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Abstract The natural processes of mudflat accretion, vegeta-
tion succession, and plant invasion and associated anthropo-
genic impacts make the Yangtze Estuary an ideal area for the
study of salt marsh dynamics. In order to understand the biotic
and abiotic factors regulating the spatiotemporal dynamics of
salt marsh vegetation in relation to the expansion of the exotic
plant (Spartina alterniflora) and the consequent responses of
native species (Phragmites australis and Scirpus mariqueter),
a grid-based model was developed incorporating the key
ecological processes at Chongming Dongtan and Jiuduansha
wetlands. During the simulation period of 2000-2008, the
area of S. mariqueter decreased significantly at both wetlands,
due to the rapid expansion of S. alterniflora. The expansion
rate of P. australis was slow. When compared with observa-
tions, the simulated spatiotemporal dynamics of salt marsh
vegetation showed a percentage match of 73-91 %. The
accuracy of the distribution area for each salt marsh species
was even higher (89-97 %). Both simulation and observation
revealed that the period of early salt marsh succession was
crucial for colonization and establishment of S. alterniflora
after its introduction. Projections for the period 2008-2015
indicated that the expansion rate of S. alterniflora would slow
down. In contrast, the model predicted that the distribution of
S. mariqueter and P, australis would increase at a steady pace.
The probable reason behind this is that the accretion of habitat
above the elevation threshold at the current rate of sedimen-
tation is marginal compared to the previously rapid rate of
habitat colonization by S. alterniflora over the past decade.
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This study indicates the model’s potential for simulating and
predicting the dynamics of salt marsh vegetation in the
Yangtze Estuary and demonstrates that, when appropriately
parameterized, the model could be successfully applied else-
where. Finally, the limitations of the model and its potential
for monitoring and controlling invasive species in coastal
wetlands are briefly discussed.
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Introduction

Salt marshes are vulnerable ecosystems threatened both by
human activity and biological invasions (Gedan et al. 2009).
Increasing human mobility has resulted in species introduc-
tions to previously unconnected areas and the introduced
species may spread exponentially and have a major impact
on biodiversity and ecosystem functioning (Levin et al. 2006;
Wang et al. 2010; Weidenhamer and Callaway 2010).

During the past decade, the spatiotemporal dynamics of
vegetation dispersal and establishment have been successfully
incorporated into modeling simulations (Grevstad 2005;
Huang et al. 2008; Fennell et al. 2012). Recently, increasing
attention has been paid to mechanistic models, which can be
used to investigate the environmental factors and habitat fea-
tures controlling the range expansion of invasive species
through an environment and to predict their potential expan-
sion and impact on plant community dynamics (Sebert-
Cuvillier et al. 2010; Coutts et al. 2011; Fennell et al. 2012).
Furthermore, mechanistic models are increasingly important
as a tool to assist management agencies in the design of
efficient and effective control measures for reducing invasive
spread (Coutts et al. 2011; Emry et al. 2011).
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In China, the introduction of Spartina alterniflora from
North America to coastal wetlands is a prime example of a
spatially structured invasion (Huang et al. 2008; Zhu et al.
2012). This exotic species was introduced to the Yangtze
Estuary in the 1990s and has expanded rapidly thereafter
and the mono-dominant community of S. alterniflora now
accounts for almost 25 % of the total intertidal salt marsh
vegetation (Li et al. 2006; Huang et al. 2008). The invasion of
S. alterniflora has had significant competitive effects on the
native plant communities of Scirpus mariqueter and
Phragmites australis (Huang et al. 2008), has strongly influ-
enced the composition of the local macrobenthic communities
(Wang et al. 2010), and has had important impacts on the
stopover habitats for migratory shorebirds.

A number of studies on the underlying mechanisms and
impacts of biotic and abiotic factors on the range expansion of
salt marshes in the Yangtze Estuary have recently been con-
ducted. Huang et al. (2008) tested the hypothesis of habitat
pre-emption by the exotic at the expense of the native salt
marsh species. The seed production, soil seed bank, and
germination of S. alterniflora were studied along the intertidal
gradient (Xiao et al. 2009). The range expansion patterns and
the roles which sexual reproduction and asexual propagation
played were investigated for S. mariqueter and S. alterniflora
(Xiao et al. 2010a, b). The impact of bio-physical processes,
such as recruitment, establishment, growth and reproduction
of plants, mudflat dynamics and hydrodynamic conditions, on
range expansion has also been studied along the typical fronts
of salt marshes (Schwarz et al. 2011; Zhu et al. 2012).

Based on the reults of this previous research, a grid-based
model was developed for the simulation of the spatiotemporal
dynamics of salt marsh vegetation in the Yangtze Estuary. In
the model, the multiple-resource parameters of biotic factors
(including the seed bank and germination, duration of grow-
ing period, reproduction and establishment, clonal integration,
and interspecies competition) and abiotic processes (including
the tidal current for dispersal, the sedimentary regime, and
inundation stress) for each species were incorporated for
simulation. The performance of the model was evaluated on
two landscape-scale coastal wetlands (Chongming Dongtan
and Jiuduansha) in the Yangtze Estuary, and checked against
existing salt marsh vegetation maps derived from remote
sensing data for the period 2000-2008. Also, a model projec-
tion was conducted up to 2015. The main objective of this
study was to evaluate the model that incorporated key ecolog-
ical processes for simulating the spatiotemporal dynamics of
vegetation at the two sites in the Yangtze Estuary and to test
whether this model is applicable elsewhere, beyond the cali-
bration site. The secondary goal was to predict the future
patterns of salt marsh vegetation given the current sedimenta-
tion rate in the Yangtze Estuary. In addition, limitations of the
model and its utilization potential for invasive species con-
trolling are briefly discussed.

Materials and Methods
Study Area

The Yangtze Estuary is a typical medium-sized tidal estuary
with multi-order bifurcations, shoals and sand bars (Yang
1999). The region of mouth bars in the estuary and the
submerged delta nearby are major locations of sedimentation
resulting from the large amount of silt brought down by the
Yangtze River, which has created extensive areas of shoals
and tidal flats that have been colonized by various types of salt
marsh vegetation (Huang and Zhang 2007).

Chongming Dongtan wetland (hereafter CDW) is located
on the eastern fringe of Chongming Island, between 31°25’
and 31°38' N and 121°50" and 122°05’ E and with an area of
242 km® above the 0 m isobaths (Fig. 1) after the last recla-
mation. Jiuduansha wetland (hereafter JW) is an isolated
shoal, between 31°03’ and 31°17'N, 121°46' and 122°15'E,
and covers 127 km? above the 0 m isobaths (Fig. 1), which has
received minimal human impact and has remained in a near-
natural condition since it was formed in 1920s (Huang et al.
2007). The highest elevation of CDW and JW is around 4.0—
4.2 m. These two wetlands are prime examples of where
spatially structured invasion of S. alterniflora in the Yangtze
Estuary has occurred, for which model performance can be
evaluated against existing empirical observations of salt
marshes dynamics.

Model Design

To simulate the spatiotemporal dynamics of salt marshes
(including both the exotic and native species) on the CDW
and JW wetlands, the model was developed on the Matlab®
matrix platform. The model consisted of a spatial lattice
matrix of interconnected cells (resolution 1x1 m), which
were connected to all neighboring cells, with a distribution
probability of vegetation spread associated with each con-
nection. In the cell matrix, the native species (P. australis
and S. mariqueter) and the exotic species (S. alterniflora)
were coded with different numbers for identification and
cells with null values indicated bare mudflat. Each cell
evolves according to transition rules that depend on the state
of its neighboring cells.

The spatial and temporal pattern of salt marsh vegetation is
a product of synergetic functions based on biotic and abiotic
processes, mainly including seed bank deposition and germi-
nation, seedling dispersal, individual establishment and sur-
vival, tolerance to inundation stress, clonal integration, and
inter-specific competition (Fig. 2). Simulation of the salt
marsh vegetation dynamics takes place in continuous time
steps and a monthly time step was used to identify the growing
(active period) and non-growing seasons (inactive period).

@ Springer



312 Estuaries and Coasts (2015) 38:310-324
121°200°E 121°400°E 122°00°E
N Dongtan wetland
CHINA (=} w E
JIANGSU
S

F31°15'0"N

East China Sea

SHANGHAI

[-31°0'0"N

0 5 10 20

T T T
121°20'0"E 121°40'0"E 122°0'0"E

Jiuduansha wetland

Upper Sho

Middle Shoal
L J

Sedimentary \
regime (mm yr") §
-8

Fig. 1 Location of the Chongming Dongtan (CDW) and Jiuduansha (JW) wetlands in the Yangtze Estuary, with digital elevation maps of 2000 and
sedimentary regime (1997-2010 investigation documents by the Survey Bureau of Hydrology and Water Resources of the Changjiang River Estuary)

S. alterniflora was introduced in the Yangtze Estuary
around 1997 (Li et al. 2006; Huang et al. 2008). After the
initial colonization stage, the year 2000 marked the onset of
rapid population growth and range expansion. Therefore, the
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Fig. 2 Simplified schematic for model building and testing

@ Springer

observed salt marsh habitat maps, including vegetation area,
bare mudflat above 0 m, and seawater area at —2 to 0 m for the
year 2000 in both the study areas were used to produce the
initialized matrix in the model (Huang et al. 2008; Wang et al.
2010), which were generated as the cell-matrix maps for
simulation.

The Sedimentary Regime in Relation to Mudflat Elevation
Changes

The simulation of vegetation expansion and establishment
depends on mudflat accretion (see “The growing period and
simulation of reproduction” section). Therefore, the input
dataset for the model included the initial distribution maps
of salt marsh vegetation, digital elevation maps (—2 to 4.2 m)
and sedimentation maps of CDW and JW (Fig. 1). The
spatial depositing regime presents the annual mean sed-
iment rates for different parts of the Yangtze Estuary
during 1997-2010, which were measured and document-
ed by the Changjiang Water Resources Commission
(CWRC 2012).

The model simulated mudflat accretion by determining
the amount of sediment deposited and calculating the in-
crease in elevation during each period of one year, based on
the seasonal variations (flood and dry seasons) observed on
monitoring strips established previously at CDW (Zhu et al.
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2012). Using the data from these strips, the monthly per-
centage of sedimentary rate for elevation accretion was
estimated according to the distribution shown in Table 1.
In order to estimate spatially the vertical elevation changes
at each cell, the model divides the geographic matrix (S)
with the annual mean sedimentary rate into 12 month-
specific components (S;, i=1-12 months) to derive the
mudflat elevation (£) on the elevation matrix and the
subsequent increase in lateral mudflat area (when E is
above 0 m) of CDW and JW on the habitat matrix at
each time-step ().

n=12

S si=s (1)
E(t+1)=E(t)+Si (2)

The growing period and simulation of reproduction

In the model, the period March—October was defined as the
growing season, including the processes of seed germination,
seedling dispersal and establishment, vegetative growth and
clonal integration and seed bank deposition within the salt
marsh vegetation (Zhang and Yong 1992). The residual
months (November—February) corresponded to the inactive
period for plants.

Empirical measurements for the seasonal seed bank dy-
namics and germination rate (listed in Table 2) recorded from
March to October within the growing season during 2007—
2010 were used to drive the model. Although the highest

Table 1 Seasonal distribution (percentage) of sedimentation rates for
12 months for the modeling of mudflat elevation changes. X-
(Percentage)=100 %

Dry/flood season® Month Distribution percentage, %

Dry season January 0
February 0
March 5

Flood season April 10
May 15
June 20
July 20
August 15
September 10

Dry season October 5
November
December

*For runoff and sediment loading in the Yangtze Estuary

density of seeds in the soil seed bank were recorded in autumn
and winter (Xiao et al. 2009), most of seeds (c.96-98 %) are
lost before the next growing season, due to fungal attack,
decay, and tidal overwash (Xiao et al. 2009; Zhu et al.
2012). Furthermore, low temperature during winter season
limited germination for the seeds (Xiao et al. 2009; Zhu
etal. 2011).

Dispersal and Establishment

In the Yangtze Estuary (Xiao et al. 2010a, b) and Willapa
Bay, USA (Davis et al. 2004), it was shown that the salt
marsh vegetation will spread to new habitats by seeds and
seedlings that float on the tide. For P. australis and
S. alterniflora, the model divided the growing season of
vegetation into two periods of expansion, including a period
of “long-distance” seedling dispersal by tidal currents
(through growing season, Fig. 3a) followed by a period of
vegetative growth and clonal integration (May—October,
Fig. 3b). The pioneer native plant S. mariqueter was as-
sumed to spread mainly through its corms and rhizomes,
since few seeds are found in the seed banks on the bare
mudflats (Zhang and Yong 1992).

In the matrix of seedling dispersal, cell values are consid-
ered as occupied (1) by the seedlings or not (0) and are
dispersed from meadows (occupied cells) to the bare mudflats
(cells without plants) in the corresponding matrix. The num-
ber of living seedlings (N) produced for dispersal was
regarded as equal to the seedlings that germinated in each
month during a growing season and was determined by a sum
function of vegetation distribution area on salt marsh (4),
density of seed bank (Dgeeq) and germination rate (R,) for
each species in the corresponding row (month) (dataset in
Table 2).

N = ZA (Dseed X Rg) (3)

The seedlings were distributed via a random allocation
process and allowed for multiple seedlings of each species in
each cell.

During the growing season, the model assumed that the
seedlings of P. australis and S. alterniflora could be
transported in any of eight directions by the tidal currents as
a stochastic process. The seedling amount distributed from the
original cells (¥;;) within eight directions around each cell was
based on a separable space-time Poisson distribution for de-
termining number of dispersal events in the region of each
direction (Janine et al. 2008):

Ax, 1) = [(x)A(1) (4)
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Table 2 Data on the seasonal dynamics of the soil seed bank and variations in the germination rate in salt marsh vegetation during the growing season

used for model simulation

Month S. alterniflora P. australis

Soil seed bank Germination rate Soil seed bank Germination rate

(no. m?) (%) (no. m?) (%)

Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. Min.
March 333 350 317 0.7 0.8 0.7 146 153 139 0.6 0.6 0.5
April 151 158 143 0.3 04 0.3 66 69 63 03 0.3 0.2
May 68 71 65 0.2 0.2 0.1 30 31 28 0.1 0.1 0.1
June 31 32 29 0.1 0.1 0.1 13 14 13 0.1 0.1 0.1
July 14 15 13 0.03 0.03 0 6 6 6 0.02 0.02 0
August 80 84 76 0 0 0 35 37 33 0 0 0
September 366 384 348 0 0 0 160 169 152 0 0 0
October 1,673 1,757 1,590 0 0 0 734 771 697 0 0 0

The data resource was obtained from the published papers of Xiao et al. (2009, 2010a), Shi et al. (2010), Zhu et al. (2012)

4 i columns
Via j2 Via -l Vi j Via j+ Via j+2
Vi 1.j-2 Vi-l:j-l Vit j Vi-lA_/+1 Vi—l,_j+2
Vi.j—2 sz—l Vz] sz+1 Vi.j+2
Via, j2 Via, §al Via, j Via, i+l Via, J+2
Vz‘+2. j-2 Vz‘+2. j-1 Vi+2, J Vz+2. JH 2,42
J rows —
| rewa—n (6)
V

where A is the arrival rate, ¢ is the time step, x is a random
direction, Vis the spatial matrix for seedling dispersal, and f{x)
represents the spatial probability density function of these
stochastic events.

The seedling dispersal event was assigned a dispersal dis-
tance derived from the previous field measurements for the
different species. The mean transportation distance of seed-
lings from the vegetation meadow over one growing season
was 60-100 m for S. alterniflora and around 10 m for
P australis (Li et al. 2006; Huang and Zhang 2007; Xiao
et al. 2010a, b; Zhu et al. 2012).

Once seedlings become established, they form tussocks
quickly by vegetative tillering and growth of rhizomes, finally

@ Springer

merging into extensive meadows. The clonal integration by
tillers and rhizomes was modeled as a neighboring spreading
of plant cells, based on the expansion mode of “Moore
neighborhood” comprising the eight cells surrounding a
central cell (Wolfram 1986). The growth and horizontal
spread of rhizomes can reach around 1 m per month
during the period May—September (Xiao et al. 2010a, b;
Zhu et al. 2012). Accordingly, the monthly (one time step) rate
of spread was incorporated into the model by defining the
radius of the “Moore neighborhood” as 1 for the salt marsh
vegetation.

Environmental Stress and Tolerance

The probability of survival of seedlings surviving on a patch
depends on the suitability of the habitat and the environmental
stress. Empirically, the establishment probability of seedlings
was dependent on the hydrodynamic conditions of the mudflat
front, i.e. the closer patch is to the vegetation meadow with a
higher elevation and weak tidal flow intensity, the higher the
number and density of seedlings established. On the contrary,
the nearer a patch is to the sea with a lower elevation and
stronger tidal flow intensity, the fewer the number and density
of seedlings established (Xiao et al. 2009, 2010a, b; Schwarz
et al. 2011; Zhu et al. 2012). As described in Fig. 4a, the
probability (P) of seedling establishment is estimated by an
asymptotic diminishing function of dispersal distance (d, dis-
tance from meadow front seaward to dispersal boundary).

d

f(x)dx (7)

P(0<x<d) = L
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measurements, differences were found in the tolerance of

Inundation duration is also a significant stress for salt
marsh plants. Once again, from previous field surveys and

seedlings or adults to submergence (Zhang and Yong 1992;
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Fig. 4 Mean daily inundation duration (curve) in relation to intertidal
elevation (using the local Wushong bathymetric benchmark) in the Yang-
tze Estuary. The gray belt indicates the survival front of P. australis,
S. alterniflora and S. mariqueter observed in the field

Li et al. 2006; Huang et al. 2008; Zhu et al. 2012), based on
the mean duration of daily tidal inundation in relation to
mudflat elevation above the local Wushong bathymetric
benchmark (Fig. 4b).

In order to set the spreading and survival limits for the
seedlings of salt mash plants in the model, the mudflat elevation
of the study area was assumed to reflect the mean daily inun-
dation duration. The elevation matrix map was then overlain on
top of the matrix of plant distribution to determine the habitable
cells for plant survival and establishment. A discriminant func-
tion was employed to assign a value of 1 (true) or 0 (false) to
decide whether the grid could be occupied by each of the salt
mash plants, taking the elevation () into account.

1, 42>E>29
0, E<29 P.australis
1, 42>E>2.75
S () = 0, E <275 S.alterniflora (8)
1, 42>E>2.0
0, E<20 S.mariqueter

Interspecific Competition
Chen et al. (2004) reported that S. alterniflora was a strong

competitor with S. mariqueter. The introduction of
S. alterniflora to a S. mariqueter-dominated community

@ Springer

resulted in a significant decrease in the abundance, coverage,
seed production, and fresh corm output of S. mariqueter dur-
ing the growing season. Data obtained through remote sensing
also showed that S. mariqueter was almost completely re-
placed by S. alterniflora at the monitoring sites in the
Yangtze Estuary (Huang and Zhang 2007; Li et al. 2009). In
contrast, P. australis and S. alterniflora generally showed non-
aggression to each other and share similar niches in the
intertidal zones (Wang et al. 2006).

In the model, the interspecific competitive balance between
the salt marsh vegetation species for habitats (space pre-
emption, succession, and inhibition) was incorporated into
the simulation procedures. As presented in Fig. 5, the cells
representing bare mudflat with null value could be colonized
by all of the three salt marsh species, and then, the outcome of
interspecific competition was used to regulate the spatial
pattern of habitat occupancy and species replacement.

t t+1

SA —— > |SA|SA

PA > [PA|PA

SM - » |sM|sM™m
SA|SA|SM|sM SA|SA|SA|SM
SA|SA|SM|SM| —>» | SA|[SA|SA|SA
SA|SA|SM|sSM SA|SA|SA|SM
PA|PA|SM|SM PA|PA|[PA|SM
PA|PA|sSM|sM| —> | PA|PA|PA|PA
PA|PA|SM|SM PA|PA|[PA|SM
PA SA PA[PA|PA|SA
PA SA| > |PA|PA|SA|SA
PA SA PA[SA|SA|SA

Fig. 5 Simplified interpretation of interspecies competition from time
step of ¢ to the next one #+1. Abbreviation: SA—S. alterniflora, PA—
P, australis, SM—S. mariqueter, blank—bare mudflat
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Data Sources for Model Calibration

A number of other research studies conducted on the salt
marshes of the Yangtze Estuary lie behind the parameteriza-
tion and calibration of the current version of the model and
further details are presented in Table 3. The model parameters
(or running rules) have either been measured or estimated in
previous research performed in relation to the growing periods
and reproduction strategies of the species, their seed banks and
germination characteristics, seed/seedling dispersal, seedling
survival and establishment, clonal integration and expansion
range, environmental stress, tolerance, and interspecific
competition.

Model Simulation and Evaluation

The initial salt marsh vegetation maps of 2000 and the digital
elevation maps and annual sedimentary regime for the study
areas of CDW and JW (Fig. 1) were entered to an 8-year
simulation. The simulations for each year were repeated ten
times to test the effects of stochastic elements. The published
spatiotemporal dynamics of salt marsh vegetation for 2004,
2006, and 2008 (Li et al. 2006; Huang and Zhang 2007;
Huang et al. 2008; Wang et al. 2010) were then used to
evaluate the performance of model. The assessment was based
on a comparison between the simulated (M,qeeq) and the
observed vegetation distribution matrix (Mopserveq) in the cor-
responding year. Calculation of the percentage difference
(%DIFF) between the simulated and observed salt marsh
vegetation maps was implemented in the Matlab® platform
by overlaying the classified salt marsh vegetation maps and
the simulation images in the corresponding years.

%DIFF (vegetation) = Minodetes — Mobserved 100% 9)
M observed
Furthermore, the simulations were run until 2015 to predict
the potential future spatiotemporal dynamics of the salt marsh
vegetation at CDW and JW, using the same empirically de-
rived drivers and parameters.

Results
The Spatiotemporal Dynamics of Salt Marsh Vegetation

With the continuous monthly time-step, the model was able to
separate the simulation period into two stages of salt marsh
vegetation dynamics: firstly, over the past decade and second-
ly, into the future using both the growing (March—October)
and non-growing seasons (November—February) (Fig. 6).
With ten repeated simulations, the deviations of vegetation
distribution area ranged from 0.9 to 4.8 % for S. mariqueter,

Table 3 Summary of the sources of empirical research data used for the calibration of the model

Value Deviation Study plot/stripe and location Literature

Description

Item

CDW, W CWRC (2012)

See Fig. 1 and Table. 1

Sedimentation rate-induced elevation change

Elevation change

on mudflat habitats
Seed bank and germination Seasonal seed bank and germination variations for the See Table 2

salt marsh vegetation
Recorded maximum distance of seedling dispersal

Zhang and Yong (1992), Huang and

+20 m CDW (2 strips):

+2

80 m for S. alterniflora

8 m for P. australis

Seed/seedling dispersal

Zhang (2007), Xiao et al. 2009,

31°34'-35'N, 121°53'-54' E

m

with tide at the front of mudflat seaward
Seedling survival as a function of distance between

2010; Zhu et al. 2011, 2012

+5 %

0-100 % based on Eq. 6

Seedling survival and

seedlings and vegetation meadow at the marsh edge
Lateral reproduction rate of salt marsh vegetation by

establishment
Clonal integration and

1 (m)

tillering and rhizoming
Threshold of inundation duration (converted to

expansion range
Environmental stress and

Li et al. (2006), Huang et al. 2007, 2008),

CDW (3 stripes):

+5 %

2.9 m for P, australis

Schwarz et al. (2011)

31°34'-35'N, 121°53'-54" E;
31°27'-28' N, 121°55'-56' E

CDW (1 plot):

2.75 m for S. alterniflora

2.0 m for S. mariqueter

elevation) determining the establishment of

salt marsh vegetation
Competitive balance between introduced and

tolerance

Chen et al. (2004), Wang et al. (2006),

S. alterniflora>S. mariqueter —

Interspecific competition

Li et al. (2009), Huang et al. (2008)

31°30-31'N, 121°57'-58' E

P. australis>S. mariqueter

nativesalt marsh plants

=P, australis

S. alterniflora
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Fig. 6 Modeled monthly range

1
High-speed invasion period «——+— Low-speed period «—

expansion of salt marsh
vegetation at (¢) CDW and (b) JW
over the period of 2000-2015.
The bars represent the variation
over 10 repeated simulations. The
upper annotation indicates the
high-speed and low-speed
invasion periods of S. alterniflora

& S. mariqueter : a
- S. alternifiora
& P australis

Range expansion of salt marsh vegetations (ha)

2001-01
2001-11

from 1.1 to 6.2 % for S. alterniflora and from 0.7 to 4.5 % for
P australis regardless of study sites. Visual interpretation of
the maps for each of the 10 simulations showed little variation
in the spatial distribution of salt marsh vegetation on CDW
and JW at each simulation period (maps not presented).
Therefore, for each year of simulations, one of the 10 matrix
outputs was selected as a representative example, as shown in
Fig. 7. The model produced a similar distribution pattern for
the period of 2000-2008 against the observed vegetation
maps of 2004, 2006, and 2008. At the study site of CDW,
the introduced species S. alterniflora invaded rapidly eastward
from a northern initial location. Both the simulated and ob-
served salt marsh vegetation maps showed that this rapid
range expansion of S. alterniflora occupied most of the hab-
itats of S. mariqueter and bare mudflat in the middle-eastern
parts of CDW by the end of simulation period.

At the study site of JW, S. alterniflora spread in all direc-
tions from the initial location. By 2008, most of the habitat of
S. mariqueter was displaced by S. alterniflora, with the ex-
ception of the western isolated shoal without initial
S. alterniflora. The native plant P. australis expanded at a
much slower rate than S. alterniflora.

Model Evaluation by Comparison of Simulated and Observed
Salt Marsh Vegetation Dynamics

Besides the visual comparison with the salt marsh vegetation
maps, the performance of the model was evaluated by

@ Springer
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Year & month

comparing the simulated and observed distribution area for
each species in the corresponding year of 20002008 (Fig. 8).
On average through the 10 simulations, S. alterniflora ex-
panded quickly from 33 ha (CDW) and 94 ha (JW) in 2000,
to 916131 and 2,304+244 ha in 2008. Howeyver, the distri-
bution area of S. mariqueter decreased sharply from 1,660
(CDW) and 3,602 (JW) ha in 2000 to 963+137 (on average by
—41 %) and 1,263£196 ha (on average by —65 %) in 2008.
The increases in occupancy area of P. australis over the
simulation period were 206+25 and 277428 ha at CDW and
JW, respectively.

The correlations between the modeled area of
S. alterniflora against the corresponding measured values in
2004, 2006, and 2008 (Fig. 8) were high and statistically
significant (R*=0.97 for CDW and 0.95 for JW, p<0.01).
The simulated area of S. mariqueter explained the variation
in measured area well (R*=0.94 for CDW and 0.89 for JW,
p<0.01). As a comparison, the modeled area of P. australis
had a similar extent to the measured area in 2004, 2006, and
2008 (R?=0.92 for CDW and 0.93 for JW, p<0.01).

The percentage difference in spatiotemporal dynamics
listed in Table 4 reflected the comparison of the actual versus
the modeled presence/absence of species on the distribution
maps. The model underestimated the distributional area of
S. mariqueter, with mean %DIFF figures of —18.9, —19.6,
and —20.7 % for 2004, 2006, and 2008, respectively at
CDW. The accuracy of modeling output was relatively higher
at JW, with lower %DIFF figures (—14.3 to —18.2 %) at JW.
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Fig.7 Observed and modeled spatiotemporal dynamics of salt marsh vegetation at CDW (left panel) and JW (right panel) after plant invasion between

2000 and 2008

The values for %DIFF of modeled range expansion of
S. alterniflora at CDW were +9.5, +11.1, and +14.2 % for
2004, 2006, and 2008, respectively. However, the values of
%DIFF were higher (+18.7 to +26.9 %) at JW, probably due to

overestimation of expansion. For the distribution pattern of
P australis during the period 20002008, the mean values of
%DIFF ranged from —12.6 to —20.1 % at CDW and —13.2 to
—23.6 % at JW, respectively.
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Fig. 8 Modeled range expansion of each salt marsh vegetation at CDW
(a, ¢, e) and JW (b, d, f) over the period 20002008, plotted against the
observed values. The bars represent the variation over 10 repeated

The Future Dynamics of the Salt Marsh Vegetation

In terms of predicted future changes within the spatiotemporal
sedimentary regime, the model raises the mudflat elevation every
year (Fig. 9a and b). The area of mudflat above 2.75 m increases
by 106 ha at CDW and 144 ha at JW during the period 2000—
2015. For mudflats above 2.9 m, the area increases by 94 ha at
CDW and 152 ha at JW. The available habitat (above the eleva-
tion threshold) for S. alferniflora decreased sharply from 981 to
61 ha at CDW (Fig. 9c) and from 2,620 to 381 ha at JW (Fig. 9d)
during the period 2000-2015. In comparison, the area of available
habitat for P australis did not decrease to the same extent.

As shown in Figs. 6 and 10, the model predicted the spatio-
temporal dynamics of salt marsh vegetation in the Yangtze
Estuary up to 2015. The results showed that the range expansion
speed of S. alterniflora at the study sites slowed down, when
compared with the period 20082009 with the mean distribution

2000 2001 2002 2003 2004 2005 2006 2007 2008 2000 2001 2002 2003 2004 2005 2006 2007 2008 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Year

Year

simulations. The linear functions fitted to time series are shown for
P. australis and S. mariqueter, and sigmoid functions for S. alterniflora
with SPSS software (version 16.0, SPSS Ltd., USA)

area of 965+92 ha at CDW, representing an increase of only
around 5 % during the period of 2008-2015. The expansion area
of S. alterniflora at W was predicted to increase by around 7 %
(2,670+228 ha) during the period of 2009-2015. Due to the
decrease in the invasion rate of the exotic species, the distribu-
tion area of S. mariqueter is predicted to be relatively constant
for the period 20082009 up to 2015 at both wetlands. The
average distribution area of P, australis is increasing to 374+43
and 1,051£114 ha at CDW and JW in 2015, respectively.

Discussion and Conclusions

Outline of Model Output

The aim of this study was to use a grid-based modeling
approach to recapture and predict the spatiotemporal

Table 4 Mean, minimum (Min.) and maximum (Max.) percentage difference (%DIFF, ten repetitive simulations) between the simulated and observed

salt marsh vegetation dynamics in the corresponding years

Wetland Vegetation 2004 2006 2008
Mean Min. Max. Mean Min. Max. Mean Min. Max.
CDW S. mariqueter -159 -11.5 -21.8 —14.6 -11.0 -20.5 -12.7 =72 —18.8
S. alterniflora +14.2 +12.3 +17.5 +11.1 +9.5 +15.3 +9.5 +8.2 +13.4
P, australis -20.1 -18.6 -20.5 -17.4 -16.3 -19.2 -12.6 -11.9 -13.3
W S. mariqueter -18.2 -15.5 -23.4 -17.0 -15.5 -20.5 -14.3 -12.9 —-18.7
S. alterniflora +26.9 +21.7 +30.0 +19.0 +13.3 +29.5 +18.7 +11.5 +26.8
P. australis -20.6 —-18.5 -25.6 -18.4 -16.8 -22.2 -13.2 -11.7 -17.0
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Fig. 9 Calculated increase in the area of mudflat habitat above 2.75 and
2.9 m based on the modeled spatiotemporal sedimentation regime (data
refer to Fig. 1) at CDW (a) and JW (b), and available habitat for

dynamics of salt marsh vegetation after plant invasion on the
coastal wetland habitats in the Yangtze Estuary. Based on
long-term empirical data and observations on the salt marsh
dynamics and field studies on the functional and bio-physical
factors of the dominant species, the key ecological processes
including the seasonal seed bank, the tidal current for seedling
dispersal, establishment and reproduction, interspecific com-
petition, sedimentary regime and inundation stress were in-
corporated into the model. Two important wetland locations of
CDW and JW in the Yangtze Estuary were used to evaluate the
model performance.

The simulated distribution matrix showed a good outcome,
with a matching percentage of 73-91 % (refer to %DIFF)
against the observed spatiotemporal dynamics of salt marsh
vegetation at CDW and JW. Additionally, the accuracy of the
distribution area for each salt marsh species was high (89—
97 %), when compared to the observed values based on
satellite images. Both simulation and observation suggested

2015 (CDW)

Fig. 10 The predicted spatial
distribution of the saltmarsh
vegetation at CDW (@) and JW
(b) in 2015

31°33'0"N

31°27'30"N

121°56'0"E 122°0'0"E

= P qustralis
= S. mariqueter

= Seawater

S. alterniflora and P. australis above the elevation threshold at CDW (c)
and JW (d) during 2000-2015

that the period of early salt marsh succession was crucial for
the colonization and establishment of S. alterniflora after its
introduction. However, the speed of expansion of the exotic
species slowed down after 2006. This acceptable performance
of the model was attributed to careful parameterization based
on previous empirical field measurements of biotic and abiotic
processes at the salt marsh (see Table 3). As presented in the
results, the model is also capable of reproducing the general
spatial dynamics of salt marsh vegetation at JW and CDW, and
furthermore could be used elsewhere along the eastern sea-
board of China where invasion of S. alterniflora is occurring.

The Importance of Species-Specific Parameterization

One of the advantages of the model is that the different species
of salt marsh have specific parameters for simulation at a
monthly time scale for successive annual years. The model
assumed that the flood and ebb tide would transport the

2015 (JW)

S. alterniflora

31°12'30"N

Bare mudflat

31°9'0"N

121°53'0"E 121°57'0"E 122°10"E
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seedlings from an an initial colonizing cell to the neigh-
boring area in all of eight directions in the cell matrix,
which was in line with similar models applied elsewhere
(Grevstad 2005). Over the whole time period of the
simulation, the model identified a ‘long-distance’
seedling-dispersal pattern (for P. australis and
S. alterniflora) during the early growing season due to
tidal transportation and a clonal-integration pattern dur-
ing the later growing season. The probability of seed-
ling establishment on the new habitat, as a function of
transportation distance seaward, was incorporated into
the model. Moreover, the variations of dispersal distance
of seedlings for the different species were parameterized
in the model, based on continuous field measurements since
2007 (Xiao et al. 2009, 2010a, b; Zhu et al. 2012).

As a result, both the observed and simulated data indicated
that the success of S. alterniflora could be largely attributed to
the longer distance of its seedling dispersal and the higher
survival rate of its propagules. In contrast, the soil seed banks
of P australis were small, compared to S. alterniflora, and few
seeds of S. mariqueter were observed for all seasons on the
seaward frontier mudflat where there are strong tidal currents
(Xiao etal. 2009; Zhu etal. 2011). A review by DiTomaso and
Healy (2006) reported that P australis reproduces mainly
through stolons and rhizomes in the field, and that persistent
seed banks could not be produced under tidal conditions.
Therefore, the transportation of living seedlings to new habitat
by tidal current during the early growing season plays the
most important role in population dispersal on the mudflats.

The previous reports from both the Chinese and American
coasts indicated that P. australis and S. alterniflora could share
similar niches (Chambers et al. 1998; Huang et al. 2008), and
these two species may not replace each other once either of
P australis and S. alterniflora has colonized a new habitat.
The experimental results of Wang et al. (2006) showed that the
competitive balance between S. alterniflora and P. australis
varied depending on the conditions of salinity and immersion,
but also that these two species generally co-existed in the
intertidal zones under typical conditions (oligohaline and
half-immersion). However, S. alterniflora had strong compet-
itive effects on S. mariqueter in the Yangtze Estuary (Li et al.
2009). S. mariqueter grows on the mudflats with elevation
range of 1.5-3.5 m, and S. alterniflora can also grow well in
the elevation range (Chen et al. 2004; Zhu et al. 2012). The
survey on the Spartina—Scirpus neighboring transect showed
that S. alterniflora was locally out-competing and displacing
S. mariqueter on the tidelands (Chen et al. 2004). These
species interactions have been successfully tested by setting
P australis and S. alterniflora as obstacles to each other while
both being capable of invading the cells containing
S. mariqueter and bare mudflat in the model.

In order to link potential and realized distributions of the
salt marsh vegetation, species-specific tolerance to
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environmental stress and interspecific competition were pro-
grammed when developing the model. Generally, the duration
of daily inundation is a limiting stress for the survival of salt
marsh plants in the coastal habitat (Thompson 1991).

Deficiencies of Model Building

Although the model has performed well overall, there are still
some weak points in terms of model structure and calibration,
resulting in uncertainty of prediction and potential problems
of practical application. The model overestimated (+9.5 to
+14.2%DIFF) the spatial invasion ranges at CDW, as well as
a further overestimation at JW. A probable explanation was
that the data for model development and calibration were
derived from measurements on sampling sites/strips located
in the north-eastern part of CDW, where the expansion speed
of S. alterniflora was relatively higher. When simulated at the
landscape-scale, the cumulative effect appeared. Another lim-
itation of the model was that, although this version of model
set an elevation threshold for vegetation establishment, the
hydrological factors of tidal flow energy and storm events
were also important controlling those variables causing attri-
tion of the seed banks and limiting plant survival (Schwarz
et al. 2011; Zhu et al. 2012), and these factors were not
included in the model.

The current model was calibrated using previous field
observations and data from the analysis of satellite images
(Chen et al. 2004; Wang et al. 2006; Huang and Zhang 2007,
Li et al. 2009), assuming ‘complete’ replacement when one
more competitive species encountered another. In the real
world, however, the mechanisms of interspecific competition
for habitat vary in relation to environmental stress, geomor-
phological conditions, resource availability, and species
tolerances.

Another consideration is that few data are available on
seed/seedling bank dynamics and germination rate for salt
marsh species in different regions of the world with varying
coastal hydrodynamic regimes. Therefore, more mechanistic
relationships between hydrological conditions and vegetation
establishment, as well as interspecies competition, need to be
investigated for model in order to refine the model further. In
tidal salt marshes, the feedback between vegetation establish-
ment and hydrodynamic regimes and sedimentation is ex-
tremely important. In the Yangtze Delta, Li and Yang (2009)
studied the trapping ability of salt marsh vegetation on
suspended sediment, showing that salt marsh vegetation ex-
hibited a positive feedback loop with sedimentation.
Lambrinos and Bando (2008) also reported that once
established, S. alterniflora attenuated hydrological energy
significantly and enhanced sediment accretion, further
resulting in higher seedling recruitment and wider range ex-
pansion. Although point-based mechanistic processes are un-
derstood, the model development approach at the landscape
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scale is currently not practical. Therefore, more available data
regarding spatial heterogeneity of vegetation cover and den-
sity, quantitative differences in seedling dispersal rates with
sediment accretion, and the effects of sediment deposition on
plant growth are needed for model update.

Future Patterns and Conclusions

The continuous simulation within this model makes it possible
to predict the future dynamics of salt marsh vegetation. The
predictive simulation showed that the range expansion speed
of S. alterniflora declined to a low-level during 2008-2015 at
CDW and 2009-2015 at JW. In the Yangtze Estuary,
S. mariqueter is the pioneer vegetation which creates new
niches for S. alterniflora and P. australis to occupy. All range
expansions of these species depend on the rate of accretion in
the dynamic intertidal zone to provide the new niches.
However, the current sedimentation rate may not continue
the high-speed expansion of S. alterniflora that has occurred
in the past decade, resulting in a slowing in the rate of
expansion, due to less and less availability of habitat for
establishment. The native S. marigueter, which is more toler-
ant of inundation than other species, could continuously ex-
pand seaward. For another native species, the portion of
P australis settling in the southern part of CDW and the
isolated shoal of JW far from S. alterniflora also could expand
continuously on the high-elevation habitat.

Mechanistic models, similar to the one described here, that
simulate how biotic and abiotic processes regulate the spatio-
temporal dynamics of vegetation are increasingly being used
for environment management (Grevstad 2005; Coutts et al.
2011; Emry et al. 2011; Fennell et al. 2012). As predicted by
the model, the expansion speed of the exotic plant can be
slowed down, due to feedback processes causing a reduction
in the available habitat and limitations on inundation. This
should be an opportune moment to introduce effective man-
agement protocols for the control and even the elimination of
the exotic invasive species. Research into the developmental
stages of S. alterniflora in relation to environmental stress on
survival and inter-species competition has demonstrated that
targeted measures could be introduced, for instance (1) re-
moving or disabling the seeds/seedlings during the early
growing season, (2) breaking and waterlogging of rhizomes
at the period of tussock development, (3) cutting and replacing
by native P. australis.

Increasingly, landscape-scale ecosystem models are be-
coming useful tools for scientific research, allowing future
projections linked to environmental and climate change
(Stralberg et al. 2011; Fagherazzi et al. 2012). Of the various
models that have been developed to date, Sea Level Affecting
Marshes Model (SLAMM) is a useful spatial model that
simulates the dominant processes involved in wetland conver-
sions and shoreline modifications during periods of long-term

sea level rise (Church et al. 2001; Glick et al. 2013). The
objectives of SLAMM focus on the impacts of environmental
stresses, including inundation, erosion, overwash, salinity, and
soil saturation under varying scenarios of sea level rises. Until
now, similar types of models have not modeled critical local
processes, such as lateral expansion of vegetation with hori-
zontal habitat accretion and elevation change realistically
(Stralberg et al. 2011). The combination of mechanistic
models and spatial models will be needed to estimate feedback
impacts of salt marsh dynamics on future environmental
change more effectively.

In conclusion, the model developed in this study was able
to reproduce realistically the spatiotemporal dynamics of salt
marsh vegetation at both monthly and annual scales on the
coastal habitats of the Yangtze Estuary after plant invasion.
The long-term simulations of the model on these two different
periods indicated the potential utility of the model, when
appropriately parameterized, to the provision of information
on the changes in the range pattern and expansion potential of
invasive species and the consequent responses of native spe-
cies. The model can be used by decision-makers with respon-
sibility for coastal management and natural ecosystem main-
tenance to plan the strategic control of invasions at interme-
diate spatial and temporal scales
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