Effects of mechanical and chemical control on invasive Spartina alterniflora in

the Yellow River Delta, China

Baohua Xie!l, Guangxuan Han!*, Peiyang Qiaol: 2, Baoling Mei2, Qing Wang!, Yingfeng Zhou3,
Anfeng Zhang3, Weimin Song!, Bo Guan!
1 Key Laboratory of Coastal Zone Environmental Processes and Ecological Remediation, CAS,
Shandong provincial Key Laboratory of Coastal Environmental Processes, Yantai Institute of
Coastal Zone Research, Chinese Academy of Sciences, Yantai, 264003, P. R. China
2 College of ecology and environment, Inner Mongolia University, Hohhot, 010021, P. R. China
3 Administration Bureau of the Yellow River Delta National Nature Reserve, Dongying, 257091,
P R. China
Corresponding author:
Guangxuan Han!
17 Chunhui Road, Laishan District, Yantai, Shandong, 264003, P.R.China

email address: gxhan@yic.ac.cn

Abstract: Spartina alterniflora is one of the most noxious invasive plants in China and many oth-
er regions. Exploring environmentally friendly, economic and effective techniques for controlling
S. alterniflora is of great significance for the management of coastal wetlands. In the present
study, different approaches, including mowing and waterlogging, mowing and tilling and herbi-
cide application, were used to control S. alterniflora. The results suggest that the integrated ap-
proach of mowing and waterlogging could eradicate S. alterniflora, the herbicide haloxyfop-r-
methyl could kill almost all the S. alterniflora, and the integrated approach of mowing and tilling
at the end of the growing season was a perfect way to inhibit the germination of S. alterniflora in
the following year. However, no matter which control approach is adopted, secondary invasion of
S. alterniflora must be avoided. Otherwise, all the efforts will be wasted in a few years.
Keywords: invasion; mowing; waterlogging; tilling; herbicide; haloxyfop-r-methyl

Introduction

Spartina alterniflora Loisel (smooth cordgrass) is a perennial C4 grass native to
the eastern and gulf coasts of the United States and has important ecological functions
in its native ecosystems (Mobberley 1956). Due to intentional or unintentional intro-

duction, S. alterniflora is now distributed in coastal marshes almost all around the
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world. Because of its vigorous vitality, strong salt tolerance, waterlogging tolerance,
strong asexual reproduction and rapid expansion, S. alterniflora poses a serious threat
to the biodiversity and ecological security of many coastal tidal wetlands (Li et al.
2009; Strong and Ayres 2013). It is now a notorious invader of coastal ecosystems in
many regions of the world, including estuaries in New Zealand, China, Africa and the
Pacific coast of the USA (Adams et al. 2016; An et al. 2007; Buhle et al. 2012; Knott
etal. 2013).

Spartina alterniflora was artificially introduced to China in 1979 (An et al. 2007)
and can now be found in all coastal provinces of the country (Liu et al. 2018). Since it
was artificially introduced to the Yellow River Delta (YRD) in 1990, S. alterniflora
has become widely distributed in the intertidal zone of the YRD, with a total area of
3278 ha in 2015 (Yang et al. 2017). In the invaded area in the YRD, zooplankton
biomass and diversity have decreased, benthic species abundance has decreased, eco-
nomic shellfish have disappeared, and bird foraging and habitat have also become
threatened (Shen et al. 2009; Tian et al. 2009; Tian et al. 2008). Spartina alterniflora
has also significantly altered the soil physicochemical characteristics and microbial
communities in the YRD (Zhang et al. 2018).

In order to minimize its negative ecological effects, the control of S. alterniflora
has become an important issue in coastal wetland management. Spartina alterniflora
is a perennial herb, and its reproductive modes include sexual reproduction via seeds
and asexual reproduction via rhizomes or plant fragments (Strong and Ayres 2016).
The objectives of the various approaches used to control S. alterniflora are to solely
or simultaneously inhibit its growth, sexual reproduction and asexual reproduction.

Managers and scientists have attempted to develop techniques for controlling this



species, including mechanical, chemical and biological approaches (Knott et al. 2013;
Gao et al. 2014; Xie et al. 2018). Some mechanical approaches, such as mowing and
flooding, mowing and shading, can achieve good weeding effect and have little im-
pact on the environment (Yuan et al. 2011; Smith and Lee 2015). Chemical control
methods usually use herbicides, which are easy to implement and have achieved good
control effect in some areas. However, herbicides may cause environmental pollution
and damage the health of animals and plants (Patten et al. 2017; Qiao et al. 2019). Bio-
logical control methods need to be improved, and there is also a risk of ecological in-
vasion of new alien species (Xie et al. 2018).

Although some of the previous approaches can achieve good control results, there
are still many aspects to be improved. 1) The control efficacy of a approach may vary
greatly in different regions (Patten 2004). 2) The cost of control needs to be further
reduced. (Riddin et al. 2016; Yuan et al. 2011). 3) It takes too long to eliminate or
eradicate S. alterniflora, ranging from a few years to more than a decade (Kerr et al.
2016; Patten 2004; Patten et al. 2017; Riddin et al. 2016). The drawbacks of the con-
trol approaches may be due to the various growth periods of S. alterniflora or envi-
ronmental conditions, such as climate, topography, and elevation.

A series of in situ field experiments which included mechanical and chemical
control methods were performed in the YRD of China during 2016 - 2018. The aim of
this study is to explore or improve the control technology of S. alterniflora so as to

reduce its cost, improve its efficiency and widen its application.



Materials and methods

Site description

The YRD (118°20'E~119°20'E, 37°16'N~38°16'N), one of the most active re-
gions of land-ocean interaction in the world, is a fan-shaped area located on the
southern bank of the Bohai Sea and the western part of Laizhou Bay in China. The
YRD has a warm-temperate and semi-humid continental monsoon climate with dis-
tinctive seasons and a rainy summer. The annual average temperature is 12.9 °C, with
minimum and maximum mean daily temperatures of -2.8 °C in January and 26.7 °C
in July, respectively. The average annual precipitation is 560 mm, nearly 70% of
which occurs from July to September (Han et al. 2018). The in situ field experiment
site in this study is located on the south side of the Yellow River estuary
(37°43'46.36"N, 119°15'13.29"E). The area has frequent tides, and the highest tide
level exceeds 2 m. Zostera japonica, Spartina alterniflora, Suaeda salsa, Phragmites
communis and Tamarix chinensis are sequentially distributed from sea to land. The
niche of S. alterniflora overlaps with that of Zostera japonica and Suaeda salsa on the
low-tidal and mid-tidal beaches, respectively. Figure 1 shows the experimental site of
this study and the distribution of S. alterniflora in YRD.

Figure 1 Distribution of S. alterniflora in the Yellow River Delta of China

Experimental design

Mowing and waterlogging to control S. alterniflora

Control of the clonal ramets of S. alterniflora. The reproductive modes of S. alterni-
flora include sexual reproduction via seeds and asexual reproduction via rhizomes.

Accordingly, the sprouts of S. alterniflora include seedlings and clonal ramets. To ex-



plore the optimal combination scheme of mowing and waterlogging for the control of
clonal ramets, experiments involving the interaction between mowing and waterlog-
ging were designed.

Two mowing treatments, which were mowing in early June and early August
2017 (hereafter referred to as Mow_6 and Mow_8), were established, each having 6
replicates. The height of the stubble was less than 2 cm. There were 5 waterlogging
treatments in each mowing plot, and the waterlogging levels were 0, 10, 20, 30 and 40
cm, respectively. Waterlogging lasted from early June 2017 to November 2018. The 0
cm waterlogging treatment is considered the control treatment (CK) and was neither
mowed nor waterlogged. The area of each mowing plot was approximately 10 m2, in
which PVC pipes with an inner diameter of 31 cm were buried to 40 cm underground.
The heights of the PVC pipes above the ground were 0, 10, 20, 30 and 40 cm, respec-
tively (Fig. 2). Tidal water was trapped in the pipes and maintained at the correspond-

ing water level.

Figure 2 Schematic diagram of the integrated control experiment involving mowing and wa-
terlogging. Mow_6 and Mow_8 indicate that the time of mowing was early June or early August,

respectively. 0, 10, 20, 30 and 40 indicate the depth of waterlogging (cm).

Effects of different stubble heights on clonal ramet control efficacy. Under a giv-
en waterlogging level, a lower stubble height results in a better control effect. When a
mechanical equipment is used to mow S. alferniflora, the height of the stubble is un-
likely to be 0 cm. However, the height of the stubble can be easily limited to less than
10 cm or even 5 cm. An experiment testing the interaction between stubble height and
waterlogging level was established in early June 2018. The height of stubble was 5 or

10 cm. The depth of waterlogging was 0, 30 or 40 cm. According to the experimental



results from 2017, the treatment of 5 cm stubble did not include 40 cm of waterlog-
ging.

Control of the seedlings of S. alterniflora. The seedlings are slender and grow
slowly in the early stages of growth. Although previous studies have shown that the
integration of mowing and waterlogging can kill seedlings, this mortality may be
caused by trampling during mowing. To determine the effect of waterlogging on the
growth of seedlings, eight waterlogging plots were constructed in late May 2017 us-
ing PVC pipes with an inner diameter of 31 cm. Two waterlogging depths were estab-
lished: 10 and 20 cm, and each treatment included four replicate plots. At the begin-
ning of the experiment, the seedlings had 3 leaves, and the plant height was 5-7 cm.

The growth of seedlings in the plot was regularly assessed.

Mowing and tilling to control S. alterniflora

Five replicate plots were established in 2016 to carry out an experiment involv-
ing mowing together with tilling (hereafter referred to as MT) to control S. alternifio-
ra. Bach plot had an area of approximately 10 m2, and the distance between the plots
was more than 10 m. A control plot without MT was established near each MT plot.
One fixed subplot with an area of 1 m2 in each plot was set up for a later survey. At
the end of the growing season (mid-October 2016), the aboveground plants of S. al-
terniflora were mowed and removed, and then the soil was tilled with a shovel. The
tillage depth was approximately 20 cm, and the roots of S. alterniflora remained in

the soil.

Spraying herbicides to control S. alterniflora

In early June 2018, haloxyfop-r-methyl and glyphosate were sprayed onto the S.



alterniflora canopy, the height of which was approximately 50 cm. Different doses of
the herbicides were sprayed, each over an area of 100 m2. The doses of haloxyfop-r-
methyl were 0.15, 0.3 and 0.45 kg ha-! (hereafter referred to as H1, H2 and H3). The
doses of glyphosate were 4.0 and 8.0 kg ha! (hereafter referred to as G1 and G2).
Three square plots with an area of 1 m? were randomly established for each vegeta-
tion survey. In the herbicide treatments, when the vast majority of S. alterniflora died,

the survey area was expanded to 4 m2.

Field sampling and survey

The seasonal variation in the plant density and canopy height of S. alternifiora in
the different plots were regularly investigated. Spike parameters, such as density and

length, were investigated at the end of the growing season.

Statistical analysis

One-way ANOVA was used to identify significant differences in the parameters
of S. alterniflora among the various treatments. The parameters included plant densi-
ty, canopy height, panicle density and so on. After testing for the homogeneity of
variance (Levene's test), the least significant difference (LSD) method was used to
carry out multiple comparison analysis. Significance for all statistical analyses was
accepted at p = 0.05 level.

Results

Control of S. alterniflora by mowing and waterlogging

Control of the asexual propagation of S. alterniflora by mowing and waterlogging

Effects of mowing and waterlogging on the density of S. alterniflora. All mowing and



waterlogging combinations significantly inhibited the germination of S. alterniflora
(Fig. 3). The waterlogging at 30 and 40 cm depth after mowing in June or August
completely inhibited the germination of S. alterniflora, with no S. alterniflora germi-
nating from August 2017 to November 2018. The density of S. alterniflora in the 10
and 20 cm waterlogging treatments was less than 3.9% that in the CK treatment in
2017. The different mowing times also had an important effect on the germination of
S. alterniflora. Under the same waterlogging level, Mow_6 resulted in better control
than Mow_ 8. In the Mow_6 treatment, only one new ramet of S. alterniflora was
found in the 12 plots at a 10 or 20 cm waterlogging depth. In the Mow_8 treatment,
new ramets were found in 2 plots with a 10 cm waterlogging depth and 3 plots with a

20 cm waterlogging depth.

Figure 3 Density of S. alterniflora under different combinations of mowing and waterlogging.
10, 20, 30 and 40 cm indicate the various waterlogging levels. CK indicates the treatment with

neither mowing nor waterlogging.

Effects of mowing and waterlogging on the canopy height of S. alterniflora. Clonal
ramets sprouted from the rhizomes of S. alferniflora almost throughout the entire
growing season; thus, we investigated the canopy height of S. alterniflora. The
canopy height increased almost linearly in the control treatment and reached a maxi-
mum (93.1+4.8 cm, mean =+ standard error) in early November 2017. The height of
the clonal ramets that regenerated after mowing was significantly affected by the wa-
terlogging level. The regenerated clonal ramets in Mow_6 were taller than those in
Mow_8 because of the longer growth time. At the end of the growing season in 2017,
the height of the regenerated clonal ramets in the 10 and 20 cm waterlogging treat-

ments in Mow_6 was 96% (p>0.1) and 68% (p<0.01), respectively, of the height in



the CK treatment (Fig. 4A). The height of the regenerated clonal ramets in the 10 and
20 cm waterlogging treatments in Mow_8 was 27% (p<0.01) and 30% (p<0.01), re-
spectively, of the height in CK (Fig. 4B). In 2018, the height in the 10 and 20 cm wa-
terlogging treatments was close to that in CK at the end of the growing season. In ad-
dition, the height of S. alferniflora in 2018 was much higher than that in 2017

(p<0.01).

Figure 4 Canopy height of S. alterniflora under different combinations of mowing and water-
logging. 10, 20, 30 and 40 cm indicate the various waterlogging levels. CK indicates the treatment

without any mowing or waterlogging.

Effects of different stubble heights on asexual reproduction control efficacy. Sparti-
na alterniflora could be completely controlled if the stubble was waterlogged at a
suitable water level after mowing. A single mowing could not effectively control S.
alterniflora. The density of newly cloned ramets was approximately half that before
mowing (Fig. 5A). Under the condition of long-term waterlogging at a level of 30 or
40 cm after mowing, no ramets germinated regardless of whether the stubble height
was 5 cm or 10 cm (Fig. 5A). The height of the stubble affected the growth of the new
clonal ramets. Within 46 days after germination, the heights of the ramets showed no
significant difference between the 10 and 5 cm stubble height treatments. However,
77 days after germination, the height of the ramets in the former treatment was 61%
higher than that in the latter treatment (p<0.01, Fig. 5B), and this difference was

maintained until the end of the growing season.

Figure 5 Density (A) and canopy height (B) of S. alterniflora under different stubble height
and waterlogging level treatments. S5 WO indicates that the height of the stubble (S) is 5 cm and

the level of waterlogging (W) is 0 cm, and the others are similar.



Control of the sexual propagation of S. alterniflora by mowing and waterlogging

Effects of mowing and waterlogging on heading of S. alterniflora. Because there
were few regenerated clonal ramets after mowing and waterlogging, the spike density
of S. alterniflora was far lower following those treatments than that in the control
treatment at the end of the growing season in 2017. Among the 24 waterlogging plots
under the Mow_6 treatment, spikes were found only in one 10 cm waterlogging plot
and one 20 cm waterlogging plot. In the Mow_8 treatment, spikes were found only in
one 10 cm waterlogging plot. The average spike density in the 10 cm and 20 cm plots
was no more than 3.1% of that in the control treatment (Fig. 6A). The spike density of
S. alterniflora in 2018 was similar to that in 2017 in all cases except the 10- and 20-
cm waterlogging treatments in Mow_8 (Fig. 6D). The spike data indicate that the in-
tegrated approach could significantly inhibit the sexual propagation of S. alterniflora
via seeds for two years.

The spike rate refers to the ratio of the number of plants with spikes to the num-
ber of all plants. The spike rate of S. alterniflora was 45%=+6% in the control treat-
ment in 2017. Waterlogging and mowing significantly decreased the spike rate (Fig.
6B). The spike rate in the 20 cm waterlogging plots in Mow_6 was similar to that in
the control treatment. However, this value was not representative because there were
only 2 plants in one of the 12 plots. In 2018, the spike rate was slightly higher than
that in 2017. Moreover, the difference between the mowing and waterlogging treat-
ments and the control treatment was smaller than that in the last year (Fig. 6E).

The length of the spike was not affected by 10 cm of waterlogging. A waterlog-

ging level of 20 cm seemed to inhibit strike length; however, there was only one spike



in this treatment, and its value might not be representative of all spikes (Fig. 6C and
6F).
Figure 6 Spike parameters of S. alterniflora under different combinations of mowing and

waterlogging in 2017 (A-C) and 2018 (D-F).

Effects of waterlogging on the growth of S. alterniflora seedlings. At the begin-
ning of the waterlogging experiment in late May, the seedling densities in the two
treatments were very similar, at 159435 and 152434 stems m-2 in the 10 cm and 20
cm waterlogging treatments, respectively (Fig. 7). After 15 days, many leaves turned
yellow, and a few seedlings died, and the densities were 139+28 and 146431 stems m-

2, respectively. All of the seedlings in the 8 plots died 43 days after waterlogging.

Figure 7 Density dynamics of the seedlings of S. alterniflora under different waterlogging

treatments. 10 cm and 20 cm indicate the water level of waterlogging.

Control of S. alterniflora by mowing and tilling

Effects of mowing and tilling on S. alterniflora density

The sprouts of S. alterniflora include seedlings germinating from seeds and
clonal ramets arising from rhizomes. In the early growing season, the seedlings from
seeds were slender and grew very slowly, while the cloned ramets were robust and
grew fast; thus, it was easy to distinguish them morphologically before July.

Mowing and tillage at the end of the growing season in 2016 almost completely
inhibited the asexual reproduction of S. alterniflora in 2017 (p < 0.001). The density
of cloned ramets in the MT treatment in early May 2017 was 2.4 plants m-2, which
was only 0.6% of that in the control treatment. One month later, the density of cloned
ramets remained almost unchanged (2.6 plants m-2, Fig. 8A). Although all the seeds of

S. alterniflora were removed, the seeds of nearby S. alterniflora could enter the open



MT plots via tidal or wind transportation. Thus, there were still some seedlings ger-
minating from seeds in the MT plots. From May to June 2017, the seedling density in
the MT treatment was lower than that in the CK treatment by 28% - 31% (Fig. 8B, p
> 0.05). After July, it was impossible to distinguish seedlings from cloned ramets in
terms of morphology. During the reproductive growing period (July to November
2017), the density of S. alterniflora in the MT treatment was 5% - 31% of that in the
CK treatment (p < 0.001, Fig. 8C). Spartina alterniflora was completely restored in
2018. There was no significant difference in the density of S. alterniflora between the

MT and CK treatments during the reproductive growing period in 2018 (Fig. 8D-F).

Figure 8 Dynamics of the density of S. alterniflora after mowing and tilling. The white bars

indicate mowing and tilling. The grey bars indicate the control treatment with neither mowing nor

tillage.

Effects of mowing and tilling on the canopy height of S. alternifiora

Mowing and tillage effectively inhibited both the germination and growth of S.
alterniflora the following year (Fig. 9). The clonal plant height in the MT and CK
treatments increased continuously, but the growth rate of clonal ramets was signifi-
cantly inhibited by MT, and the canopy height in the MT treatment was always
25%-45% of that in the CK treatment (p<0.001, Fig. 9A). From germination to early
June in 2017, the seedlings grew very slowly, plant height remained below 7 cm, and
there was no significant difference in seedling height between the MT and CK treat-
ments (Fig. 9B). During the reproductive growth period, the canopy height of S. al-
terniflora in the MT treatment remained much lower than that in the CK treatment. At
the end of the growing season in early November, the canopy height in the CK treat-

ment was 105.7 cm, which was higher than that in the MT treatment by 53.4%



(p<0.001). Therefore, mowing and tilling inhibited both the germination and growth
of S. alterniflora in the following year. However, the growth rate of S. alternifiora
was well restored in 2018, and the canopy height in the MT treatment was very close

to that in the CK treatment, especially during the reproductive period (Fig. 9D-F).

Figure 9 Dynamics of the canopy height of S. alterniflora after mowing and tilling. The white bars
indicate mowing and tilling. The grey bars indicate the control treatment with neither mowing nor

tillage.

Effects of mowing and tilling on the heading of S. alterniflora

Mowing and tilling at the end of the growing season significantly inhibited the
spike density, spike rate and spike length of S. alterniflora in the following year (Fig.
10). The spike density of S. alterniflora in the MT treatment was only 21.9% (p<0.01)
of that in the CK treatment. Tillage also inhibited the growth of S. alterniflora, result-
ing in a lower spike rate, which was the ratio of the number of spikes to the number of
S. alterniflora stems. The growth of spikes was also inhibited, and the spike length in
the MT treatment was shorter than that in the CK treatment by 13% (p<0.05). The
spike data indicated that the seed yield in the following year was highly inhibited by
mowing and tilling. As a result, the sexual propagation of S. alterniflora will be con-
tinuously inhibited.

Due to the restoration of asexual reproductive capacity and the secondary inva-
sion of seeds, S. alterniflora in the MT treatment grew very well in 2018, and its pan-

icle growth features were even better than those in the CK treatment (Fig. 10).

Figure 10 Effects of mowing and tilling on the heading of S. alterniflora. The white bars indi-
cate mowing and tilling. The grey bars indicate the control treatment with neither mowing nor

tillage.



Control of S. alterniflora by herbicides

Effects of herbicides on the growth of S. alterniflora

The 0.15-0.45 kg ha-! dose of haloxyfop-r-methyl had a strong weed control ef-
fect. Haloxyfop-r-methyl was sprayed with a backpack sprayer in early June 2018.
One and a half months later, the vast majority of S. alterniflora were dead (Fig. 11A).
Although all three doses of haloxyfop-r-methyl had good herbicidal effects, there
were significant differences among the different doses. At the end of the growing sea-
son, in comparison to the control treatment, the density of S. alterniflora in the HI,
H2 and H3 treatments decreased by 58.6% (p<0.01), 98.3% (p<0.01) and 99.5%
(p<0.01), respectively. The application of 0.3 and 0.45 kg ha-! haloxyfop-r-methyl
achieved a perfect weed control effect. Although a small number of S. alterniflora
survived in haloxyfop-r-methyl plots, their growth was significantly inhibited. The
plant height of S. alterniflora in haloxyfop-r-methyl plots was approximately half that
in the CK treatment at the end of the growing season (p<0.05, Fig. 11B).

The control effect of glyphosate on S. alterniflora was inferior to that of haloxy-
fop-r-methyl. At the end of the growing season, the density of S. alterniflora in the G1
and G2 treatments decreased by 16.1% (p>0.1) and 23.4% (p>0.05), respectively, and
the canopy height in the G1 and G2 treatments was shorter than that in the CK treat-

ment by 36.8% (p<0.01) and 44.6% (p<0.01), respectively.
Figure 11 Effects of herbicides on the growth of S. alterniflora. CK indicates the control treat-
ment without herbicide. H1, H2 and H3 indicate the treatments with 0.15, 0.30 and 0.45 kg ha-!

haloxyfop-r-methyl, respectively. G1 and G2 indicate the treatments with 4.0 and 8.0 kg ha-!

glyphosate, respectively.



Effects of herbicides on the heading of S. alternifiora

In the herbicide treatments, the surviving S. alterniflora grew slowly, and their
spikes were also poisoned by herbicides. The spike density of S. alternifiora in the
haloxyfop-r-methyl treatments was only 0.6%-16.4% of that in the CK treatment
(p<0.01, Fig. 12A). However, there were no significant differences among the differ-
ent doses. The spike length of S. alterniflora in the H1, H2 and H3 treatments was
88.3% (p<0.1), 65.4% (p<0.01) and 36.1% (p<0.01) of that in the CK treatment, re-
spectively (Fig. 12B). However, there were no significant differences among the dif-
ferent doses. Panicle development was severely inhibited in the H2 and H3 treat-
ments, and there were no mature seeds. Therefore, the sexual reproduction of S. al-
terniflora was completely inhibited by the two treatments.

Glyphosate significantly inhibited the spike density of S. alterniflora, and the
spike density in the G1 and G2 treatments was 41.0% and 12.7% of that in the CK
treatment (p<0.01, Fig. 12A). However, the growth of spikes in the G1 and G2 treat-
ments was good. The spike length was almost the same as that in the CK treatments,
and many mature seeds were produced, which indicated that glyphosate application
could not satisfactorily inhibit the sexual reproduction of S. alterniflora in the follow-

ing year.

Figure 12 Effects of haloxyfop-r-methyl on the spikes of S. alterniflora. CK indicates the con-
trol treatment without herbicide. H1, H2 and H3 indicate the treatments with 0.15, 0.30 and 0.45
kg ha-! haloxyfop-r-methyl, respectively. G1 and G2 indicate the treatments with 4.0 and 8.0 kg

ha-! glyphosate, respectively.

Cost of controlling S. alterniflora

On the basis of our experimental study, 200 m2 of S. alterniflora were treated



with each control approach to preliminarily estimate the control cost. The control
costs of mowing + 30 cm waterlogging, mowing + tillage and spraying 0.3 kg ha-! of
haloxyfop-r-methyl were 4104, 3284 and 1067 dollars per hectare, respectively. Be-
cause these approaches were nearly 100% effective in eliminating S. alterniflora, we
assumed that 10% of the cost would be used for maintenance or supplementary con-
trol in the second year.

Discussion
Control efficacy of mowing and waterlogging

Mowing can prevent the photosynthesis of S. alterniflora, and waterlogging after
mowing may lead to the gradual death of roots due to hypoxia (Xie et al. 2018). Many
studies have shown that mowing in addition to waterlogging can eradicate S. alterni-
flora (Table 1). This study aimed to improve control effectiveness of this integrated
approach and reduce its cost.

The control efficacy of mowing is closely related to mowing timing. Improper
timing of mowing, especially during the later growing season, may promote the re-
generation of S. alterniflora (Tan et al. 2010). The sprouts of S. alterniflora come
from seed germination and rhizome cloning. The clonal reproduction of rhizomes oc-
curs almost throughout the entire growing season. From the germination stage, the
density of S. alterniflora increased gradually. Due to the death of the seedlings germi-
nating from seeds, the plant density began to decline in May and reached a minimum
in early June. After that, there were no newly germinated seeds, and the density of S.
alterniflora increased continuously due to the enhancement of the clonal reproductive

I ability of rhizomes (CK in Fig. 3). The seasonal variation in plant density indicates



that the clonal reproductive capacity of the S. alterniflora community may be weakest
in early June. Therefore, early June, that is, the end of the vegetative growth period,
may be the best time to control the asexual reproduction of S. alterniflora. Our study
confirmed that mowing in early June is more effective than mowing in early August
under the same waterlogging conditions (Fig. 3). However, differences in climate or
topography may lead to differences in optimal mowing times. In the Yangtze Estuary,
Tang et al. (2009) found that mowing during the flowering stage in early July had a
better control effect than mowing during other periods. Yuan et al. (2011) also found
that mowing along with waterlogging during the flowering stage in early July can
eradicate S. alterniflora in the Yangtze Estuary. In summary, the optimal time for
mowing is from the end of vegetative growth to the flowering stage.
Table 1 A summary of the control efficacy of mowing and waterlogging

Although S. alterniflora has strong resistance to flooding, continuous waterlog-
ging stress will inhibit its growth. The control effect of waterlogging is closely related
to the phenological phase and water level. The effect of continuous waterlogging on
seedlings is greater than that on ramets. Our results showed that 10-20 cm waterlog-
ging killed all of the seedlings, which were 5-7 cm high in 43 days. Chen et al. (2011)
also found that continuous waterlogging at a depth of 20 cm could lead to the death of
seedlings (height 7-10 cm) within 3 months. This is likely due to the poor resistance
of seedlings to waterlogging. We observed that the seedlings of S. alterniflora were
very slim and grew slowly. Two months after germination, the height of seedlings was

still less than 7 cm, and the number of leaves was no more than 3.

The water level of waterlogging has a great influence on the control efficacy. The



ramets of S. alterniflora grow fast and have strong adaptability to waterlogging stress.
When the level of waterlogging is lower than the height of plants, the chlorophyll
content in the leaves increases significantly, and the growth of S. alterniflora is pro-
moted. When water levels are higher than the plants, waterlogging leads to a signifi-
cant decline in chlorophyll content and photosynthetic rate and eventually significant-
ly inhibits the growth and reproduction of S. alterniflora (Mateos-Naranjo et al. 2007;
Yuan and Zhang 2010). Even if the water level is as high as 100 cm, it is very difficult
to completely kill S. alterniflora by waterlogging alone (Yuan and Zhang 2010). The
integrated method of mowing and waterlogging can achieve better control efficacy.
Studies in the Yangtze Estuary of China have found that S. alterniflora can be eradi-
cated by waterlogging at 30-70 cm after mowing (Sheng et al. 2014; Yuan et al. 2011).
Our study in the Yellow River Estuary of China found that the waterlogging level af-
ter mowing could be reduced to 20 cm if S. alterniflora was controlled at the end of
the vegetative growth period. The control efficacy of S. alterniflora could be as high
as 90% even if the waterlogging level was only 10 cm after mowing. Our previous
studies showed that the rhizomes of S. alterniflora were dead after mowing and wa-

terlogging at a level of 20 cm for 4.5 months (Xie et al. 2018).

In summary, the integration of mowing and waterlogging can eradicate S. al-
terniflora, and the timing of mowing from the late vegetative growth stage to the
flowering stage of S. alterniflora is suitable, but the depth of waterlogging may vary
in different regions. A lower waterlogging level implies easier control and lower cost.
Therefore, it is better to conduct experimental research before the large-scale control

of S. alterniflora is implemented.



Control efficacy of mowing and tilling

There are few studies on controlling S. alterniflora by mowing and tilling (Table
2). Mowing is the pretreatment of tilling, and tilling plays the main role in control. S.
alterniflora enters dormancy in the cold winter. Tillage can destroy the rhizome and
make it vulnerable to cold and the tide and therefore easily affects the asexual repro-
ductive capacity of the rhizome. Therefore, the asexual reproduction of S. alternifiora
was almost completely inhibited the following spring (Fig. 8A). However, if the sec-
ondary invasion of seeds is unavoidable, the control area will be reoccupied by S. al-

terniflora after a certain period of time (Fig. 8D-F).

The choice of tillage time may have a great influence on control efficacy. This
study suggested that mowing and tilling at the end of the growing season reached a
satisfactory control efficacy. As described in Section 4.1, the asexual reproductive ca-
pacity of S. alterniflora may be weakest at the end of the vegetative growth stage, so
tillage during this period may also achieve very good control efficacy. In the coastal
zone of Fujian Province of China, mowing and tillage in early July could eradicate S.
alterniflora, which did not reappear in the second and third years (Tan 2008). Some
studies have reported that the control efficiency of winter tillage is only 73% (Patten
2004). If the rhizome of S. alterniflora is further broken after tillage, the control effi-

ciency may be improved (Mateos-Naranjo et al. 2012).

Table 2 A summary of the control efficacy of mowing and tilling

Control efficacy of herbicides

Chemical control is usually carried out by applying herbicides to eradicate S. al-

terniflora. Many herbicides, such as haloxyfop-r-methyl, glyphosate, glufosinate am-



monium, and imazapyr, have been used to control S. alterniflora. The control efficacy
of different herbicides varies greatly, ranging from 12% to 100% (Table 3). The U. S.
Environmental Protection Agency only allows glyphosate and imazapyr to be used in
estuarine environments (Knott et al. 2013). Glyphosate is a widely used herbicide, but
its efficacy for control of S. alterniflora is unsatisfactory, the vast majority of which is
less than 62% (Knott et al. 2013; Mateos-Naranjo et al. 2012; Patten 2004). Although
some studies have shown that the control efficacy of haloxyfop-r-methyl against S.
alterniflora is very poor, the present study found that the control efficacy of haloxy-
fop-r-methyl is close to 100% at an appropriate dose. In addition to the dosage of her-
bicides, the growth period of S. alterniflora also affects the control efficacy of herbi-
cides. For example, the same dosage of glyphosate showed 93% control efficacy
against S. alterniflora seedlings but only 16% - 25% control efficacy against mature
plants (Knott et al. 2013). Glufosinate and imazapyr have better mortality effects on
the seedlings of S. alterniflora, but their control effect against mature S. alternifiora is
also poor, usually less than 33% (Knott et al. 2013; Patten 2004). The control efficacy
of herbicides is also influenced by wind, tidal cycles and sediment cover on stems and
leaves (Hedge et al. 2003).
Table 3 A summary of the control efficacy of sprayed herbicides

It must be noted that it is almost impossible to achieve 100% control efficacy by
spraying herbicides due to the mutual occlusion of dense stems and leaves or uneven
spraying. In this study, 0.30 kg ha-! haloxyfop-r-methyl could kill 98% of S. alterni-
flora. when increasing the dosage of from 0.30 to 0.45 kg ha-l, there were still a few
surviving plantsin some areas (1-5 stems m-2 on average). Other studies have found

similar results. The application of glyphosate in the same location for several consec-



utive years did not improve the overall control significantly compared with the appli-
cation of glyphosate for only one year, and there were still several S. alterniflora
plants per square meter (Patten 2004). This sporadic survival of S. alterniflora may
lead to large-scale secondary invasion over the next few years. [t is not enough to

spray herbicides only once. The surviving S. alterniflora should be sprayed with her-

bicides for a second or even a third time.

Chemical methods for controlling S. alterniflora are likely to have negative ef-
fects. On the one hand, chemical agents usually cause some residual toxicity; on the
other hand, they often cause harm to other plants and animals, thereby destroying the
local soil and water ecosystems (Kilbride and Paveglio 2001; Paveglio et al. 1996).
Qiao et al. (2019) found that the crab density was significantly lower than that in the
control treatment after spraying haloxyfop-r-methyl or glyphosate for 4 months, but
the crab population recovered 11 months after spraying herbicides. However, many
studies have found that herbicides are not harmful organisms on beaches or in estuar-
ies (Patten 2003; Shimeta et al. 2016). Species richness and diversity value of native

plants were not affected by glyphosate (Mateos-Naranjo et al. 2012). Our study found

that haloxyfop-r-methyl had no effect on Suaeda salsa, a native vegetation. This
harmlessness may be due to low-dose exposure to herbicides because herbicides are
mainly taken up by plant stems and leaves or washed away by tidal water, and only a
small amount reaches sediments (Shimeta et al. 2016). The influence of herbicides on
the environment is closely related to the amount and time of herbicide application. In
the future, the optimal time and minimum dosage of herbicides should be evaluated to

| minimize their negative effects on the environment.



Cost of controlling S. alterniflora

The cost of controlling Spartina alterniflora is very high. The mean annual cost
to manage Willapa S. alterniflora during five years was ~$3,500 km-! of shoreline per
year (Patten et al. 2017). The cost of chemical control in this study was 1067 dollars
per hectare. By comparison, the average annual cost for the chemical control of S. al-
terniflora was 2414 dollars per hectare in South Africa (Riddin et al. 2016). The con-
trol costs of mowing and waterlogging in this study was 4104 dollars per hectare.
Yuan et al. (2011) reported that the control cost of mowing and watlogging was only
500 dollars per hectare. Because of the higher waterlogging level than that in this
study and the need for pumping, the low cost reported by Yuan is almost impossible.

Conclusion

This study covers a variety of approaches to control S. alterniflora, and all of the
approaches can achieve very high control effectiveness. This study also provides a

possibility to reduce the cost of controlling S. alterniflora.

The integrated approach of mowing and waterlogging can completely inhibit the
sexual and asexual reproduction of S. alterniflora, thus achieving the goal of eradicat-
ing S. alterniflora. It is recommended that this method be used in areas with frequent
tidal flooding. The technical details of this approach include (1) mowing S. alterniflo-
ra at the end of the vegetative growth stage, with the height of the stubble being less
than 10 cm, and (2) continuous waterlogging after mowing until the end of the year,

with the water level being 20-30 cm.

The integrated approach of mowing and tilling at the end of the growing season

can almost completely inhibit the asexual reproduction of S. alterniflora, and the re-



moval of S. alterniflora can effectively inhibit its sexual reproduction by removing
seeds from the system. Therefore, this integrated approach is a good way to control S.
alterniflora. This method may be more suitable for places with cold winters. In addi-
tion, if we want to extend this approach, special machinery suitable for muddy tidal

flats is needed.

The application of haloxyfop-r-methyl at a dose of 0.3-0.45 kg ha! can almost
eradicate S. alterniflora, and its control efficacy was more than 98%. The control eftfi-
cacy of glyphosate at a dose of 4.0-8.0 kg ha-! was less than 23%. Therefore, haloxy-
fop-r-methyl can be used to control S. alterniflora. To minimize the potential envi-
ronmental pollution, herbicides are recommended for new invasive patches of S. al-

terniflora.

Finally, it is difficult to eradicate S. alterniflora only once. Later investigation
and re-control for the remaining S. alterniflora are probably necessary. Large-scale
control is also needed. Otherwise, the controlled areas are likely to be re-invaded by

the seeds of S. alterniflora from seawater in a few years.

References

Adams J, van Wyk E, Riddin T. 2016. First record of Spartina alterniflora in southern Africa indi-
cates adaptive potential of this saline grass. Biological Invasions 18:2153-2158 doi:
10.1007/s10530-015-0957-5

An S, Gu B, Zhou C, Wang Z, Deng Z, Zhi Y, Li H, Chen L, Yu D, Liu Y. 2007. Spartina invasion in China:
implications for invasive species management and future research. Weed Research
47:183-191 doi:10.1111/5.1365-3180.2007.00559.x

Buhle ER, Feist BE, Hilborn R. 2012. Population dynamics and control of invasive Spartina al-
terniflora: inference and forecasting under uncertainty. Ecological Applications
22:880-893

Chen Z, Wang G, Liu J, Xu W, Ren L. 2011. Effects of waterlogging regulation on growth of
Spartina alterniflora. Research of Environmental Sciences 24:1003-1007

Gao Y, Yan W-L, Li B, Zhao B, Li P, Li Z, Tang L. 2014. The substantial influences of non-re-
source conditions on recovery of plants: A case study of clipped Spartina alterniflora
asphyxiated by submergence. Ecological Engineering 73:345-352 doi:10.1016/j.ecoleng.
2014.09.051

Han G, Sun B, Chu X, Xing Q, Song W, Xia J. 2018. Precipitation events reduce soil respiration
in a coastal wetland based on four-year continuous field measurements. Agricultural and



Forest Meteorology 256-257:292-303 doi:https://doi.org/10.1016/j.agrformet.
2018.03.018

Hedge P, Kriwoken LK, Patten K. 2003. A review of Spartina management in Washington State,
US. Journal of Aquatic Plant Management 41:82-90

Kerr DW, Hogle IB, Ort BS, Thornton WJ. 2016. A review of 15 years of Spartina management in
the San Francisco Estuary. Biological Invasions 18:2247-2266 doi:10.1007/
$10530-016-1178-2

Kilbride KM, Paveglio FL. 2001. Long-term fate of glyphosate associated with repeated rodeo
applications to control smooth cordgrass (Spartina alterniflora) in Willapa Bay, Washing-
ton. Archives of Environmental Contamination and Toxicology 40:179-183

Knott CA, Webster EP, Nabukalu P. 2013. Control of smooth cordgrass (Spartina alterniflora)
seedlings with four herbicides. Journal of Aquatic Plant Management 51:132-135

Li B, Liao C, Zhang X, Chen H, Wang Q, Chen Z, Gan X, Wu J, Zhao B, Ma Z, Cheng X, Jiang L, Chen J.
2009. Spartina alterniflora invasions in the Yangtze River estuary, China: An overview of
current status and ecosystem effects. Ecological Engineering 35:511-520 doi:10.1016/
j.ecoleng.2008.05.013

Liu H, Gong H, Qi X, Li Y, Lin Z. 2018. Relative importance of environmental variables for the
distribution of the invasive marsh species Spartina alterniflora across different spatial
scales. Marine and Freshwater Research 69:790-801 doi:10.1071/mf17100

Mateos-Naranjo E, Cambrolle J, Garcia De Lomas J, Parra R, Redondo-Gomez S. 2012. Mechani-
cal and chemical control of the invasive cordgrass Spartina densiflora and native plant
community responses in an estuarine salt marsh. Journal of Aquatic Plant Management
50:106-111

Mateos-Naranjo E, Redondo-Gomez S, Silva J, Santos R, Figueroa ME. 2007. Effect of prolonged
flooding on the invader Spartina densiflora Brong. Journal of Aquatic Plant Management
45:121-123

Mobberley DG (1956. Taxonomy and distribution of the genus Spartina. lowa State College Jour-
nal of Science 30:471-574

Patten K. 2003. Persistence and non-target impact of imazapyr associated with smooth cordgrass
control in an estuary. Journal of Aquatic Plant Management 41:1-6

Patten K Comparison of chemical and mechanical control efforts for invasive Spartina in Willapa
Bay, Washington. In: Proceedings of the Third International Conference on Invasive
Spartina, San Francisco, CA, USA., 2004. pp 249-254

Patten K, O'Casey C, Metzger C. 2017. Large-Scale Chemical Control of Smooth Cordgrass
(Spartina alterniflora) in Willapa Bay, WA: Towards Eradication and Ecological Restora-
tion. Invasive Plant Science & Management 10:284-292

Paveglio FL, Kilbride KM, Grue CE, Simenstad CA, Fresh KL (1996. Use of Rodeo(R) and
X-77(R) spreader to control smooth cordgrass (Spartina alterniflora) in a southwestern
Washington estuary .1. Environmental fate. Environmental Toxicology and Chemistry
15:961-968 doi:10.1897/1551-5028(1996.015<0961:uoraxs>2.3.co;2

Qiao P, Wang A, Xie B, Wang L, Han G, Mei B, Zhang X. 2019. Effects of herbicides on invasive
Spartina alterniflora in the Yellow River Delta. Acta Ecologica Sinica DOI: 10.5846/
stxb201807291611

Riddin T, van Wyk E, Adams J. 2016. The rise and fall of an invasive estuarine grass. South
African Journal of Botany 107:74-79 doi:10.1016/j.sajb.2016.07.008

Shen B, Tian J, Yu X, Li J, Shi D. 2009. Effects on Zoobenthos Diversity by Spartina spp. Inva-
sion in Tidal Flat of Yellow River Delta. Advances in Marine Science 27:384-392 (in
Chinese with English abstract)

Sheng Q, Huang M, Tang C, Niu D, Ma Q, Wu J. 2014. Effects of different eradication measures
for controlling Spartina alterniflora on plants and macrobenthic invertebrates. Acta hy-
drobiologica sinica 38:279-290 (in Chinese with English abstract)

Shimeta J, Saint L, Verspaandonk ER, Nugegoda D, Howe S. 2016. Long-term ecological conse-
quences of herbicide treatment to control the invasive grass, Spartina anglica, in an Aus-
tralian saltmarsh. Estuarine Coastal and Shelf Science 176:58-66 doi:10.1016/j.ecss.
2016.04.010

Smith SM, Lee KD. 2015. The influence of prolonged flooding on the growth of Spartina alterni-
flora in Cape Cod (Massachusetts, USA). Aquatic Botany 127:53-56 doi:10.1016/j.aqua-
bot.2015.08.002

Strong DR, Ayres DA. 2016. Control and consequences of Spartina spp. invasions with focus
upon San Francisco Bay. Biological Invasions 18:2237-2246 doi:10.1007/
$10530-015-0980-6

Strong DR, Ayres DR. 2013. Ecological and Evolutionary Misadventures of Spartina. Annual Re-
view of Ecology Evolution & Systematics 44:389 doi:10.1146/annurev-




ecolsys-110512-135803

Tan F. 2008. Effect of the method combining cutting with machine boat on controlling Spartina
alterniflora and its impact on wetland soil characteristics. Wetland Science 6:526-530 (In
Chinese with English Abstract)

Tan F, Lin Y, Xiao H, Hui P, Cui L, Li H, Jie L, Luo M, Le T, Luo, C. 2010. The Effect of Mowing on
Growth of Spartina alterniflora. Wetland Science 8:379-385

Tang L, Gao Y, Wang J, Wang C, Li B, Chen J, Zhao B. 2009. Designing an effective clipping re-
gime for controlling the invasive plant Spartina alterniflora in an estuarine salt marsh.
Ecological Engineering 35:874-881 doi:10.1016/j.ecoleng.2008.12.016

Tian J, Shen B, 1i J, Yu X, Shi D. 2009. Effect of alien invasive species Spartina spp. on zooben-
thos in shoal in Yellow River Delta. Marine Environmental Science 28:687-690 (in Chi-
nese with English abstract)

Tian J, Yu X, Shen B, Shi D, Li J. 2008. The Effects of an Alien Invasive Species Spartina spp. on
the Zooplankton of Tidal Flat of Yellow River Delta. Shandong Science 21:15-20 (in Chi-
nese with English abstract)

Xie B, Wang A, Zhao Y, Zhu S, Song J, Han G, Guan B, Zhang L. 2018. Effects of mowing plus
waterlogging on germination and sedling growth of Spartina alterniflora. Chinese Journal
of Ecology 37:417-423 (in Chinses with English abstract) doi:10.13292/j.
1000-4890.201802.010

Yang J, Ma Y, Ren G, Zhang J, Fan Y. 2017. Monitoring method of invasive vegetation Spartina

alterniflora in modern Yellow R iver delta based on gf remote sensing data. Marine Envi-

ronmental Science 36:596-602 (in Chinese with English abstract)

Yuan L, Zhang L, Xiao D, Huang H. 2011. The application of cutting plus waterlogging to control
Spartina alterniflora on saltmarshes in the Yangtze Estuary, China. Estuarine Coastal and
Shelf Science 92:103-110 doi:10.1016/j.ecss.2010.12.019

Yuan L, Zhang L. 2010. Effects of waterlogging on the physiology of Spartina alterniflor. Ocea-
nologia Et Limnologia Sinica 41:175-179

Zhang G, Bai J, Jia J, Wang W, Wang X, Zhao Q, Lu Q. 2018. Shifts of soil microbial community
composition along a short-term invasion chronosequence of Spartina alterniflora in a
Chinese estuary. The Science of the total environment 657:222-233 doi:10.1016/j.scito-
tenv.2018.12.061



	Introduction
	Materials and methods
	Site description
	Experimental design
	Mowing and waterlogging to control S. alterniflora
	Mowing and tilling to control S. alterniflora
	Spraying herbicides to control S. alterniflora

	Field sampling and survey
	Statistical analysis

	Results
	Control of S. alterniflora by mowing and waterlogging
	Control of the asexual propagation of S. alterniflora by mowing and waterlogging
	Control of the sexual propagation of S. alterniflora by mowing and waterlogging

	Control of S. alterniflora by mowing and tilling
	Effects of mowing and tilling on S. alterniflora density
	Effects of mowing and tilling on the canopy height of S. alterniflora
	Effects of mowing and tilling on the heading of S. alterniflora

	Control of S. alterniflora by herbicides
	Effects of herbicides on the growth of S. alterniflora
	Effects of herbicides on the heading of S. alterniflora

	Cost of controlling S. alterniflora

	Discussion
	Control efficacy of mowing and waterlogging
	Control efficacy of mowing and tilling
	Control efficacy of herbicides
	Cost of controlling S. alterniflora

	Conclusion
	References

