretation, channel orders were determined using the method of Strahler [43]. Based on the
S. alterniflora growth characteristics and some previous interpretation methods [38,44,45], maximum
likelihood classifier was adopted to interpret vegetation in the salt marsh in ENVI 5.3. S. alterniflora
and non-S. alterniflora patches were identified and refined by visual interpretation. There are distinct
interspecific differences between S. alterniflora and the other species in the images in winter: Mid-low
intertidal zones near the sea are often occupied with S. alterniflora, while Suaeda salsa would grow in the
lower moisture areas far from the sea [46]; Phragmites australis is mainly distributed along the banks of
the Yellow River, and a relatively clear boundary is visible to separate P. australis from S. alterniflora [47];
Zostera japonica, a seagrass mostly distributed seaward from S. alterniflora patches, dies off each year
after September [48]. 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. Specifically, we took the previous classification results as a thematic layer to segment
the next image until all images were classified. Results of the remote sensing image interpretation
were digitized into binary raster images with 1 for S. alterniflora, and 0 otherwise.

A total of 145 field survey samples were recorded by a series of aerial images acquired by drone
in 2018. For other years lacking field survey data, 100 independent random sampling points were
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generated each year in the study area in Arcgis10.2 to verify the classification results of 2010–2017 [49].
These random points were classified into S. alterniflora and non-S. alterniflora by referring to relevant
literature [47] and consulting with local experts and experienced interpreters. In this study, we
randomly collected 50% of the ground truth points as training samples, and the others as validation
samples. Confusion matrices were created for each year, and the overall accuracy, user accuracy,
producer accuracy, and Kappa coefficient were calculated to measure the agreement between our
classification results and the validation points [38,49,50].

2.4. Quantifying Tidal Channel Properties

Drainage efficiency is commonly used to evaluate the spatial distribution of tidal channel networks
in tidal flats [30,31,51]. Unchanneled flow lengths (UFL), overmarsh path length (OPL), and tidal
channels density (TCD) are proxies that represent the drainage efficiency of tidal channel networks
in individual watersheds in draining the site during the ebb and in distributing water and sediment
during the flood tide [30]. Specifically, UFL is the hillslope distance of all pixels to the tidal channel
network [27,51,52], representing the distance a water drop has to travel until it reaches the closest
channel [21,30]. Because of the low elevation gradient in intertidal wetlands, Euclidean distance
was generally used instead of slope distance to reduce computational cost [30,42]. Based on the
semi-logarithmic exceedance probability distribution curve of the UFL, the negative reciprocal of the
slope of the linear part by fitting a linear function can be calculated and termed as OPL. It represents the
average distance that needs to be crossed within a marsh before encountering a tidal channel [31,42].
Therefore, smaller OPL means a well-distributed tidal channel network and hence higher drainage
efficiency [30,31]. In this study, OPL was calculated separately for the 6 individual watersheds.

TCD is another commonly used metric that represents the drainage efficiency of tidal channel
networks as the ratio of total channel length versus catchment area [30,31]. To make it a spatially
variable index, Zheng et al. [21] redefined it on the basis of unit area. Previous studies have shown that
network drainage efficiency is also affected by channel branching and meandering, and marshes with
higher-order and highly sinuous channels possess relatively high efficiencies [27,28]. Therefore, we
refine the spatially-varying TCD by incorporating a weighting factor related to the order and sinuosity
of tidal channels. Figure 3 shows a grid cell with its circular neighborhoods. The refined TCD (TCDor)
is calculated as follows:

TCDor =
n∑

i=1

(ωorder · ri · Li)/A, (1)

where ωorder represents the channel order weighting factor; Li represents the length of the portion of the
ith tidal channel that falls within the circle; ri represents the mean sinuosity ratio of ith tidal channel,
which is defined as the ratio of the length of the tidal channel Li to the Euclidean distance between the
starting and ending points; A represents the area of the search circle. The search radius is determined as
600 m by the maximum value of TCDor (TCDor, max) and its correlation coefficient with the distribution
of S. alterniflora (see Text S1 in Supplementary Material for details). Sanderson et al. [28] developed
the cumulative inverse squared distance function to measure the local “channel influence”, in which
the weighting factor associated with channel order is dependent on channel cross-sectional area and
maximum discharge. Following previous studies [28,41], the channel order weighting factors ωorder for
1st, 2nd, 3rd, 4th, and 5th -order channels are assigned as 0.1, 1, 10, 50, and 60, respectively.
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Figure 3. Calculation of the refined tidal channels density (TCD). Arabic numerals on the line represent
the tidal channel order; ωi represents the channel order weighting factor; ri represents the mean
sinuosity ratio of each tidal channel; Li is the length of the tidal channel, and Le is the Euclidean distance
between starting and ending points.

In this paper, we calculated the OPL of each individual watershed to evaluate the overall drainage
efficiency of tidal channel networks in the watershed. To further explore the relationship between
tidal channel networks and S. alterniflora invasion, we calculated the spatially-varying UFL and TCD
with different definitions in ArcGIS 10.2 using tidal channels extracted from GaoFen-2 image of the
year 2018. Following Kearney and Fagherazzi [27], which showed that the statistics for the above
third-order channels more accurately reflected the actual network structure, UFL was calculated on the
above third-order tidal channels thereafter. Specifically, UFL1–UFL6 are UFL corresponding to the #1–6
watershed, respectively; TCDo (TCDo =

∑
(ωorder · Li)/A) was calculated only accounting for channel

order; TCDr (TCDr =
∑

(ri · Li)/A) was calculated only accounting for channel sinuosity; TCDor was
calculated accounting for both channel order and sinuosity as shown in Equation (1).

2.5. Quantifying the Invasion of S. alterniflora

Previous studies have shown that invasive plants like S. alterniflora usually undergo an exponential
expansion [49]. The annual invasion rate was used to quantify the S. alterniflora invasion at the
SBYRE [49]:

Ua = Ub × (1 + p)N, (2)

where p represents the invasion rate; Ub and Ua are the area of S. alterniflora at the beginning and
ending year of the period of interest, respectively; and N is the number of years.

Pearson correlation analyses were used to quantify the relationship between tidal channel
networks and S. alterniflora in various watersheds at landscape scales. We further normalized the
spatially-varying UFL and TCD metrics to the range of (0, 1) using their minimum and maximum
values across the study area, and binned the normalized UFL and TCD metrics into ten equally-divided
intervals and calculated the area proportion of S. alterniflora averaged over all pixels falling into each
interval for each normalized metric (see Text S2 in Supplementary Material for details). The proportion
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of S. alterniflora was defined as the ratio of S. alterniflora pixels to the total amount of pixels within a
working area.

To further characterize the spatiotemporal pattern of S. alterniflora invasion in relation to distance
from tidal channel networks at the local scales, we examined the areas occupied by S. alterniflora from
2014 to 2018 using high-resolution GaoFen images, given that both the evolution of tidal channels and
invasion rate of S. alterniflora gradually stabilized after 2014. Following Lathrop et al. [22], we examined
the spatial distribution of S. alterniflora in relation to distance to the higher-order tidal channel at 5 m
increments up to 30 m. Some common landscape indices were analyzed, such as the area proportion of
S. alterniflora and number of patches at various distance buffer zones. These landscape metrics were
calculated using Fragstats 4.2 [53].

3. Results

3.1. Spatiotemporal Dynamics of S. alterniflora Invasion and Tidal Channel Characteristics

The classification results are with an overall accuracy of 80–97% and a Kappa coefficient of
0.80–0.88, and the producer and user accuracies are greater than 0.80 (Table S1), which means that the
S. alterniflora classification results are satisfactorily consistent with those obtained from the validation
points. These accurate classification results were used for subsequent spatial analysis.

Figure 4a shows the S. alterniflora invasion process at the SBYRE from 2010 to 2018. Based on the
change of the total area of S. alterniflora, we divided the invasion process into two phases, namely the
initiation phase (2010–2013) and the expansion phase (2013–2018, Figure 4b,c) In 2010, S. alterniflora first
colonized the spot near the YRE with a total area of 0.21 km2. During the initiation phase, although the
total area and number of patches of S. alterniflora increased steadily, the annual invasion rate exhibited
significant fluctuation (Figure 4b,c). After colonization and establishment near the YRE, it gradually
spread southward along the coastline presumably driven by the nearshore currents, and subsequently
expanded landward along the tidal channels. At the beginning of the expansion phase, invasion
rate rebounded, which was followed by moderate fluctuation afterwards. While the total area of
S. alterniflora kept increasing throughout the expansion phase, the number of S. alterniflora patches
increased abruptly from the initiation to expansion phase and remained stable from 2013 to 2015.
In 2016, both S. alterniflora area and number of patches increased dramatically and stabilized afterwards.

Table 2 documents the characteristics of the tidal channel networks in the various watersheds
based on the GaoFen-2 image in 2018. The southernmost #6 watershed had the largest area and total
channel length and yet the lowest drainage efficiency (largest OPL). The #4 watershed had the highest
drainage efficiency of the tidal channel networks with the smallest OPL. During the initiation phase,
while S. alterniflora areas increased immediately in the #1 and #4 watersheds, invasion of S. alterniflora
in the remaining watersheds did not start until 2012. As the expansion phase kicked off in 2013,
S. alterniflora areas in all watersheds gradually increased, albeit at different rates (Table 3). Invasion of
S. alterniflora showed signs of slowing down in 2018 with an average total invasion rate of only 0.02,
and the invasion rates of individual watersheds were all less than 0.01 except in the #6 watershed.
As a newly colonized site, the #6 watershed still featured a substantial invasion rate of 0.16 in 2018,
indicating the potential for further expansion in the subsequent years.
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Table 2. Characteristics of tidal channel networks in various watersheds.

Watershed
Total

Channel
Length (km)

Watershed
Area (km2)

Higher-Order
Channel

Length (km)

Maximum Channel
Mouth Width (m) OPL (m)

#1 39.196 8.417 17.603 98.613 163.934
#2 27.296 4.280 8.641 81.759 181.818
#3 19.580 3.065 8.096 50.408 188.679
#4 48.281 7.078 10.332 132.016 140.845
#5 42.227 7.388 12.556 102.916 169.492
#6 67.572 15.716 19.955 134.704 200.000

Total 244.153 45.943 77.758 — —

Notes: Higher-order channel length denotes the total length of the 3rd, 4th, and 5th order tidal channels. Symbol #
is the number sign in the designation of ordinal numbers.

Table 3. Annual invasion rate (p) of S. alterniflora in the various watersheds from 2010 to 2018.

Year
Annual Invasion Rate (p) of S. alterniflora

#1 #2 #3 #4 #5 #6 Total

2010–2011 4.45 — — 14.50 — — 4.47
2011–2012 0.41 — — 22.48 — — 0.66
2012–2013 0.36 16.49 — 7.28 13.49 — 1.95
2013–2014 0.08 0.07 — 0.17 1.01 4.48 0.23
2014–2015 0.96 0.16 45.83 0.63 0.59 0.08 0.71
2015–2016 0.27 0.25 0.48 0.41 0.4 2.07 0.41
2016–2017 0.17 0.06 0.05 0.02 0.04 0.06 0.10
2017–2018 0.01 0.01 0.00 0.00 0.00 0.16 0.02

Presumably due to its location adjacent to the mouth of the Yellow River, which is among the
most sediment-laden rivers in the world, #1 watershed experiences rapid progradation seaward.
Therefore, we excluded the #1 watershed that is subject to potentially strong estuarine influence from
the analysis, and found that the area of S. alterniflora in the remaining watersheds in 2018 showed a
significant negative correlation with OPL, i.e., positive correlation with overall drainage efficiency of
the watershed (Figure 5).
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watersheds in 2018.

3.2. Relationship between Tidal Channels Networks and S. alterniflora Distribution at Landscape Scales

To further investigate the relationship between the morphology (e.g., bifurcations and meanders)
of the tidal channel networks and the invasion of S. alterniflora at the landscape scale, we analyzed the
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distribution of S. alterniflora with respect to the spatially-varying drainage efficiency of tidal channel
networks (UFL and TCD) (Figure 6). The area proportion of S. alterniflora with increasing drainage
efficiency after normalization in the #1–6 watersheds are presented in Figure 7.Remote Sens. 2020, 12, x FOR PEER REVIEW 11 of 18 
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sinuosity; TCDor was calculated accounting for both channel order and sinuosity. Proportion of
S. alterniflora was defined as the ratio of S. alterniflora areas to the total area of the zone in question.
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Figure 7. Proportion of S. alterniflora with increasing unchanneled flow lengths (UFL) and tidal
channels density (TCD) with different definitions: UFL was calculated with the above third-order tidal
channels; UFL1–UFL6 are UFL corresponding to #1–6 watershed, respectively; TCDo was calculated
only accounting for channel order; TCDr was calculated only accounting for channel sinuosity; TCDor

was calculated accounting for both channel order and sinuosity.

Figure 7 showed that there is a steady increase in the proportion of S. alterniflora with increasing
TCDo until around 0.7, which suggested that different channel orders with different channel sizes had
varying degrees of influence on the invasion pattern, and higher-order channels were more closely
related to the distribution of S. alterniflora. On the contrary, no clear trend was observed between the
area proportion of S. alterniflora and the TCDr. This is further verified by the curve of the TCDor being
almost coincident with that of TCDo, which indicated that the influence of the channel curvature on
the spatial distribution of S. alterniflora is relatively insignificant.

Furthermore, we analyzed the area proportion of S. alterniflora with increasing UFL. Results showed
that with increasing UFL, the area proportion of S. alterniflora decreased steadily. This indicated that
patches of S. alterniflora concentrated near the tidal channels, which became more sparse with increasing
distance from the tidal channels, and could even vanish at sufficient distance. Similar trends were
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found in UFL2 through UFL6, amongst which S. alterniflora in the #4 watershed with the highest
drainage efficiency exhibited the most prominent concentration toward the tidal channels, whereas the
#6 watershed with the lowest drainage efficiency exhibited the least. By contrast, such trend could
not be observed in the #1 watershed with significant estuarine influence. Notably, UFL1 reached a
smaller maximum value of –0.6, which means the #1 watershed had relatively small UFL overall.
Taking the above analysis together, it suggested that S. alterniflora tended to congregate at higher-order
(third-order and above) channels, and the congregation became more prominent when the watershed
is with a greater drainage efficiency.

3.3. Relationship between Tidal Channel Networks and S. alterniflora Invasion at Local Scales

Figure 8 shows the variation of the S. alterniflora area and the number of patches within each
distance buffer zone in 2014–2018. The overall increase and then stabilization of the area proportion of
S. alterniflora, which represented the percentage areal distribution of the S. alterniflora along the distance
gradient in Figure 8a, corroborates with the trend of variation illustrated in Figure 4b. After 2015,
the number of S. alterniflora patches in the 0–5m distance buffer zone was significantly larger than in
the other distance buffer zones (p < 0.01). However, the area proportion of S. alterniflora in the nearest
zones were significantly smaller (p < 0.05). It increased with distance to tidal channels in the 0–15 m
buffer zones, whereas no significant difference was observed in the 15–30 m buffer zones. Meanwhile,
the area proportion of S. alterniflora beyond the 30 m buffer zones were relatively smaller during this
period. Overall, the S. alterniflora area within 30 m from the tidal channel networks accounted for
approximately 14% of the entire S. alterniflora area.
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from 2014 to 2018.

To further explore the relationship between tidal channel networks with different drainage
efficiency and the spatial distribution of S. alterniflora, we performed the above analyses in each
individual watershed in 2018 (Figure 9). Overall, the proportion of S. alterniflora within the 30 m
buffer zones to the entire S. alterniflora area attained the largest value (nearly 20%) in the #2 watershed.
This might be due to the better alignment of its higher-order tidal channels with the land-sea direction
(i.e., east-west), which facilitates the tide-driven spreading along the tidal channels. The #6 watershed
with the lowest drainage efficiency exhibited the lowest proportion (only 6%) of S. alterniflora distribution
in the 0–30 m buffer zones. The invasion in the #6 watershed was presumably still in the initiation
phase as reflected by both the proportion of S. alterniflora and number of S. alterniflora patches in buffer
zone within 5 m smaller than in the outer zones. While in the #1–5 watersheds, the number of patches
within 5 m buffer zones are significantly larger than the outer zones (p < 0.05), and the invasion of
S. alterniflora seemed to have entered a relatively stable phase in 2018 (Table 3).
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4. Discussion

During the past decades, the aggressive invasion and rapid expansion of S. alterniflora
had threatened biodiversity and ecosystem functioning in coastal salt marshes along Chinese
shorelines [18,54]. Some previous studies have shown that the landward invasion of S. alterniflora
followed the tidal channel networks [13,19]. In this study, our results showed that the invasion
of S. alterniflora had a strong association with tidal channel networks at both local and landscape
scales, and the invasion patterns of S. alterniflora in different phases at different scales exhibited some
different characteristics.

Tidal channel networks are ubiquitous features of salt marsh ecosystems, playing a crucial
role by controlling hydrodynamics, fluxes of sediments, nutrients, and biota in and between salt
marshes [13,23,55]. Maheu-Giroux and de Blois [32] demonstrated that linear wetlands such as channels,
ditches, or roadsides could serve as corridors facilitating invasion at the landscape scale because of their
spatial configuration as highly connected networks. Our results showed that tidal channel networks
acted as corridors in the intertidal salt marsh, leading to the rapid landward invasion of S. alterniflora
along the tidal channels in the expansion phase (Figure 4). Our results further revealed that the invasion
of S. alterniflora in the watershed with higher drainage efficiency was more expansive (Figure 5) and
exhibited more concentrated spreading along tidal channel networks (Figure 7), which highlights the
importance of the tidal channel network in the S. alterniflora invasion.

At the landscape scale, tidal channel morphology, such as bifurcations and meanders, has great
influence on the distribution of S. alterniflora. Sanderson et al. [23] reported from the field survey that
the vegetation showed significant increase in abundance approximately linearly with channel size,
which was roughly correlated with channel order. The results of spatial analysis between UFL and
the area proportion of S. alterniflora showed that the above third-order tidal channels played more
important roles in the distribution of S. alterniflora (Figure 7), which is consistent with the finding of
Hou et al. [29] and Kearney and Fagherazzi [27]. Furthermore, a steady increase was found in the area
proportion of S. alterniflora with increasing TCDo, reaffirming that the effects of tidal channels on the
invasion and distribution of S. alterniflora strongly depended on their channel orders.

The distribution of S. alterniflora in the early and late expansion phase near the tidal channels at the
local scales alongside the gradient of the various relevant physical factors. Tidal channels are prominent
salt marsh agents that can provide spatially differential physical constraints (e.g., elevation, inundation,
salinity etc.) on plants growth with a gradient perpendicular to the channels [10,56,57]. Generally,
a tidal channel shapes sequential geomorphic features such as marginal bank (0–5 m), transition
(5–15 m), and marsh interior (>15 m) [58]. Each of these geomorphic features receives varying degrees
of influence from the tidal channels, which eventually contributes to the local scale distribution pattern
associated with distance from the tidal channels [14,22,23]. According to Kim et al. [10], the marginal
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bank zone is the lowest in elevation, which contributes to its frequent inundation and lower salinity.
Elevation in the transition zone becomes higher with increasing lateral distance from the channel bank,
and the marsh interior zone is mid-high with infrequent inundation and highest salinity.

From our local-scale analysis, the area proportion of S. alterniflora in the buffer zone within 5 m
was significantly smaller than in the other distance buffer zones in the late expansion phase after 2015
(Figure 8a), which was consistent with expansion patterns of Phragmites australis in Piermont Marsh,
New York [22]. The area proportion of S. alterniflora increased significantly with the distance to tidal
channels in the 0–15 m buffer zones (Figure 8a). This may be due to lower elevation and increasing
inundation in distance buffer zones near tidal channels [11,21]. However, there was no significant
difference of S. alterniflora distribution in the 15–30 m buffer zones. Sanderson et al. [23] drew a similar
conclusion that, depending on the distance from the tidal channels, the tidal channels had influence
on the vegetation to varying degrees, especially within a 20 m distance range. Besides, Howes and
Goehringer [59] also showed that tidal drainage can influence hydrology up to 15 m from tidal channel
banks, consistent with the different trend starting from 15 m observed in our study.

Our research established that the invasion of S. alterniflora had strong association with tidal channel
networks, and higher-order channels tended to be the main pathway of invasion. Various mechanisms
behind the manifested pattern have been examined in the literature. For instance, as the main driving
force for the colonization of S. alterniflora in new habitats [60], tidal flow controls the dispersal of the
seeds in and between saltmarshes [61], thus affecting the spatiotemporal development of saltmarsh
vegetation. While tidal channels, as ubiquitous landscape configuration controlling tidal prism and
inundation, provide a important pathway for seed dispersal [15], which directly affects the distance,
strength, and effectiveness of plant expansion. In addition to surface effects, Howes and Goehringer [59]
illustrate that much of the drainage is belowground, which may also impact the survivorship of the
plants as it increases advection of nutrients and sulfides.

5. Conclusions

Our quantitative analysis based on remote sensing images proved that the invasion of S. alterniflora
had a strong association with tidal channel networks. S. alterniflora showed a preference to colonize
near the tidal channels, leading to rapid landward invasion in its expansion phase. At the landscape
scale, the invasion of S. alterniflora in salt marsh with higher drainage efficiency of tidal channel
networks (smaller OPL) attained larger S. alterniflora area and showed more concentrated spreading
along tidal channels. Besides, tidal channel orders exhibited great influence on channel effects on
S. alterniflora, and the higher-order (above third-order) tidal channels tended to play the dominant
roles in the invasion and distribution of S. alterniflora, whereas the effects of smaller channels were
insignificant. At local scales, the distance from tidal channels had great influence on the vegetation
distribution, especially within 15 m to the tidal channels. While area proportion of S. alterniflora
increased with distance within 15 m from the tidal channels, the number of patches decreased with
distance as expansion stabilized. Overall, the S. alterniflora area within 30 m from the tidal channels
remained approximately 14% of the entire distribution throughout the invasion.

Following Chirol et al. [30] who recommended OPL as a valid proxy of tidal channel networks
drainage efficiency, this paper advocates its utility as an indicator of overall watershed-level drainage
efficiency, whereas applicability of spatially-varying UFL and TCD was also demonstrated such that
local nuances of the tidal channel networks such as tidal channel order and sinuosity can be effectively
incorporated as well. While our results suggested watershed with more efficient channel networks are
prone to larger scale S. alterniflora invasion, Schwarz et al. [13] found that the tidal channel drainage
efficiency in the invaded site decreased following S. alterniflora invasion, potentially leading to a
negative feedback. This needs to be checked in the future as an important mechanism of S. alterniflora
invasion in relation to tidal channel networks.

To the best of our knowledge, this is the first quantitative study to correlate the patterns of tidal
channel networks with plant invasion dynamics at both local and landscape scales, which can provide
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references to improve the understanding of S. alterniflora invasion and its control for coastal wetland
management. Our research suggested that the invasion control of S. alterniflora could attempt to control
seed dispersal along the tidal channels, especially in the higher-order channels that tended to play a
more dominant role.
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