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As an aggressive invasive salt marsh plant, Spartina alterniflora has been found to invade
along tidal channel networks and threaten native salt marsh ecosystems. Previous studies
have established patterning correlations between S. alterniflora invasion and tidal channel
functions (drainage efficiency). However, a systematic analysis of S. alternifiora invasion in
relation to functional and geometric features of tidal channel networks is still lacking. In this
study, we extracted tidal channel networks from remote sensing images of the Yellow
River Delta, China, and performed numerical experiments to examine S. alternifiora
invasion patterns with tidal channel networks with varying drainage efficiency and
geometric nuances. An existing vegetation dynamics model was adapted to
incorporate hydrochorous seed dispersal and salinity buffer zone as the primary
mechanisms of tidal channels to facilitate vegetation colonization and was further
coupled with Delft3D. We analyzed the correlation of the simulated S. alterniflora area
with a comprehensive set of tidal channel functional and geometric metrics across
different spatial scales. Our results confirmed that watersheds with higher drainage
efficiency (larger tidal channel density (TCD) and geometric efficiency (GE), smaller
overmarsh path length (OPL)) attained larger S. alterniflora area. Given a similar
drainage efficiency, tidal channel networks with greater geometric mean bifurcation ratio
enhanced S. alterniflora invasion. On a local scale, channel order dictated local drainage
efficiency (spatially-varying TCD,,) and further influenced S. alternifiora area. The observed
patterns were further verified in principle by two real cases in the Yellow River Delta. Finally,
in viewing the efficacy of all metrics tested and further considering their computational
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costs, we proposed a holistic metric framework consisting of global metrics including TCD
and geometric mean bifurcation ratio and local metric including spatially-varying TCD,,, to
assess how tidal channel network mediates S. alterniflora invasion in particular and salt
marsh vegetation expansion in general in marsh-channel systems.

Keywords: tidal channel network, drainage efficiency, geometric features, Spartina alterniflora, vegetation dynamic

model, remote sensing

INTRODUCTION

Salt marshes are one of the most valuable ecosystems located
between land and ocean, which provide a variety of crucial
ecosystem functions such as habitat provision, biodiversity
maintenance and carbon fixation (Barbier et al., 2011).
However, invasive plants, such as Spartina alterniflora, have
been found to invade salt marsh ecosystems worldwide, causing
severe ecological and societal impacts (Ning et al., 2021a). Over
the past decades, the typical invasive salt marsh plant S.
alterniflora, a perennial rhizomatous grass native to the East
Coast of North America, has been invading rapidly to estuarine
and coastal salt marshes in other parts of the world (Zheng et al,,
2018). Because of its high water-logging and salinity tolerance, S.
alterniflora was first introduced to China in 1979 and
subsequently widely transplanted on mudflats along the coast
of China for erosion control and dike protection (An et al., 2007).
Due to its ability in both sexual reproduction through seed
dispersal and asexual reproduction through the clonal spread,
S. alterniflora has gradually become one of the dominant species
in low marshes along the coast of China (Xiao et al., 2011; Zhu
et al,, 2014), causing great damage to the structure and
functioning of the local ecosystems (Li et al., 2009). Recent
field observations have shown that S. alterniflora invades into
middle and high marshes primarily through tidal channel
networks (Tyler and Zieman, 1999; Schwarz et al, 2016; Qi
etal., 2017; Ning et al., 2020; Sun et al., 2020) (Figure 1), which is
in line with previous findings that marsh vegetation distribution
is strongly affected by tidal channel network (Lathrop et al., 2003;
Elsey-Quirk and Leck, 2021; Ning et al., 2021b). Therefore, an in-
depth understanding of the role of tidal channel network on S.
alterniflora landward invasion in the marsh-channel system is
imperative for invasion prediction and control.

As a basic geomorphic feature of the marsh-channel system,
tidal channel network controls hydrodynamics, transport of
sediment and biota in and between salt marshes (Kearney and
Fagherazzi, 2016; Taramelli et al., 2018). The hydrochorous seed
dispersal, i.e., water-mediated seed dispersal, is an important biota
transport process mainly driven by tidal currents and a primary
factor influencing plant community development in a marsh-
channel system (Chang et al, 2007; Shi et al., 2019). During
periodic high tides that inundate the marsh platform, seeds fallen
from their parent plants drift with the tidal current, and areas closer
to tidal channels tend to trap more seeds, especially in middle and
high marshes (Leck, 2003; Chang et al., 2007; Hopfensperger et al,
2009; Crawford et al., 2015; Shi et al., 2019). Moreover, periodic high
tides flush and lower soil salinity near the channels, providing a

salinity buffer zone for germination of retained seeds and
establishment of seedlings (Silvestri et al., 2005; Ning et al.,
2021b). The resulted plant patches along the tidal channel
gradually merge into the contiguous community and expand
landward (Sun et al, 2020; Wang et al,, 2021). Therefore, tidal
channel networks facilitate vegetation expansion primarily through
these two mechanisms in marsh-channel systems. Both
mechanisms are further dictated by the functions of the tidal
channel network, which can be quantified by its drainage
efficiency and the associated metrics, such as unchanneled flow
lengths (UFL), tidal channel density (TCD), overmarsh path length
(OPL) and geometric efficiency (GE) (Marani et al., 2003; Chirol
et al,, 2018).

In addition, geometric features such as bifurcation, channel
sinuosity and channel orders are also found to influence the
functions of channel network and vegetation distribution
(Sanderson et al., 2000; Kim et al., 2013b; Mou et al., 2021).
Amongst the major geometric features, bifurcation refers to the
splitting of a channel into two separate channels (Kaspar, 2019).
It affects hydrological and biogeochemical processes in and
between marshes and ultimately affects vegetation distribution
(Mou et al., 2021). Geometric mean bifurcation ratio, as a metric
of bifurcation, is widely used to reflect the level of development
of tidal channel networks and characterize the global geometry of
a network system (Li et al., 2019; Mou et al., 2021). In contrast,
both channel sinuosity and order are measured on a single
channel and thus indicate geometric features at the local scale,
which have also been found to influence vegetation patterns near
channel margins (Sanderson et al., 2001; Kim et al., 2013b).

Recently, the patterning relationship between tidal channel
networks and vegetation distribution at the landscape scale has
been studied using remote sensing imagery. Specifically, Sun et al.
(2020) observed that tidal channels with higher drainage efficiency
(smaller OPL) attained larger S. alterniflora area, and the high-order
channels were the main pathways for S. alterniflora invasion at the
south bank of the Yellow River Estuary, China. Similarly, Liu et al.
(2020) reported that in the northern Liaodong Bay, an efficient
channel network (smaller UFL and larger TCD) alleviated abiotic
stresses, i.e., soil moisture and salinity stress, and led to a larger
Suaeda salsa area, and the extent of vegetation die-off increased with
increasing lateral distance from tidal channels. Furthermore, several
studies reported that vegetation area and abundance increased
approximately linearly with channel size, which was roughly
correlated with channel order (Sanderson et al., 2000; Fan et al.,
2020). Moreover, an inverse logarithmic relationship between
channel sinuosity and vegetation patch size at the local scale was
found by Taramelli et al. (2018).
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FIGURE 1 | Examples of Spartina alterniflora landward invasion along with tidal channel networks in China. (A) Map of China; (B) Locations of example invasion
sites; (C) Yellow River Estuary Salt Marshes. Photo credit: Z.H. Ning and X. Ma; (D) Yancheng Salt Marshes (Source: http://img.itc.cn/photo/olbZcUsvYoA);
(E) Chongming Salt marshes (Source: http://photocdn.sohu.com/20160107/Img433760555.jpg). The red arrow represents the direction of invasion.
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To sum up, previous studies have established the correlations
of drainage efficiency and geometric features of tidal channel
network with S. alterniflora invasion in particular and vegetation
expansion in general (Taramelli et al., 2018; Fan et al., 2020; Liu
et al,, 2020; Sun et al., 2020). A tidal channel network with high
drainage efficiency tends to provide a relatively larger suitable
area for vegetation colonization (Kearney and Fagherazzi, 2016;
Sun et al., 2020). Moreover, geometric features such as channel
bifurcation and sinuosity, further mediate vegetation distribution
(Sun et al., 2020). Although the existing studies including those
mentioned above provide valuable insight into the effects of tidal
channel networks on vegetation expansion, they are largely
qualitative and concern only a limited number of metrics, and
systematic analysis in relation to the functional and geometric
features of tidal channel networks is still lacking. The latter can
improve our understanding of the underlying mechanism and
enhance our assessment and predictive capability for S.
alterniflora invasion control.

As an attempt to fill the gap, we performed carefully designed
numerical experiments using process-based models to
mechanistically test the hypothesis that a higher drainage

efficiency network obtains a larger S. alterniflora invasion area
in a marsh-channel system. Moreover, we tested a secondary
hypothesis that given the same drainage efficiency, the additional
geometric nuances also make a difference for vegetation
distribution. We adapted an existing S. alterniflora dynamics
model to incorporate a new hydrochorous seeds dispersal
module. Tidal channel networks with varying drainage
efficiency were schematized from remote sensing images of the
Yellow River Delta (YRD), China as an exemplary site where S.
alterniflora invasion follows tidal channel networks (Sun et al.,
2020). Here, we assumed that tidal channel geomorphology was
in an equilibrium state and also neglected the vegetation
feedback on tidal channel evolution, as vegetation mainly has
stabilizing effects on pre-existing channel geomorphology
(Schwarz et al.,, 2014; Taramelli et al., 2018). The simulated
hydro- and morpho-dynamic results of these schematized tidal
channel networks from Delft3D (Lesser et al., 2004) were used to
drive the vegetation dynamics model to simulate a landward
invasion of S. alterniflora. Statistical correlations between the
simulated vegetation area and a comprehensive set of functional
and geometric metrics were analyzed over the local and
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watershed scales. The simulated spatial patterns of S. alterniflora
invasion and their evolution dynamics were verified against two
real cases in YRD as well. Finally, a holistic metric framework
was proposed to assess how the tidal channel network affects S.
alterniflora invasion in particular and salt marsh vegetation
expansion in general. According to our hypothesis, the
following specific questions are addressed: (1) How does S.
alterniflora distribution pattern relate to functional features of
tidal channel networks as quantified by various drainage
efficiency metrics? (2) Under a similar drainage efficiency, will
S. alterniflora invasion be sensitive to channel geometric features,
such as channel sinuosity and bifurcation? Answering the above
questions can help advance our understanding of how tidal
channel network mediates S. alterniflora invasion, and also
assist in designing effective control strategies to prevent exotic
species invasion in marsh-channel systems.

METHODS AND MODEL DESCRIPTION

Tidal Channel Scenarios

We firstly explored how drainage efficiency, which was
characteristic of functional features of tidal channel network
and commonly measured by TCD, affected S. alterniflora
invasion. Specifically, we extracted the tidal channel networks
from remote sensing images of the YRD and set them as the
initial geomorphology similar to Finotello et al. (2019). We
selected the YRD as it is an exemplary site where a landward
invasion of S. alterniflora followed the well-developed tidal
channel networks as the main pathways (Fan et al., 2020; Sun
et al., 2020). Considering the development stage of the tidal
channel networks, we selected Landsat images of the YRD from
the years 2010, 2014, 2016 and 2020. All images (see Table 1)
were selected at low tides and cloud cover to facilitate
distinguishing tidal channel networks, and the selected images
were further processed for radiometric calibration and FLAASH
atmospheric correction in ENVI 5.3 (Sun et al., 2020). Afterward,
we merged the panchromatic band with multispectral bands
through Gram-Schmidt pan sharpening to improve image
resolution and conducted geometric correction. After
processing all images, the tidal channel networks were

extracted using the Normalized Difference Water Index
(McFeeters, 1996) and further refined by visual interpretation.
Previous studies suggested that interpretation of lower-order
channels (2“d order and below) was laborious and usually led
to artifacts that did not reflect the actual structure of the channel
network in question (Kearney and Fagherazzi, 2016). Further
considering that S. alterniflora invasion mainly follows high
order channel as the main pathways (Sun et al., 2020), we only
extracted channels above second order from the images. Lastly,
we compared the channel networks extracted from different-year
images, and the well-developed ones with minor changes in their
geomorphology after S. alterniflora invasion were finally retained
to be used for subsequent numerical experiments.

Our model domain included three closed land boundaries
and one open seaward boundary (see Sec. 2.2). Because of the
boundary configuration, the model domain, where the initial
elevation is above 0 m, can be considered as a single watershed
with a fixed area. Under such assumption, the tidal channel
density was calculated by tidal channel length divided by the
prescribed watershed area, which ranged from 0.0014 m™ to
0.0064 m™'. In our simulation scenarios, the tidal channel
networks varied from linear dendritic to dendritic patterns
with increasing tidal channel density (Hughes, 2012). We
divided them into three classes with high, medium and low
TCDs, respectively, based on natural breaks classification (Jenks,
1967) of their respective TCD values (Figure 2). The natural
breakpoints were 0.0027 m™* and 0.0039 m™. In each class, three-
channel networks with the same or similar TCD value were
selected as replicates. Once selected the channel networks with
the same or similar TCD value, we gave priority to the ones with
different geometric mean bifurcation ratio.

Model Description and Setting

In this study, we used Delft3D, which is a process-based
numerical model that solves hydrodynamics, sediment
transport and morphodynamics in a coupled fashion, to
simulate hydro- and morpho-dynamics of the schematized
tidal channel networks (Lesser et al., 2004). Based on a
previously developed S. alterniflora dynamics model (Zheng
et al, 2022), we further incorporated a hydrochorous seed
dispersal module to account for seed dispersal in tidal channel

TABLE 1 | Characteristics of the selected remote sensing images.

Use Acquisition Date Source

Resolution (m) of Multispectral Bands

Resolution (m) of Pansharpen Bands

Landsat 7 ETM+
Landsat 8 ETM+
Landsat 8 ETM+
Landsat 8 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
GaoFen -1 PMS2
GaoFen -1 PMS2
GaoFen -1 PMS2
GaoFen -1 PMS2
Landsat 8 ETM+
GaoFen -1 PMS2
GaoFen -1 PMS2

Channel Extraction November 6th, 2010
May 1st, 2014

August 26th, 2016
October 24th, 2020
August 23th, 2012
May 30th, 2013

June 26th, 2013
December 9th, 2013
May 21th, 2014
September 21th, 2014
October 24th, 2014
April 14th, 2015
September 21th, 2015

Verification

30 15
30 15
30 15
30 15
30 15
30 15
8 2
8 2
8 2
8 2
30 15
8 2
8 2
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FIGURE 2 | The geometries of tidal channel networks used in our numerical experiments. (H) High tidal channel density; (M) Middle tidal channel density; (L) Low
tidal channel density. The marsh platform was divided into low, middle and high marshes based on elevation.

networks. The upgraded S. alterniflora dynamics model was
coupled with the Delft3D model to explore how the tidal
channel network mediates S. alterniflora landward invasion.

Delft3D Model Setting

A rectangular watershed-scale computational domain (3,000 m x
1,500 m) was set up. As suggested by Best et al. (2018), a grid size of
10 mx10 m is sufficient for channel description. Recent studies have
shown that the width of high order channel in YRD ranged from
hundreds of meters in low marsh to several meters in high marsh
(Sun et al., 2020; Wu et al.,, 2020). Considering the smaller channel
size in high marshes, we adopted a grid size of 5 mx5 m. The initial

bed elevation increased from -2 m at the seaward boundary to 2 m
at the landward boundary over a cross-shore distance of 3,000 m.
This elevation gradient covers low, middle and high marshes (Wang
et al,, 2018). Here, we divided marsh platforms into low, middle and
high marshes with different elevations based on vegetation type,
tidal range and elevation in the YRD (see Figure 3C) (Wang et al,
2018; Xie et al., 2019; Ning et al., 2021b). The marshes above 1.27 m
elevations were considered as high marshes, while marshes below
0.9 m were low marshes, and marshes with elevation in between
were identified as middle marshes. The seaward boundary was
prescribed as an open boundary and the rest were impermeable. An
example of the model setting and domain is shown in Figure 3A.
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We set the tidal range, water depth, sediment concentration,
and sediment grain size with values representative of the YRD
following Wang et al. (2021), which developed a biogeomorphic
model to simulate marsh platform evolution in the YRD.
Specifically, we assumed suspended sediment concentration to
be 0.002 kg/m” at the seaward boundary. Two types of sediments
with a median grain size of 7.5 pm and 28 pm were adopted.
Similar to Best et al. (2018), a Thatcher-Harleman time lag of
120 min was defined to prevent sudden variations in the
suspended sediment concentration and the associated
numerical instabilities. Here, we only considered tides and
neglected waves because the transport of propagules and seeds
was mainly due to tidal currents (Huiskes et al., 1995; Chang
et al., 2008), and fluctuating water level due to simplified 1 m
semidiurnal tides at the seaward boundary was set accordingly.
The critical shear stress for erosion was 0.1 N/m> A uniform
Chézy roughness value of 65 m'/*/s was set. The hydrodynamic
time-step was set to 15 s for Delft3D to ensure simulation
accuracy and stability. The morphological acceleration factors
of 12 and 120 were set for the seed dispersal period and the rest of
the year, respectively, as more accurate hydrodynamic results
were required for the simulation of hydrochorous seed dispersal
in the former case.

Finotello et al. (2019) set a uniform initial water depth of 4 m
and ran Delft3D to allow geomorphological evolution to attain
quasi-equilibrium conditions. This setting would induce
significant hydro- and morpho-dynamic perturbations during
the initial simulation stage and thus require sufficient spin-up
time (Finotello et al., 2019). Here, following Finotello et al.
(2019), we adopted a uniform initial tidal channel depth to be
1 m based on field observation in the YRD (Wu et al., 2020).
Then, we set a 24-hour hydrodynamic spin-up time and run
another 1-year simulation for each scenario to evolve tidal
channels and allow the geomorphological evolution to reach
the equilibrium condition. The obtained tidal channel networks
were used as a geomorphological template for subsequent
coupled ecogeomorphological simulations.

Spartina alterniflora Dynamics Model

The S. alterniflora dynamics model was adapted from Zheng
et al. (2022). A hydrochorous seed dispersal module was
incorporated to account for seed dispersal in tidal channel
networks. A brief introduction of the upgraded S. alterniflora
dynamics model was presented in the following. The detailed
information of the existing model can be found in Zheng
et al. (2022).
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Model Framework

As an aggressive invasive species, S. alterniflora has the ability in
both sexual reproduction through seed dispersal and asexual
reproduction through clonal spread (Xiao et al., 2011). In
accordance with the life history and traits of S. alterniflora, our
model comprised four components, i.e., seed germination, clonal
spread, hydrochorous seed dispersal and mortality. Following
Zheng et al. (2022), we introduced Windows of Opportunity
(WoO) and plant life cycle to capture vegetation dynamics in
different plant growth stages. The plant life cycle contained four
components, i.e., seed germination, clonal spread, seed
production and hydrochorous seed dispersal. These four
ecological processes were controlled by four phenological
points (t;, ty, t3, ty) (see Figure 4) and their durations were
further defined using Boxcar function, i.e.

Htm,t,,(t) =H(t-t,)-H(t-t,) (1)

where t,, and f, are the respective phenological points of an
ecological process expressed in Julian day, ¢ is Julian day, and H
(t) is Heaviside step function. The Boxcar function assumes unity
for t,, < t < t, and 0 otherwise.

Model Equations

Following Takahashi et al. (2019) and Zheng et al. (2022), the
vegetation density (number of shoots/m®) was modelled by
incorporating clonal spread, plant self-growth, seed

germination and mortality. Here, we used diffusion term to
simulate the lateral clonal spread of S. alterniflora as it could
successfully reproduce its circular colony pattern (Takahashi
et al, 2019; Wang et al, 2021). Afterwards, logistic growth
function was used to simulate plant self-growth under Allee
effect in a new colony (Taylor et al., 2004; Taylor and Hastings,
2004; Wang et al., 2021). The governing equation is as follows,

JP &
E = Htl’t4(t) |:D5P vz P+7’P(1 - Cmax):|t

+ Hi‘ptz (t)RgerSs(l - Rsmur_v) (1 - Rmor_s) (2)
- PRumor_v - PRmor_s

where P represents vegetation density (shoots/m?),Dy, represents
rate of clonal spread due to rhizome expansion (m. day '),
V2= % + aa_zz is the Laplacian operator, r is the maximum
growth rate (day '), C,,,.is the maximum density supported by
the system (i.e. carrying capacity, number of shoots/m?), Rger is
seed germination rate depending on hydrodynamics and soil
salinity (shoots/seeds), S, is the number of seeds in seedbank
after hydrochorous seed dispersal (number of seeds/(mz.day)),
Ryor » 18 the mortality rate of seedling under hydrodynamic
stress (%), Ryor s is the mortality rate of vegetation under salinity
stress (%), Rymor » is the mortality rate of adult plant under
hydrodynamic stress (day ™), rP(1 — =) is the logistic growth
term to simulate the population self—grr(n;xjvth,Rge,SS(l—Rsmo,HJ)(l—

Seedling

&)

g\?ﬁ <

0[[12
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FIGURE 4 | Plant life cycle and Windows of Opportunity of Spartina alternifiora [adapted from Vanderklift et al. (2020)].
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R, s) is the survived seedling under the stress of
hydrodynamics and salinity, and PRy, , is the dead adult
plants under hydrodynamic stress.

As reported by Griffith and Forseth (2002), there are two
phases in their dispersal once seeds leave their parental plants.
The primary dispersal is the movement from their parental
plants to the nearby ground by gravity, which is characterized
generally as short-distance dispersal. Most of the seeds fall fairly
close to the parental plants, and the seed density declines
exponentially with the distance away from the plants (Griffith
and Forseth, 2002). Therefore, we used another diffusion term
(D) to simulate the primary seed dispersal. The second phase is
hydrochorous seed dispersal, which is relatively more important
for vegetation colonization than primary seed dispersal,
especially for invasive species (Shi et al., 2019). As reported in
previous studies, the fallen seeds could be dispersed by tidal
currents for long-distance after falling on the ground or entering
a tidal channel (Ge et al., 2015; Ning et al., 2021b). Therefore,
similar to Ge et al. (2015), we assumed that the fallen seeds were
directly carried away by tidal currents when the grids were
occupied by water. For vegetated grids distributed along the
margins of the tidal channels, we followed Crawford et al. (2015)
and assumed that the seeds could directly fall into tidal channels
even if the grids were dry.

The advection equation has been successfully used in
simulating long-distance seed and propagule dispersal in fluvial
(Cunnings et al., 2016), tidal (Ruiz-Montoya et al., 2015) and
lacustrine (Vilas et al., 2017) environments. Therefore, we used
the advection term (VRg.,dS,,) to simulate hydrochorous seed
dispersal. We assumed that mobile seeds with concentration S,
(number of seeds/m?) moved in the same direction as tidal
currents. Based on this assumption, seeds would not move again
if they arrived on a grid that was flooded and subsequently dried.
Besides, we followed Crawford et al. (2015) and assumed that
only if the deposition location of a mobile seed in a channel was
less than 5 m (one grid size) from the channel edge could the seed
be captured and redistributed in the grids near the channel.
Otherwise, the seed would drown. The resulted governing
equation for hydrochorous seed dispersal is as follows,

0S8 < kS )
== -V Rs readsm -— )+ (3)
ot Ht3,t5 P Zd
H[g,[4 Rprop‘*H,}),S D, V*S,

where R,,.qq is the velocity of seed dispersal due to tides-induced
advection (m.day'l), 7, is the ratio of mobile seeds floating time
to one year (%), k is the rate of conversion of mobile seeds to
seeds in seedbank (day'l), R, is the number of seeds produced
per day (number of seeds/(shoot. day)), Diis the diffusion
coefficient from primary seed dispersal (m. day™).

The final distribution of seeds after dispersal is strongly
influenced by the interplay between tidal currents and trapping
agents such as vegetation and microtopographic features (Wang
et al.,, 2018). Previous study has reported that spatial distribution
of seeds in seedbanks across salt marshes is strongly correlated
with the patterns of adult plant abundance, due to greater seed
production where adults are more abundant and limited

subsequent dispersal away from the parental plants (Rand,
2000). Therefore, we adopted a normalized index to calculate
seed retention rate, which was related to vegetation density in
each grid (see Eq. 5). Specifically, the seed retention rate on grids
with maximum vegetation density was calculated by the number
of seeds in seedbank divided by total seed production during the
fruiting stage, which was around 20% based on field observation
(Xiao et al, 2009). For bare flats, ie., the part of the marsh
platform without vegetation, even though seed rarely ends up on
bare flats (Xiao et al,, 2009), we set a minimal probability of
0.01% for seed retention to account for accidental events.
Moreover, the number of seeds in seedbank varied as a result
of herbivory, fungal attack and rot (Xiao et al., 2009; Zheng et al.,
2018; Ning et al., 2019). Hence, we set a seed exponential decay
term to incorporate the change in the number of seeds in
seedbank over time until the next growing season based on
field observation results (Xiao et al., 2009). The resulted
governing equation for seedbank dynamics is as follows,

9, kS,
ot = _Htl,tz Rge'SS + Ht3,t5 T—d - Hfz»'% RyjossSs (4)

k=02

o (5)
where is Ry, is the seed decline rate (day’l).

When seeds start to germinate in the next growing season,
their survival are subject to soil salinity and hydrodynamic
condition (Ning et al., 2020; Ning et al, 2021b). Similar to
Briickner et al. (2019), linear dose-effect relations in which the
mortality rate increases with increasing pressure were adopted to
calculate the mortality caused by hydrodynamic stress during the
seedling and adult stages as follows,

0 itv < Vpin
_ V"Vormin
Ramor?v - v f:m. lf Vamin <V < Vamax (6)
amax—Vamin
0.1 iV >V
0 ity < v
VVonin
Rsmur_v = o 1fvsmin <V = Vopax (7)

Vsmax_vsmm

0.3 itV > v

where v is depth-averaged grid velocity (m/s); Vemuax/Vsmin 1S
the velocity upper/lower limit for linear seedling mortality
range (M/S); Vamax/Vamin 1S the velocity upper/lower limit for
linear adult mortality range (m/s).

Based on field observation, Ning et al. (2021b) found that
even though S. alterniflora landward invasion was strongly
inhibited by hypersaline zones in middle and high marshes,
tidal channels significantly reduced soil salinity along channel
margins and provided a buffer zone for S. alterniflora survival
(see Figure 3C). In this study, we did not simulate soil salinity
directly, because soil salinity in a marsh-channel system is
controlled by complex interactions between tides, groundwater,
evaporation and precipitation (Xin et al, 2017; Wang et al,
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2020). As suggested by Belliard et al. (2015) and Wang et al.
(2021), elevation could be considered as a proxy for multiple
abiotic factors, such as soil salinity and inundation, in salt
marshes. It could be further used to determine the survival of
vegetation along the elevation gradient. Therefore, based on the
field survey results and relevant previous studies, we made a
simplifying assumption that soil salinity followed one-hump
variation along an elevation gradient from low marshes to high
marshes (Wang et al., 2018; Ning et al, 2021b), and further
assumed that vegetation mortality under salinity stress was
correlated with local salinity (see Figure 3C). Besides, the
mortality in the salinity buffer zone along the tidal channel was
assumed to increase linearly with the lateral distance from the
channel (see Figure 3D) (Ning et al., 2021b), and the normalized
mortality rate of vegetation under salinity stress was adapted
from Qi et al. (2017). Detailed information of all modeling
variables and parameters are documented in Table 2.

Simulation of Coupled
Ecogeomorphological Model

Before all formal scenario simulations, we ran a preliminary
simulation to obtain initial vegetation distribution (Figure 3B).
Specifically, we started with the assumption that all grids located
in low marshes (0-0.9m) were covered by vegetation, and
simulated vegetation evolution using the one-year results of the
template hydro- and morpho-dynamics simulation (see
Figure 3A). We further used the resultant vegetation

distribution to run a three-year simulation of both Delft3D
and the vegetation dynamics model. The hydrochorous seed
dispersal was simulated in the first and second year, and
terminated in the third year as the resulting changes in
seedbank were irrelevant for the simulation period. For
simulation stability and accuracy, the coupling time interval
for the two models was two hours during the fruiting and seed
dispersal periods in the first and second years. To save
computing costs, it was adjusted to one day in the remaining
simulation period. The outputs of the Delft3D simulation (bed
level, water depth, land/sea boundary and velocity) during this
interval were averaged and fed as input for the vegetation
dynamics model.

To focus on the effects of tidal channel network on S.
alterniflora landward invasion, we adopted the one-way
coupling approach in this study to simulate S. alterniflora
invasion in established tidal channel network in the
equilibrium state, i.e., minor change in its geomorphology
regardless of the vegetation. The flowchart of the modeling
approach is shown in Figure 5. This simplification is
reasonable because vegetation mainly exerts a stabilizing effect
on tidal channel geomorphology if the channels are already
formed on mudflats (Taramelli et al., 2018). The vegetation
feedback on tidal channel evolution is more significant during
the initial evolution of low-order channels at the local scale
(Schwarz et al.,, 2014; Liu et al., 2021), while the evolution of
high-order channels at the watershed scale usually lasts for

TABLE 2 | Modelling variables and parameters of the vegetation dynamics model.

Description Values Units Reference
Variables
P Plant population density - Number of shoots/m?
Rger Seed germination rate - Shoots/seeds
Ss Number of seeds in seedbank - Number of seeds/m?
Rsmor v Mortality of seedling to tidal current velocity - %
Rmor s Mortality of vegetation to salinity stress %
Ramor v Mortality of adult plant to tidal current velocity - day™
Sm Concentration of mobile seeds Number of seeds/m?
Rspread Velocity of hydrochorous seed dispersal - m.day”’
k Rate of conversion of mobile seeds to seeds in seedbank - day”
Parameters
Ds, Diffusion coefficient of marsh vegetation 0.0125 m? day’ B. H. Xie, Personal communication,
January, 14, 2019
r Growth rate of plant 0.0002 day” B. H. Xie, Personal communication,
January, 14, 2019
Crnax Maximum plant density (carrying capacity) 200 Number of shoots/m? (Liu et al., 2014)
Roro number of seeds produced per day 100 Number of seeds/ (Xiao et al., 2009)
(shoot. day)
Ds Coefficient of seed primary dispersal 0.0025 m2day’ (Zhu et al., 2012)
T proportion of mobile seeds floating time in one year 14 % (Shi et al., 2019)
Rsioss Seed decline rate 0.028 day™’ (Xiao et al., 2009)
Vemax Velocity upper limit for linear seedling mortality range 0.4 m/s (Brtickner et al., 2019)
Vsmin Velocity lower limit for linear seedling mortality range 0.25 m/s (Brtickner et al., 2019)
Vamax Velocity upper limit for linear adult mortality range 0.56 m/s (Brlckner et al., 2019)
Vamin Velocity lower limit for linear adult mortality range 0.4 m/s (Brtickner et al., 2019)
t; Time of growing season and initiation of seed germination 61 - (Ge et al., 2013)
to Time of seed germination termination 121 - (Ge et al., 2013)
ts Time of seed production and initiation of seed dispersal 240 - (Ge et al., 2013)
ty Time of seed production, seed dispersal, clonal spread as well as 304 - (Ge et al., 2013)

growing season termination
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decades with negligible vegetation intervention (Schwarz et al.,
2016; Wang et al,, 2021). In our simulation scenarios, we only
selected the channel networks with minor changes in
geomorphology after S. alterniflora invasion and further ran
Delft3D to allow the geomorphology of the schematized tidal
channel network to reach equilibrium condition, to ensure that
the above assumptions were held.

Verification and Analyses of

Numerical Results

To verify the reality of our simulated results, the invasion
patterns and evolution dynamics between simulated results and
two real cases in the YRD were compared. The distributions of S.
alterniflora in the YRD at the landscape scale were mainly
extracted from Gaofen remote sensing images, which were
downloaded from China Centre for Resources Satellite Data
and Application (http://www.cresda.com/CN/). Due to its long
revisit period and high cloud cover, the Gaofen images were
unable to cover the entire invasion period of the real cases.
Therefore, Landsat images from the United States Geological
Survey (https://earthexplorer.usgs.gov/) were also selected as a
complementary data source. Following Sun et al. (2020), we used
the maximum likelihood classification method in ENVI 5.3 to
interpret S. alterniflora distribution. The information of remote
sensing images was shown in Table 1.

As for the numerical results, we firstly analysed the
relationships between S. alterniflora area and functional
features of the tidal channel network, which were quantified by
drainage efficiency metrics including TCD, OPL and GE (Marani
et al., 2003; Chirol et al., 2018). Following Ge et al. (2015), a grid
was considered to be occupied by vegetation when vegetation
density exceeded 2/3 of maximum capacity. The unchanneled
path length (UPL) is defined as the distance a drop of water has
to travel on the marsh platform before it reaches the closest
channel (Marani et al., 2003; Sun et al., 2020). The slope of the
first 50 values of the exceedance probability distribution of UPL
is defined as OPL (Chirol et al., 2018). Compared to TCD, it
further distinguishes tidal channel networks with different spatial

patterns, and a smaller OPL value indicates a well-distributed
channel system (Marani et al., 2003). The geometric efficiency is
defined as the Hortonian length (the inverse of channel density)
divided by OPL, i.e.

1
TCD - OPL

This indicator reveals how well a channel network serves the
marsh platform through its branching features and meandering
characteristics. For a given channel length and basin area, a
larger geometric efficiency means a better-distributed channel
system and a larger portion of the marsh platform is closed to the
channel (Kearney and Fagherazzi, 2016).

To test our secondary hypothesis on whether S. alterniflora
landward invasion is sensitive to channel geometric features at
the watershed scale, we further examined the relationships
between vegetation area and geometric mean bifurcation ratio
(B) (Tucker et al., 2001). The geometric mean bifurcation ratio is
calculated by the number of the 1%-order channels and the
maximum order of tidal channel network (Ichoku and
Chorowicz, 1994), i.e.

GE = (8

B=N? 9)

where N, is the number of the 1%-order channels, and Q is the
maximum order of tidal channel network. The order of tidal
channel was determined using Horton-Strahler method
(Strahler, 1957). All terminal channels were assigned as order
1. When two channels of the same order met, their confluence
channel was one order higher. Then, we analysed how the
geometric mean bifurcation ratio affected vegetation area
under similar drainage efficiency using partial correlation
analysis (Carroll and Green, 1997).

Furthermore, we analysed how the tidal channel network
affected S. alterniflora landward invasion at the local scale
through spatially varying TCDs. Previous studies reported that
channel sinuosity and order were both the basic metrics defined
at the scale of a single channel (Sanderson et al., 2001; Kim et al.,
2013b). Following Sun et al. (2020), spatially-varying TCDs were
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FIGURE 5 | The flow-chart of modelling approach.
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defined within a specified search circle moving around the
domain and further incorporating a weighting factor related to
the order and/or sinuosity of the tidal channel. Following
Taramelli et al. (2017), channel sinuosity was calculated as the
ratio of the axial channel length I to the straight line distance L
between the starting and ending points of each channel. After
calculating the spatially-varying TCDs in each grid, we sorted all
TCD values and counted the corresponding frequency number.
The associated equations are as follows,

r =% (10)
TCDor :i(worder T Ll)/A (11)
i=1
TCDO = é(a)order : Lz)/A (12)
i=1
TCD, = é(r,— L) /A (13)

=1

where W4, is the weighting factor of channel order; r; is the
sinuosity ratio of ith order tidal channel; L; is the length of ith
order tidal channel that falls within the search circle; A is the area
of the search circle. TCD, is spatially-varying TCD related to
order of the tidal channel; TCD, is spatially-varying TCD related

Ky iy

o

to sinuosity of the tidal channel; TCD,, is spatially-varying TCD
related to the order and sinuosity of the tidal channel. Detailed
information on the spatially-varying TCDs as well as their
calculation can be found in Sun et al. (2020).

RESULTS

Simulation Results of Tidal Channel
Geomorphology and Hydrodynamics

There was no significant change in geomorphology for each
scenario after the three-year simulation period (see
Supplementary Figure 1), which indicated that all tidal channel
networks remained in equilibrium condition during the
simulation. Figure 6 shows the representative hydrodynamics
simulation results of H(1) during flood tide on the 241th Julian day
(fruiting stage in mid-summer). Clearly, tidal channel geometric
features, such as channel sinuosity and channel order, affected
tidal currents. During high tides, the concentrated tidal currents in
the channel network showed much larger velocity relative to sheet
flow on the marsh platform (Figure 6A). Moreover, tidal currents
in the main channel were faster than those in lower-order
channels (Figures 6B, C). Velocity reduction was also observed
at locations where the flow was affected by abrupt channel
morphological changes, e.g., where the channel meandered and
bifurcated (Figure 6B).

0.2

0.4

Velocity (m/s)

FIGURE 6 | The hydrodynamics simulation results of H(1) during flood tide on the 241th Julian day: (A) the whole tidal channel network; (B, C) subregions of tidal

channel network.
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Evolution of S. alterniflora

Landward Invasion

Figure 7 shows the representative seedbank density
simulation results of H(1) on the 60th Julian day in the
second and third years. A significant difference in seedbank
distribution was found between low and middle marshes.
Even though large quantities of seeds were carried by tides
and transported into middle marshes during flood tides in the
fruiting stage, they were not easily retained on bare flats in
middle marshes due to the lack of trapping agents (see Eq. 5).
By contrast, seeds were widely found along the tidal channels
in middle and high marshes, and their density showed a
significant decrease with the lateral distance away from
channels. This is because the area near channels has more
opportunities to capture the floating seeds. Moreover, some
isolated seedbank patches emerged in high marshes
(Figures 7B-D). These locations were the upper boundaries
of hydrochorous seed dispersal in tidal channels. Compared to
low and middle marshes, the flooding duration in high
marshes was much shorter, resulting in stranded seeds after
the episodic short-lived floods retreated.

Figure 8 shows the representative evolution of vegetation
distribution of H(1) during the three-year simulation.
Vegetation landward invasion was strongly restricted by
tidal channel geomorphology and salinity stress in the first
year (see Figure 8A). The vegetation was unable to cross the
tidal channel and invade into the other side in the initial
invasion stage because of no hydrochorous seed dispersal in
the first year. As expected, the invasion speed along the tidal
channels was much faster than that on bare flats (see
Figure 8B). This indicated that hydrochorous seed dispersal

played a critical role in S. alterniflora landward invasion.
Hydrochorous seed dispersal broke the channel barriers,
allowing S. alterniflora to cross the tidal channel bifurcation
and colonize the other side of the channel. S. alterniflora
laterally expanded and gradually colonized the salinity buffer
zone after the seedling stage, which contrasted with no
vegetation on bare flats in middle and high marshes
(Figure 8C). In high marshes in the following third year, no
vegetation patch was observed after the seedling stage due to
low vegetation density (< 2/3 of maximum capacity).
However, the gradually increasing density in the following
growing season resulted in isolated S. alterniflora patches,
which was consistent with the sporadic seedbank distribution
in the third year (Figure 7B).

Relationships Between Tidal Channel
Functional and Geometric Features and
Vegetation Area

We firstly examined the relationships between the vegetation
area and functional features of the channel network at the
watershed scale, which were indicated by various drainage
efficiency metrics. As expected, the vegetated area at the end of
the third growing season showed a significant positive
correlation with TCD (p<0.01) and GE (p<0.05), while it
showed a significant negative correlation with OPL (p<0.05,
Table 3). All results indicated that tidal channel network with
higher drainage efficiency enhanced S. alterniflora landward
invasion. Besides, our results revealed that geometric features
of the tidal channel network were correlated with functional
features at the watershed scale (Table 3). The geometric mean
bifurcation ratio showed significant positive correlations with

into low, middle and high marshes based on elevation.

FIGURE 7 | Seedbank density simulation results of H(1) on the 60th Julian day in the second and third year. (A) Second year; (B) Third year; (C) and
(D) are seedbank distributions of the third year in high marshes. The blue is tidal channel network and sea; the yellow is bare flats. The marsh platform was divided
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FIGURE 8 | The evolution of S. alterniflora landward invasion over time: (A) First year; (B) Second year; (C) Third year. The blue is tidal channel network and sea;
the yellow is bare flats; the green is S. alterniflora distribution at the end of seedling season; the dark green is the added area of S. alterniflora between seedling
stage and end of growing season. The marsh platform was divided into low, middle and high marshes based on elevation.

vegetation area (p<0.01), TCD (p<0.05) and GE (p<0.05), and
significant negative correlation with OPL (p<0.05). At the
same time, partial correlation analysis results showed that
under the similar drainage efficiency, a higher geometric mean
bifurcation ratio facilitated S. alterniflora landward
invasion (Table 4).

To assess how the tidal channel network affects S.
alterniflora landward invasion at the local scale, we defined
three spatially-varying TCDs by incorporating a weighting
factor related to the channel order and/or channel sinuosity,
and further analyzed their correlations with vegetation area
(Table 5). The results showed that there was a consistently
significant positive correlation between the proportion of S.
alterniflora (see its definition in Sun et al. (2020)) and TCD,
(p<0.01), and a positive correlation with TCD, and TCD,, also
manifested in most cases, which indicated that local channel
sinuosity and channel order both affected S. alterniflora
landward invasion and the latter appeared to have a
greater influence.

TABLE 3 | The Pearson correlations between vegetation area and tidal channel
functional and geometric metrics.

Vegetation Area TCD B OPL GE
Vegetation Area - 0.885*  0.91*  -0.748*  0.698*
TCD - 0.749*  -0.88*  0.802**
B - -0.748*  0.698"
OPL - -0.459
GE -

DISCUSSION

Effects of Tidal Channel Network on S.
alterniflora Hydrochorous Seed Dispersal
The functions of tidal channel networks in the marsh-channel
system are shown to control hydrodynamics, sediment and biota
transport in and between salt marshes (Kearney and Fagherazzi,

TABLE 4 | Partial correlation analysis relating geometric mean bifurcation ratio
and vegetation area to different drainage efficiency metrics.

Control Variables Correlation with B

Vegetation Area TCD 0.83*
OPL 0.74*
GE 0.784*

**p < 0.01, *p < 0.05.

TABLE 5 | The Pearson correlations between proportion of S. alternifiora [see its
definition in Sun et al. (2020)] and normalized spatially-varying TCD indices.

Tidal channel networks TCD, TCD, TCD,,
H (1) 0.84** 0.84** 0.73*
H (2) 0.94** 0.85™ 0.62**
H Q) 0.90** 0.23* 0.05

M (1) 0.83* 0.51* 0.003
M (2) 0.82** -0.07 0.44**
M (3) 0.92** 0.75** 0.45**
L (1) 0.58" 0.65™ 0.78"
L2 0.85"* 0.65** 0.39**
L(3) 0.63* 0.74* 0.76*

“p < 0.01, *p < 0.05.

“p < 0.01, p < 0.05.
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2016; Taramelli et al., 2018). Previous studies have established
the use of drainage efficiency and the associated metrics as an
effective measure of functional features of tidal channel networks
(Marani et al., 2003; Chirol et al., 2018). Patterning relationships
between tidal channel networks and S. alterniflora landward
invasion have been further reported in the literature (Zheng
et al., 2016; Fan et al,, 2020; Sun et al, 2020). Our findings
suggested that S. alterniflora invasion area had positive
correlations with TCD and GE and negative correlations with
OPL (Table 3), which are in line with the relevant
previous findings.

Generally speaking, the abundance and distribution of
vegetation in salt marsh ecosystems are strongly influenced by
the connectivity of seed dispersal pathways and tidal floods
(Elsey-Quirk and Leck, 2015). A number of studies also
indicated that the spatial patterns of propagule arrival were
important for the success of plant invasion in salt marshes,
and used propagule pressure to reflect the number of invasive
individuals released into new areas and the probability of
successful invasion (Johnston et al., 2009; Simberloff, 2009;
Balestri et al, 2018). In this study, watersheds with higher
drainage efficiency (larger TCD/GE, smaller OPL) provided
more pathways for seeds to travel into the marsh interior and
redistributed the seedbank along channels (Neft and Baldwin,
2005; Stark et al., 2017), which completely changed the initial
seed distribution that was roughly correlated with adult plant
abundance across the marshes (Rand, 2000; Ning et al., 2020).
When the tides redistributed the seeds during tidal cycles, the
areas closer to tidal channels had higher chances to trap more
seeds than bare flats further away from channels (Figure 7) and
thus developed a higher propagule pressure. This finding is in
line with the field observation in the YRD that propagule
pressure decreased with lateral distance from channel margins
(Ning et al., 2021b). Tidal channel network with higher drainage
efficiency exhibits higher capacity in seed redistribution and has
more abundance of seeds along channel margins, resulting in
relatively high propagule pressure and high probability of S.
alterniflora landward invasion.

Our results showed that seeds distributed in a patchy pattern
and tended to concentrate in the bifurcation area in high marshes
(Figure 7). Given similar drainage efficiency, the additional
nuance of geometric features, i.e. geometric mean bifurcation
ratio, also led to differences in vegetation area (Table 4). Both
results indicated the significant influences of bifurcation on
vegetation distribution. Hydrodynamic simulation results
suggest that during the flood tides, tidal current velocity
tended to be lower in low-order channels compared to high-
order channels (Figure 6). Previous studies also revealed that
complex tidal currents usually occurred in the bifurcation area,
and the flow split into the bifurcating channels, leading to a
relatively small velocity (Fischer et al., 2000; Stark et al., 2017).
Reduced flow velocity due to bifurcation may increase the
probability of seed deposition, thereby increasing the
propagule pressure of plant invasion. Similar findings that seed
deposition and colonization events are more likely to appear in
the bifurcation area have been reported by Fischer et al. (2000).

Furthermore, channel geometric features including channel
order and sinuosity were found to influence vegetation area at
the local scale (Table 5). As reported by Sanderson et al. (2000),
vegetation abundance exhibited a significant linear increase with
channel size, which was approximately correlated with channel
order. This is consistent with the finding of positive correlations
between S. alterniflora area and channel order among all
drainage efficiency scenarios. However, varying correlations
between vegetation area and channel sinuosity were found in
our results (Table 5), which indicated that channel order
dominated channel sinuosity in influencing vegetation area at
the local scale. The varying correlations could be due to the
locally varying channel sinuosity throughout the channel
segment. At the local scale, Taramelli et al. (2018) revealed the
negative relationship between channel sinuosity and patch size.
Small vegetation patches were consistently found along channels
with higher sinuosity (>1.5), while larger patches were associated
with almost straight channels. This local effect was captured in
our study as well (see Figure 8C). Seeds carried by tides tended to
deposit in meandering areas, leading to small isolated vegetation
patches, whereas contiguous patches were mostly found along
with straight channel segments.

Moreover, our simulation results captured the correlations
between geometric features, i.e. geometric mean bifurcation
ratio, and functional features at the watershed scale (Table 3).
This finding is also supported by a recent finding that channel
bifurcation ratio had a negative correlation with OPL in the YRD
(Mou et al.,, 2021). Besides, another conceptual analysis
performed by Marani et al. (2003) showed that for a given
total channel length per unit area, a channel network with
bifurcation resulted in a large geometric efficiency than that of
single-channel, which revealed an optimal spatial arrangement of
bifurcations could efficiently reduce the OPL while keeping the
TCD invariant.

Effects of Tidal Channel Network on

S. alterniflora Colonization

In addition to the seed dispersal process, adaptability and
tolerance to a range of abiotic stressors are important
determinants of vegetation colonization and expansion in new
environments (Balestri et al., 2018). Our results showed that S.
alterniflora grew along tidal channels, in contrast to no
vegetation on bare flats away from channels (Figure 8). This
can be attributed to spatial salinity heterogeneity resulting from
the tidal channel network. In low marshes, salinity is relatively
low and there is little spatial salinity heterogeneity, leading to
large contiguous vegetation patches (Pennings et al., 2005; Ning
et al,, 2021b). Our simulated vegetation distributions are in line
with such a pattern, i.e., S. alterniflora usually colonizes in low
marshes first and forms large patches (Li et al, 2009; Qi
et al., 2017).

Previous studies reported that salinity stress usually increased
along the elevation gradient and restrained the growth of S.
alterniflora (Pennings et al., 2005; Qi et al., 2017). However, this
salinity stress on vegetation was not observed near tidal channels
in middle and high marshes (see Figure 8). Frequent inundation
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near tidal channels lowers soil salinity along channel banks,
creating a salinity buffer zone and promoting vegetation
colonization (Kim et al, 2013a; Xin et al.,, 2013; Kearney and
Fagherazzi, 2016). Therefore, the lateral distance away from tidal
channels is an important factor that affects salt-marsh plant
distribution and growth (Sanderson et al., 2000; Sun et al., 2020;
Wu et al.,, 2020; Ning et al., 2021b). Furthermore, this facilitating
effect gradually decreased with increasing elevation because of
reduced inundation, which was manifested by the narrowing
width of vegetation patches in high marshes (see Figure 8). Such
decreasing facilitating effect of tidal channels on vegetation
growth along elevation gradient was reported in the YRD as
well (Ning et al., 2021b).

The hydrodynamic disturbance is another important abiotic
factor affecting the establishment and survival of salt marsh
vegetation. Our results showed that flow velocity in high-order
channels was faster than that in low-order channels (Figures 6B,
C). This indicated that vegetation growing around high-order
channels suffered greater hydrodynamic disturbance.
This simulated hydrodynamic disturbance pattern is in line
with field observation in the YRD (Ning et al., 2020). However,

the flow velocity in both high- and low-order channels was below
the critical disturbance threshold during the majority of the
simulation periods. Therefore, the loss of vegetation was rapidly
compensated by new seedlings and clonal reproduction in
disturbance-free periods. The sufficiently long disturbance-free
periods during the growing season are essential for successful
vegetation colonization in the salinity buffer zone.

Verification With Real Cases

In this section, we firstly verified our results with previous studies
on the specific patterns of S. alterniflora landward invasion in
relation to tidal channel networks (Hou et al., 2014; Zheng et al.,
2016; Fan et al., 2020; Sun et al., 2020). Previous studies indicated
that at the watershed scale, tidal channel networks with higher
drainage efficiency (larger TCD, smaller OPL and UPL) attained
larger S. alterniflora area (Fan et al., 2020; Sun et al., 2020), which
are consistent with our findings (Table 3). Besides, S. alterniflora
exhibited a more concentrated spreading pattern along channel
margins at the local scale (Hou et al., 2014; Fan et al., 2020; Sun
et al., 2020), and high-order channels were found to play a
dominant role in S. alterniflora landward invasion. Most
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vegetation grew in buffer zones along the tidal channels, and the
number of patches decreased with lateral distance as expansion
stabilized (Zheng et al., 2016; Fan et al., 2020; Sun et al., 2020).
Similar vegetation patterns were observed in our simulation
results (Table 5 and Figure 8). S. alterniflora established and
grew near channels, in contrast to no vegetation further away
from channels in middle and high marshes due to salinity stress.

The specific S. alterniflora landward invasion processes were
further verified with two exemplary cases in the north and south
banks of the YRD, respectively (Figure 9). S. alterniflora
gradually invaded through tidal channels from low marshes to
high marshes. Clonally spreading played the dominant role in S.
alterniflora distribution in the first year, resulting in a large
contiguous patch (Figure 8A). This pattern can be found in the
field where large patches formed in low marshes, whereas few
isolated patches emerged in middle and high marshes
(Figures 9B, D). Presumably, some seeds of the mature plants
ended up in the tidal channel and were dispersed along the
channel, which set the stage for the subsequent invasion in the
following year (see Figures 9C, E). The isolated vegetation
patches in the middle and high marshes resulted from
hydrochorous seed dispersal gradually connected with each
other and merged into a larger patch through clonal expansion
in the salinity buffer zone, which contrasted with the limited
vegetation expansion on the bare flats (Figures 9C, E). These
landscape evolution dynamics were captured by our model
simulations as well (Figures 8B, C).

Metric Framework of S. alterniflora
Landward Invasion Along Tidal

Channel Networks

In this study, we hypothesized that tidal channel networks with
higher drainage efficiency obtained a larger vegetation area. Our
results showed that S. alterniflora invasion was strongly
associated with the functional features of tidal channel
networks on the watershed scale, which proved the hypothesis.
Specifically, watersheds with higher drainage efficiency (larger
TCD and GE, smaller OPL) attained larger S. alterniflora
area (Table 3).

Among all metrics of watershed-scale functional features,
TCD only contains the basic length information of tidal
channel networks and requires a minimum amount of
computation at the expense of excluding geometric features
including channel sinuosity and bifurcation. OPL is dependent
on the spatial configuration of the channel network. Therefore, it
reveals how the tidal channel network with varying spatial
patterns serves the marsh platform as a whole (Marani et al.,
2003). However, the calculation of OPL involves the distance of
all grids to the nearest channel throughout the entire watershed
and thus is much more computationally expensive than TCD.
Based on TCD and OPL, GE metric further provides a
quantitative evaluation on how well the channel network is
spatially arranged for a given channel length (Kearney and
Fagherazzi, 2016). Despite their varying complexity, our results
showed that TCD, OPL and GE were strongly correlated with
each other, and all three metrics showed similar results regarding

the effects of network functional features on vegetation area
(Table 3). Further considering their respective computing costs,
we recommend using TCD as the metric of watershed-scale
functional features (drainage efficiency).

Furthermore, we proved the secondary hypothesis that given
a similar drainage efficiency, the additional nuance of geometric
features also makes a difference, i.e. tidal channel network with
increasing geometric mean bifurcation ratio enhances S.
alterniflora invasion (Table 4). This result indicates that it is
essential to take the geometric mean bifurcation ratio into
consideration when assessing the effects of the tidal channel
network on vegetation expansion. At the same time, the
geometric mean bifurcation ratio also fills the gap of TCD in
missing information related to channel spatial configuration.

Our results also indicated that compared to channel sinuosity,
channel order was more critical for vegetation area at the local
scale (Table 5). As one of the local-scale functional feature
metrics, spatially-varying TCD, incorporates channel order, the
basic geometric feature for a single channel, as well as channel
length information within a specified local area. Hence, it
provides more precise drainage efficiency information at the
local scale and can be used to assess the potential hot spots where
the vegetation is likely to colonize. However, the calculation of
spatially-varying TCD, requires the most complex procedures
and thus the highest computational cost among all metrics tested
in this study. Therefore, we recommend applying this metric
when local or precise drainage efficiency information
is demanded.

In summary, we recommend using watershed-scale TCD,
geometric mean bifurcation ratio and spatially-varying TCD,
as a comprehensive metric group of a functional and geometric
feature of tidal channel network across different spatial scales.
Based on the recommended metrics, we proposed a general
framework for assessing how tidal channel network affects
vegetation expansion and distribution from local to watershed
scale in the marsh-channel system and further used S.
alterniflora landward invasion as an example (Figure 10). On
the watershed scale, a tidal channel network with larger TCD
indicates a higher drainage efficiency and obtains a larger S.
alterniflora area (Figures 10A vs B). Given a similar drainage
efficiency, the additional geometric nuances, i.e. geometric mean
bifurcation ratio, also make a difference (Figure 10B vs C). Tidal
channel network with increasing geometric mean bifurcation
ratio indicates a better spatial configuration of channel network
system and thus enhances S. alterniflora invasion. Based on these
two metrics, we could assess which tidal channel networks are
under higher propagule pressure and are more prone to S.
alterniflora landward invasion. At the local scale, channel
order affects the relevant ecogeomorphological processes, and
thus influences vegetation establishment and growth near
channel margins (Figure 10C) (Sanderson et al, 2001). A
larger spatially-varying TCD,, value is associated with a larger
vegetation area, as it represents a larger local drainage efficiency.
The spatially-varying TCD, can be used to identify the potential
hot spots for S. alterniflora colonization at the local scale and
assist in designing invasion control measures. Our proposed
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FIGURE 10 | Metric framework on how tidal channel networks mediate S. alterniflora landward invasion in the marsh-channel system. (A) Low tidal channel density;
(B) High tidal channel density with low geometric mean bifurcation ratio; (C) High tidal channel density with high geometric mean bifurcation ratio. Blue colour shows

metric framework could also be used to assess the effects of tidal
channel networks on a salt marsh plant expansion in general.

CONCLUSION

In this study, tidal channel networks with varying drainage efficiency
were extracted from remote sensing images of the Yellow River
Delta, China as an exemplary active S. alterniflora invasion sites and
further used in schematized numerical experiments to test the
hypothesis that tidal network works with higher drainage efficiency
obtain a larger invasion area. Tidal channel networks with similar
drainage efficiency and yet varying geometric mean bifurcation ratios
were further used to test a secondary hypothesis that given the same
drainage efficiency, geometric features further affect S. alterniflora
invasion. Furthermore, the statistical relationships between a
comprehensive set of metrics characteristic of functional and
geometric features of tidal channel network and vegetation area
were further analysed.

QOur results show that: 1) At the watershed scale, the effects of tidal
channel network on S. alterniflora landward invasion are revealed by
various drainage efficiency metrics. S. alterniflora area has a positive
correlation with TCD and GE and a negative correlation with OPL. 2)
Geometric features, such as geometric mean bifurcation ratio, are
related to the functional features of the channel network and further
affect vegetation area. Under similar drainage efficiency, a larger
geometric mean bifurcation ratio further enhances S. alterniflora
invasion. 3) At the local scale, geometric features including channel
order and sinuosity, could affect local drainage efficiency and further
mediate S. alterniflora invasion. In viewing their efficacy and
computational cost, we recommend using global metrics including
the watershed-scale TCD, geometric mean bifurcation ratio and local
metric including the spatially-varying TCD, as a comprehensive
metric group of the functional and geometric feature of tidal channel
network in marsh channel system across different spatial scales. Our
proposed framework can be applied to assess the effects of tidal
channel network on a salt marsh plant expansion in general, and S.
alterniflora invasion in particular.

Frontiers in Marine Science | www.frontiersin.org

June 2022 | Volume 9 | Article 888597


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zheng et al.

Tidal Channel Mediates Vegetation Expansion

When tidal channel geomorphology is in equilibrium
condition as assumed in this study, vegetation feedback on
tidal channel evolution is to exert a stabilizing effect and can
be neglected (Schwarz et al., 2014; Taramelli et al., 2018; Liu
et al, 2021; Wang et al, 2021). Using a more sophisticated
ecogeomorphological model that incorporates the interactions
among vegetation, hydro- and morpho-dynamics in a two-way
fully coupled fashion to explore the coevolution of tidal channel
networks with vegetation expansion in the marsh-channel
system is recommended for future studies.
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