
J. Aquat. Plant Manage. 51: 132–135

Notes

Control of smooth cordgrass (Spartina
alterniflora) seedlings with four herbicides

CARRIE A. KNOTT, E. P. WEBSTER, AND P. NABUKALU*

INTRODUCTION

Smooth cordgrass (Spartina alterniflora Loisel.) is a
perennial grass native to intertidal saline marshes along
the Atlantic and Gulf of Mexico coasts in the United States
(Godfrey and Wooten 1979). It has a dense canopy formed
by quickly spreading rhizomes. In its native ecosystems, it
provides valuable wildlife habitat and is essential to
reducing wave energy and accumulating suspended sedi-
ments (Redfield 1972, Nepf 1999). Smooth cordgrass has
spread worldwide; it was accidentally introduced on the
West Coast of the United States in the 1800s (Frenkle and
Kunze 1984, Sayce 1988) and has since spread as far north as
British Columbia and as far south as California (Frenkle and
Kunze 1984). It was also intentionally introduced in China
in the 1970s to reclaim coastal areas (Chung 1993, Chung et
al. 2004, Zhang et al. 2004). Outside its native ecosystems,
smooth cordgrass is an extremely aggressive invader that
alters ecosystems so significantly that native biodiversity and
habitats can be lost (Callaway and Josselyn 1992, Daehler
and Strong 1996, Dumbauld et al. 1997, Chen et al. 2004).

Methods to control smooth cordgrass in nonnative areas
have included mechanical, biological, and chemical ap-
proaches (Norman and Patten 1996, Portnoy 1999, Hedge et
al. 2003, Major et al. 2003, Li and Zhang 2008). Success of
smooth cordgrass control has varied and appears dependent
on environmental conditions and the frequency with which
the control measure is implemented. Typically, mechanical
methods, which include various combinations of plant
removal, mowing, burial, and flooding, have provided
acceptable levels of control of smooth cordgrass; however,
they are so expensive that widespread implementation is
not feasible (Hedge et al. 2003). Biological controls, which
have had limited success, include introduction of insects
that suppress growth of smooth cordgrass and substitution
of smooth cordgrass with native grasses (Grevstad et al.
2003, Li and Zhang 2008). Chemical control, which uses
herbicides to eliminate invasive smooth cordgrass, has had
greater success in reliably controlling smooth cordgrass

plants in natural environments (Kilbride et al. 1995, Patten
2002 Major et al. 2003). To date, 2 herbicides have been
registered by the U.S. Environmental Protection Agency
(USEPA) for smooth cordgrass control in estuarine envi-
ronments in the United States: glyphosate and imazapyr.
The focus of most control programs is on established
smooth cordgrass plant communities. However, seed dis-
persal is an important mechanism of invasive smooth
cordgrass spread (Daehler and Strong 1997, Anttila et al.
1998). Manual removal of smooth cordgrass seedlings has
been used as a control option; however, implementation has
been prohibited by its labor requirements and cost (Hedge
et al. 2003). Because of its success for established plant
communities, chemical control of smooth cordgrass seed-
lings could be an economical and environmentally accept-
able option for controlling invasive smooth cordgrass,
which will likely require much lower herbicide rates than
established smooth cordgrass plants.

The objectives of this study were to determine (1) control
rates of smooth cordgrass seedlings with 4 herbicides; and
(2) injury to established smooth cordgrass plants after the
application of 4 herbicides.

MATERIALS AND METHODS

To produce smooth cordgrass seedlings, seed was har-
vested from an aquatic production field, which contained 7
smooth cordgrass cultivars (‘Vermilion’, ‘Cameron’, ‘Terre-
bonne’, ‘Jefferson’, ‘St. Bernard’, ‘Las Palomas’, and ‘La-
fourche’ [Fine and Thomassie 2000, Knott et al. 2012a,b]) and
6 experimental smooth cordgrass genotypes (unpub. data),
in November 2010, in Baton Rouge, LA. Seed was immedi-
ately submerged in water outdoors until March 2011, when
seeds were planted into Ray Leach Cone-tainer cells1

containing Pro-Mix potting soil2 in controlled greenhouse
conditions, which was maintained at approximately 25 C (77
F) under natural photoperiod, for 6 wk until they reached
the 2-leaf stage and were approximately 13 cm (5.12 in) tall.
To produce established smooth cordgrass plants, rhizomes
and approximately 35 cm of stem material of 6 smooth
cordgrass cultivars (‘Cameron’, ‘Terrebonne’, ‘Jefferson’, ‘St.
Bernard’, ‘Las Palomas’, and ‘Lafourche’ [Knott et al.
2012a,b]) were planted in March 2010 into 4-L (1.06 gal)
trade containers. Smooth cordgrass plants were allowed to
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increase in size and become well-established plants for 1 yr
until they had approximately 8 stems and were 60 cm tall.

A nontreated control and 4 herbicides applied at 2 rates
were examined: 0.82 and 1.64 kg ha�1 (0.07 and 1.46 lb ac�1)
of glufosinate3 (ammonium-DL-homoalanin-4-yl(methyl)-
phosphinate); 1.06 and 2.13 kg ha�1 of glyphosate4 (5.5 L;
N-(phosphonomethyl) glycine); 1.05 and 2.11kg ha�1 imaza-
pyr5 (4 L; 2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-
1H-imidazol-2-yl]-3-pyridinecarboxylic acid); and 0.11 and
0.21 kg ha�1 imazethapyr6 (2-[4,5-dihydro-4-methyl-4-(1-
methylethyl)-5-oxo-1H-imidazol-2-yl]-5-methyl-3-pyridine-
carboxylic acid). Both herbicide rates were experimental;
the low rate was referred to as 13 and the high rate as 23.
Currently, only glyphosate and imazapyr are registered for
estuarine environments by the USEPA.

Smooth cordgrass seedlings and established plants were
moved to a treatment area outside the greenhouses for 45
min before herbicide application to adjust to the treatment
environment. Herbicides were applied with a CO2-pressur-
ized backpack sprayer delivering 140 L ha�1 solution at 190
kPa and were allowed to dry for 45 min before plants were
moved back into greenhouses. The nontreated control was
handled in the same manner.

Percentage of control of smooth cordgrass seedlings and
established plants were evaluated 7, 14, 21, 28, and 63 d after
treatment (DAT). We also measured injury of established
smooth cordgrass plants 7, 14, 21, 28, and 63 DAT because
no established plants were controlled with the experimental
herbicide rates. Percentage of control of smooth cordgrass
seedlings was calculated for each replication as follows:

No: of dead smooth cordgrass seedlings
Total no: of smooth cordgrass seedlings

� �
3 100: 1½ �

Injury of established smooth cordgrass plants was evaluat-
ed based on chlorosis and necrosis of foliage using a 0 to
100% scale, where 0% was no injury and 100% was plant
death.

The experimental design was a 4 by 2 factorial, random-
ized, complete block with 4 replications. Each seedling
replication had 27 smooth cordgrass seedlings, and each
established replication had 6 smooth cordgrass plants (one
for each of the 6 cultivars) for a total of 108 seedlings (27
seedlings 3 4 replications ¼ 108) and 24 established clonal
plants (6 plants 3 4 replications ¼ 24) tested per herbicide

treatment per experiment. The experiment was completed
twice: Trial 1 began onMay 6, 2011, whereas Trial 2 began on
May 13, 2011. Data for percentage of smooth cordgrass
seedling control and injury of smooth cordgrass plants were
arcsine square-root transformed and analyzed using PROC
MIXED in SAS 9.1.7 Trial and replication were specified as
random effects; herbicide was specified as a fixed effect.
Type III statistics were used to test all possible effects of fixed
factors and least-square means were used for means
separation at the 5% probability level (P � 0.05). Non-
transformed data are reported; data interpretations were
based on transformed data.

RESULTS AND DISCUSSION

To determine the feasibility of using herbicides to
control smooth cordgrass seedlings, which is an important
dispersal mechanism of invasive smooth cordgrass (Daehler
and Strong 1997Anttila et al. 1998), we measured percent-
age of smooth cordgrass seedling control when 4 herbicides
were applied at 2 rates. Smooth cordgrass seedling control
at 7 DAT ranged from 6.3 to 37.0%; glufosinate provided
the greatest control, whereas imazapyr and imazethapyr
provided the least smooth cordgrass seedling control (Table
1). Significant herbicide by rate interactions were detected
at 14, 21, and 28 DAT; therefore, data are presented for each
herbicide rate. When herbicides were applied at 13 rate,
smooth cordgrass seedling control at 14 DAT ranged from
13.4 to 64.8%; glufosinate provided the best control,
whereas imazapyr and imazethapyr provided the least
control (Table 1). At 23 rates at 14 DAT, smooth cordgrass
seedlings were controlled 14.4 to 69.4%; glufosinate and
glyphosate provided the greatest control, whereas imazapyr
and imazethapyr provided the least control (Table 1).
Smooth cordgrass seedling control ranged from 19.4 to
82.9% and 29.6 to 93.1% for the 13herbicide rate at 21 and
28 DAT, respectively; glufosinate provided the greatest
control, whereas imazapyr provided the least control at 13
herbicide rates at 21 and 28 DAT (Table 1). When 23
herbicide rates were applied at 21 and 28 DAT, control
ranged from 21.8 to 77.8% and 34.7 to 87.0%, respectively;
at both times, glufosinate and glyphosate had the best
control, whereas imazapyr and imazethapyr had the least
control (Table 1). By 63 DAT, 99.5% of seedlings were
controlled with glufosinate, whereas only 88% were

TABLE 1. AVERAGE PERCENTAGE OF CONTROL OF SMOOTH CORDGRASS SEEDLINGS 7, 14, 21, 28, AND 63 D AFTER TREATMENT (DAT) FOR 4 HERBICIDES APPLIED IN A GREENHOUSE

STUDY, BATON ROUGE, LA, 2011.

Herbicide

7 DAT1 14 DAT 21 DAT 28 DAT

63 DATAverage2 13 23 13 23 13 Average

Control3 (%)

Glufosinate 37.0 a 64.8 a 69.4 a 82.9 a 70.4 a 93.1 a 87.0 a 99.5 a
Glyphosate 21.5 b 34.7 b 62.5 a 45.8 b 77.8 a 65.3 b 86.6 a 95.4 b
Imazapyr 6.3 c 13.4 c 14.8 b 19.4 c 31.5 b 29.6 c 44.9 b 92.8 b
Imazethapyr 10.9 c 19.0 c 14.4 b 41.2 b 21.8 b 50.9 b 34.7 b 88.0 c
1DAT indicates days after herbicide treatment was applied.
2Average indicates that the percentage of smooth cordgrass seedling control was averaged for data collected on 13and 23herbicide rates; 13 and 23 indicates the percentage of
smooth cordgrass seedling control when 13 and 23herbicide rates were applied. The 13 and 23 rates, respectively, were 0.82 and 1.64 kg ha�1 glufosinate; 1.06 and 2.13 kg ha�1

glyphosate; 1.05 and 2.11 kg ha�1 imazapyr; and 0.11 and 0.21 kg ha�1 imazethapyr.
3Averages followed by different letters within each column are statistically different according to the t test on difference of least-square means at P¼ 0.05.
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controlled with imazethapyr (Table 1). For each evaluation
timing, glufosinate consistently provided the best control of
smooth cordgrass seedlings.

We also measured percentage of control of established
smooth cordgrass; however, none of the herbicides included
in this study resulted in death of an established smooth
cordgrass plant (data not shown). To determine the effect of
the tested herbicides on established smooth cordgrass
plants, we measured percentage of injury. Injury of
established smooth cordgrass plants at 7 DAT ranged from
16.2 to 31.5% and was greatest for glufosinate (Table 2).
Smooth cordgrass plant injury was greatest for glufosinate
and imazapyr and the least for imazethapyr at 14 DAT with
a range of 17.4 to 26.8% injury (Table 2). Glufosinate and
imazapyr provided the greatest injury, whereas glyphosate
and imazethapyr produced the least injury at 21 and 28
DAT (Table 2). A significant herbicide by rate interaction
was detected at 63 DAT; therefore, each herbicide rate was
analyzed separately. Injury was greatest for smooth cord-
grass plants when imazapyr was applied at the 13 rate;
however, at the 23 rate, glufosinate, glyphosate, and
imazapyr all produced significant injury to the plants
(Table 2).

Our data indicate that almost-complete control (99.5%)
of smooth cordgrass seedlings can be achieved with
glufosinate at 63 DAT and that, at 63 DAT, all herbicides
and rates provided at least 88% control of smooth cordgrass
seedlings. We also found that the herbicide rates investi-
gated in this study provided no control of established
smooth cordgrass plants and produced a maximum injury of
less than 33%. In previous studies, control of established
smooth cordgrass plants was achieved with much greater
herbicide rates in estuaries and natural environments
(Patten 2002, Major et al. 2003). Patten (2002) examined
imazapyr at 1.68 kg ae ha�1 and glyphosate at 7.26 and 18.00
kg ae ha�1. Twelve months after herbicide treatment,
control of established smooth cordgrass plants with imaza-
pyr ranged from 36 to 99%, whereas control with the low
and high glyphosate rates averaged 66 and 87%, respectively
(Patten 2002). Major et al. (2003) examined 2 glyphosate
rates, 4.2 and 20.2 kg ae ha�1, to control invasive smooth
cordgrass plants. Control at 12 mo after treatment with
their low glyphosate rate ranged from 0 to 32%, whereas
control with the high glyphosate rate ranged from 7 to 89%
(Major et al. 2003). In this study, we examined glyphosate at

1.06 and 2.13 kg ai ha�1, which is 0.87 and 1.74 kg ae ha�1,
and imazapyr at 1.05 and 2.11 kg ai ha�1, which is 0.83 and
1.66 kg ae ha�1. These rates are significantly less than those
that have been reported previously. To our knowledge, this
is the first reported account to investigate chemical controls
of smooth cordgrass seedlings. Our goal was to identify
management options that would reduce herbicide rates
necessary for control of invasive smooth cordgrass in
natural aquatic ecosystems. As expected, established smooth
cordgrass plants were not controlled and were minimally
injured with herbicide rates examined in this study.
However, we found that glufosinate consistently provided
significant control of smooth cordgrass seedlings. Unfortu-
nately, only glyphosate and imazapyr are registered for use
in estuarine environments by the USEPA.

Results of this study indicate that seedling control may be
an economical option for controlling invasive smooth
cordgrass. Additional research, which includes quantitative
data, such as plant height, aboveground and belowground
biomass rates, and the fate of additional herbicides in
estuarine environments, particularly glufosinate, is needed
to confirm this report and to obtain special-needs permits
or registration (or both) of glufosinate to control smooth
cordgrass seedlings in estuarine environments.

SOURCES OF MATERIALS

1Ray Leach Cone-tainer cells, Stuewe & Sons, 31933 Rolland Drive,
Tangent, OR 97389.

2Pro-Mix potting soil, Premier Horticulture Inc., 127 S. 5th Street, Suite
300, Quakertown, PA 18951.

3Glufosinate (2.34 EC), Bayer CropScience AG, Alfred-Nobel-Str. 50, D-
40789 Monheim am Rhein, Germany.

4Glyphosate, Monsanto Company, 800 N. Lindburgh Boulevard, St.
Louis, MO 63167.

5Imazapyr, BASF Corporation, 100 Campus Drive, Florham Park, NJ
07932-1089.

6Imazethapyr (2 AS), BASF Corporation, 100 Campus Drive, Florham
Park, NJ 07932-1089.

7SAS statistical software Version 9.1.3 for Windows, SAS Institute, 100
SAS Campus Drive, Cary, NC 27513-2414.
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