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ABSTRACT

 

Waterhyacinth (

 

Eichhornia crassipes

 

 [Mart.] Solms) and
common salvinia (

 

Salvinia minima

 

 Baker) are two floating
aquatic plants that can cause wide-spread problems in the
southern United States. These species can cause reductions
in ecosystem function as well as the abundance of native
plant species. Herbicides are often used in an attempt to
control both species; however, few recommendations exist
for common salvinia. Penoxsulam (2-(2,2-difluoroethoxy)-

 

N

 

-
(5,8 dimethoxy [1,2,4] triazolo [1,5-

 

c

 

] pyrimidin-2-yl)-6 (trif-
luoromethyl) benzenesulfonamide) is newly registered for
use in aquatic environments and is efficacious on floating
plants as a submersed application; however, foliar applica-
tion rates are largely undefined. The objectives of these stud-
ies were to determine the effect of foliar application rates of
penoxsulam for waterhyacinth and common salvinia, and to
evaluate the effectiveness of combinations of penoxsulam
with diquat against these same plants species. A mesocosm
study was conducted using foliar rates of penoxsulam (24.5,
49.1, and 98.2 g ai ha

 

-1

 

) alone and in combination with di-
quat (130.8 g ai ha

 

-1

 

). At six weeks after treatment (WAT), pe-
noxsulam alone at all rates resulted in 100% control of
waterhyacinth, and at 10 WAT control remained 

 

≥

 

90%. Pe-
noxsulam was not as effective at controlling common salvin-
ia. The combination of herbicides did not increase efficacy,
and there was evidence of antagonism at the rates tested. Fu-
ture studies should assess lower rates for waterhyacinth con-
trol and influences of salvinia mat thickness on application
timing and herbicide efficacy.
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INTRODUCTION

 

Waterhyacinth (

 

Eichhornia crassipes

 

 [Mart.] Solms) and
common salvinia (

 

Salvinia minima

 

 Baker) are widespread
problems in waterways throughout the southern United
States. Waterhyacinth is an invasive free-floating aquatic
plant from the tropical and subtropical regions of South
America (Holm et al. 1991). Waterhyacinth effectively dou-
bles the number of plants within 12.5 d (Penfound and Ear-
le 1948), increases dry biomass at a rate of 1.2% d

 

-1

 

, and
peak biomass can reach a maximum of 2.5 kg m

 

-2

 

 under op-
timal conditions (Center and Spencer 1981). Waterhya-
cinth impedes the recreational use of rivers and lakes
(fishing, swimming, and boat traffic) and the generation of
hydroelectric power. Furthermore, waterhyacinth increases
the potential for flooding, reduces primary productivity
(e.g., phytoplankton), and alters ecosystem properties (Toft
et al. 2003).

Common salvinia is a free-floating aquatic fern native to
central and South America (Olguin et al. 2002). While not as
well known an invasive species as the congeneric giant salvin-
ia (

 

Salvinia molesta

 

 Mitchell), it is a significant nuisance weed
in southern aquatic and wetland systems (Jacono and Richer-
son 2008). Common salvinia is capable of high growth rates
and is tolerant to a wide range of environmental conditions
(Olguin et al. 2002). In Louisiana, common salvinia biomass
reached 1.02 kg m

 

-2

 

 and caused reductions in native plant
abundance (Walley 2007).

To counteract the negative impacts often associated
with non-native aquatic plants, effective control methods
need to be identified. Penoxsulam (2-(2,2-difluoroethoxy)-

 

N

 

-(5,8 dimethoxy [1,2,4] triazolo [1,5-

 

c

 

] pyrimidin-2-yl)-6
(trifluoromethyl) benzenesulfonamide) was registered in
2008 for use in aquatic environments and may be effective in
controlling non-native aquatic plants. Penoxsulam is an ace-
tolactate synthase (ALS) inhibiting herbicide with a broad
spectrum of grass and broadleaf weed control (Senseman
2007). Penoxsulam is readily absorbed by leaves, shoots, and
roots, and is translocated to meristematic tissues via phloem
and/or xylem flow (Senseman 2007). Susceptible plant inju-
ry usually results in rapid growth inhibition followed by chlo-
rosis, vein reddening, and plant death within 4 weeks after
treatment (WAT; Senseman 2007).

Penoxsulam is efficacious as a submersed application for
control of waterhyacinth and giant salvinia at relatively low
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use rates (ppb; Richardson and Gardner 2007), but foliar ap-
plication rates for use as a spot treatment are largely unde-
fined with no data available on common salvinia efficacy.
Labeled rates of penoxsulam for control of floating species
as a foliar application are 2 to 5.6 oz acre

 

-1

 

 (35.1 to 98.9 g ai
ha

 

-1

 

), with control taking up to 60 d or longer for some plant
species (SePRO Corporation 2009). Therefore, combina-
tions of penoxsulam with low or sublethal rates of a contact
herbicide, such as diquat, may shorten the control period or
provide rapid visual indication of exposure. The objectives of
this study were to (1) determine foliar application rates of
penoxsulam that are efficacious on waterhyacinth and com-
mon salvinia; and (2) evaluate whether tank mixing penox-
sulam and diquat improves the speed and effectiveness of
control for waterhyacinth and common salvinia.

 

MATERIALS AND METHODS

 

The study was conducted in 378-L mesocosms at the R. R.
Foil Plant Science Research Center, Mississippi State Univer-
sity, for 10 weeks from August to November 2007. Waterhya-
cinth and common salvinia were planted from greenhouse
stock at Mississippi State University by randomly placing each
species into 24 mesocosms (48 mesocosms total) to cover the
water surface. Plants were allowed to grow for approximately
2 weeks in respective mesocosms prior to herbicide applica-
tions. Mesocosms were amended with 30 mg L

 

-1 

 

of Miracle
Gro®

 

3 

 

fertilizer (24-8-16) weekly to maintain growth. A single
pretreatment biomass sample was collected from every meso-
cosm the same day as herbicide applications using a 0.10 m

 

2

 

quadrat for waterhyacinth and a 0.05 m

 

2

 

 quadrat for com-
mon salvinia.

Foliar applications of penoxsulam as Galleon® SC

 

4 

 

were
applied at 24.5, 49.1, and 98.2 g ai ha

 

-1

 

 (1.4, 2.8, 5.6 oz acre

 

-1

 

)
alone and in combination with diquat applied as Reward®

 

5

 

at 130.8 g ai ha

 

-1

 

 (4 oz acre

 

-1

 

). All combination treatments
were mixed in the same tank. A diquat-alone treatment was
included as well as an untreated reference for statistical pur-
poses. A 0.5% v:v methylated seed oil surfactant (Sunwet®

 

6

 

)
was added to the spray solution, and the solutions applied at
935 L ha

 

-1

 

 using a CO

 

2

 

 pressurized single nozzle (8002 flat
fan) spray apparatus. Each treatment was replicated in 3 me-
socosms. After herbicide application, mesocosms were imme-
diately drained and refilled to remove any residual herbicide
in the water. Plants were rated weekly for percent control on
a scale of 0 (no control) to 100% (complete control) in 10%
increments. At 6 and 10 WAT a single biomass sample was
harvested in all waterhyacinth mesocosms using the 0.10 m

 

2

 

quadrat and two samples harvested in all common salvinia
mesocosms using the 0.05 m

 

2

 

 quadrat. The quadrats were
placed into respective tanks and then live green plant materi-
al was harvested from within the quadrats.

A general linear model was used in SAS® to determine
differences between control ratings within weeks, and a Fish-
er’s Protected LSD was used to separate any differences. A
similar analysis was conducted on biomass within species at 6
and 10 WAT. All analyses were conducted at a p = 0.05 level
of significance.

Herbicide synergism or antagonism of penoxsulam and
diquat was estimated using the dry weight biomass of water-

hyacinth 10 WAT with the following equation outlined by
Colby (1967):

Waterhyacinth biomass was first converted to percent control
prior to estimating herbicide response. In equation 1, E

 

1

 

 is
the expected control with herbicides A + B; X

 

1

 

 is observed
control with herbicide A; and Y

 

1

 

 is control with herbicide B.
When the observed plant response is greater than the ex-
pected response, the combination is synergistic; when less
than expected the combination is antagonistic. When the ob-
served and expected responses are equal the combination is
considered additive. Observed and expected values were cal-
culated for each replication (mesocosm) and values subject-
ed to a Wilcoxin Rank Sum Test to determine statistical
significance between the difference of the observed and ex-
pected values. Estimates were not computed for common sal-
vinia due to rapid plant recovery in all treatments.

 

RESULTS AND DISCUSSION

Waterhyacinth

 

Visual waterhyacinth control was 65 to 70% at 1 WAT
when applications included diquat, whereas control with pe-
noxsulam alone was only 20 to 25% (Table 1). By 3 WAT,
control was similar between the penoxsulam alone and com-
bination treatments. All treatments that included penoxsu-
lam were more effective than diquat alone treatments. At 4
WAT, the penoxsulam-alone treatments resulted in greater
control than any treatment containing diquat. At 6 WAT, pe-
noxsulam alone resulted in 100% control of waterhyacinth,
and at 10 WAT control remained 

 

≥

 

90%. Applications con-
taining diquat resulted in significant control early in the
study when compared to untreated reference plants; howev-
er, there was significant antagonism between diquat and pe-
noxsulam when used in combination (Table 2). By 8 WAT all
combination treatments resulted in less control than penox-
sulam alone.

Based on waterhyacinth biomass (Figure 1), there was sig-
nificant antagonism between diquat and penoxsulam
(Table 2). The penoxsulam alone treatments were more effi-
cacious then the combination of penoxsulam + diquat and
diquat alone. Cedergreen et al. (2007) reported that antago-
nism was the most common type of interaction between her-
bicides. Furthermore, the antagonistic response could be so
severe that the effect of a single herbicide is reduced in the
presence of the other herbicide. For example, the transport
of the systemic herbicide glyphosate (N-(phosphonomethyl)
glycine

 

)

 

 was reduced when mixed with the photosystem II in-
hibitor terbuthylazine (

 

N

 

2

 

-

 

tert

 

-butyl-6-chloro-

 

N

 

4

 

-ethyl-1,3,5-tri-
azine-2,4-diamine

 

) 

 

(Cedergreen et al. 2007). Diquat also
inhibited the translocation of glyphosate in the terrestrial
plant 

 

Phyllanthus tenellus

 

 Roxb., where it was concluded di-
quat produced rapid visual symptoms but inhibited long

E1 X1 Y1+( ) X1Y1 100⁄( )–= 1( )
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term control by glyphosate (Wehtje et al. 2008). Additionally,
Wehtje stated higher glyphosate rates must be used to avoid
loss of long-term efficacy in combination with diquat.

Our results show antagonism of diquat with all penoxsu-
lam rates tested. The addition of diquat for control of water-
hyacinth did not increase the efficacy of penoxsulam;
excellent biomass reduction was achieved by 6 WAT with 24.5
g ai ha

 

--

 

 of penoxsulam and control maintained to 10 WAT.
Because 24.5 g ai ha

 

-1

 

 was the lowest rate tested, additional
tests should be conducted evaluating lower dose responses.

 

Common salvinia

 

Control of common salvinia was 70 to 80% 1 WAT for all
applications with the exception of diquat alone (Table 1). By
2 WAT the 98.2 g ai ha

 

-1

 

 treatment of penoxsulam resulted in
90% control, however by 6 WAT control was only 30%. Con-

trol was similar between penoxsulam alone and the combina-
tion applications throughout the study with the exception of
the 24.5 g ai ha

 

-1

 

 penoxsulam + diquat combination. This ap-
plication resulted in less control by 2 WAT. Common salvinia
had completely recovered by 7 WAT for all applications with
the exception of diquat alone, which recovered by 3 WAT.
Biomass collected at 6 and 10 WAT show significant reduc-
tions in common salvinia biomass when compared to refer-
ence plants (Figure 2). However, during both harvest times
there were no distinct differences between applications with
the exception of diquat alone. Biomass was similar in the di-
quat alone treatment and 24.5 g ai ha

 

-1

 

 penoxsulam + diquat
by 10 WAT. This result with diquat alone was somewhat ex-
pected due to the low rate used. Nelson et al. (2001) report-
ed that giant salvinia was very susceptible to diquat at rates of
2091 and 4182 g ai ha

 

-1

 

, a >90% increase in diquat than that
used in this study. Sublethal diquat rates were used in this

 

T

 

ABLE

 

 1. C

 

ONTROL

 

 

 

RATINGS

 

 

 

OF

 

 

 

WATERHYACINTH

 

 

 

AND

 

 

 

COMMON

 

 

 

SALVINIA

 

 

 

FOLLOWING

 

 

 

FOLIAR

 

 

 

APPLICATIONS

 

 

 

OF

 

 

 

PENOXSULAM

 

 

 

AND

 

 

 

DIQUAT

 

 

 

ALONE

 

 

 

AND

 

 

 

IN

 

 

 

COMBI-
NATION

 

. 

Herbicide (g ai ha

 

-1

 

)

Weeks After Treatment

 

a

 

One Two Three Four Five Six Seven Eight Nine Ten

%

Waterhyacinth
Untreated Reference 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
Penoxsulam 24.5 20 b 50 b 85 cd 90 e 100 d 100 d 100 e 100 e 100 f 100 e
Penoxsulam 49.1 25 b 50 b 80 c 90 e 95 d 100 d 100 e 90 de 90 ef 90 de
Penoxsulam 98.2 20 b 50 b 80 c 90 e 100 d 100 d 100 e 95 de 95 ef 95 de
Penoxsulam 24.5 + Diquat 130.8 70 c 70 c 70 c 70 c 70 c 60 bc 60 c 60 c 60 c 60 c
Penoxsulam 49.1 + Diquat 130.8 70 c 80 d 80 c 85 de 90 cd 90 bcd 85 de 80 d 80 ed 80 cd
Penoxsulam 98.2 + Diquat 130.8 70 c 70 c 80 c 80 d 80 c 70 bcd 70 cd 65 c 70 cd 70 c
Diquat 130.8 65 c 55 b 55 b 50 b 50 b 40 b 40 b 35 b 35 b 35b 

LSD 8 9 12 9 12 31 18 15 16 16

Common salvinia
Untreated reference 0 a 0 a 0a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
Penoxsulam 24.5 70 c 75 bc 70 bcd 65 c 60 c 30 ab 0 a 0 a 0 a 0 a
Penoxsulam 49.1 70 c 65 b 60 b 55 bc 45 bc 25 ab 0 a 0 a 0 a 0 a
Penoxsulam 98.2 80 c 90 bc 90 c 80 c 55 bc 30 ab 0 a 0 a 0 a 0 a
Penoxsulam 24.5 + Diquat 130.8 70 c 60 b 50 b 30 b 20 ab 5 a 0 a 0 a 0 a 0 a
Penoxsulam 49.1 + Diquat 130.8 80 c 80 bc 80 cd 80 c 70 c 45 b 20 a 20 a 0 a 0 a
Penoxsulam 98.2 + Diquat 130.8 70 c 70 bc 65 bc 60 bc 45 bc 15 ab 0 a 0 a 0 a 0 a
Diquat 130.8 25 b 5 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a

LSD 11 20 23 30 37 38 24 21

 

a

 

Means in a column followed by the same letter do not differ significantly at p = 0.05 according to Fisher’s Protected LSD. Analyses were conducted within 
weeks and species.

T

 

ABLE

 

 2. S

 

YNERGISTIC

 

 

 

OR

 

 

 

ANTAGONISTIC

 

 

 

RESPONSE

 

 

 

OF

 

 

 

WATERHYACINTH

 

 

 

TO

 

 

 

COMBINATIONS

 

 

 

OF

 

 

 

PENOXSULAM

 

 

 

AND

 

 

 

DIQUAT

 

 10 

 

WEEKS

 

 

 

AFTER

 

 

 

TREATMENT

 

. A

 

N

 

 

 

ASTER-
ISK

 

 

 

INDICATES

 

 

 

SIGNIFICANCE

 

 

 

ACCORDING

 

 

 

TO

 

 

 

A

 

 W

 

ILCOXIN

 

 R

 

ANK

 

 S

 

UM

 

 T

 

EST

 

.

Herbicide (g ai ha-1) Observed Response (n = 3) Expected Response Difference in Response

 

a

 

Biomass (% of Control)
Penoxsulam 24.5 + Diquat 130.8 77 100 -23*
Penoxsulam 49.1 + Diquat 130.8 94 99 -5
Penoxsulam 98.2 + Diquat 130.8 90 100 -10*

 

a

 

Calculated as the observed response - the expected response; a “+” represents synergism, and “-” represents antagonism from Colby (1967).
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study to evaluate the potential to be used as a marker or en-
hance visual susceptibility of penoxsulam, or to enhance con-
trol.

Another explanation for reduced herbicide efficacy on
salvinia may have been the thickness of the common salvinia
mat at the time of application. Previous herbicide evalua-
tions on giant salvinia were conducted on a single layer of
plants (Nelson et al. 2001, 2007) or on individual plants
(Fairchild et al. 2002). Mat thickness in the current study was
2 to 4 cm at the time of application. We speculate that plants
at the surface of the mat were directly exposed to and killed
by the herbicide. Plants under the surface mat did not come
in contact with the spray solution and subsequently recolo-
nized the mesocosms after the death of the exposed plants.
This may explain the occasional failures of herbicide treat-
ments on salvinia, duckweed, and watermeal under field con-
ditions. Our data may be an indicator of herbicide efficacy
on the mat phase of salvinia growth, although no research
has been conducted on the direct effects of mat thickness on
herbicide efficacy. We believe that having penoxsulam or di-
quat in the water column may result in better herbicide effi-
cacy on salvinia species because more plants are in contact
with the water.

These data show that penoxsulam applied as a foliar treat-
ment is very efficacious on waterhyacinth. Control was
achieved more rapidly, >90% 4 WAT, than the previously stat-
ed 60 days. Furthermore, greater control was achieved with
penoxsulam alone at rates as low as 24.5 g ai ha

 

-1

 

 than by
combining penoxsulam with diquat. Penoxsulam was not as
effective at controlling common salvinia. The combination
of penoxsulam with diquat did not offer any increased effica-

cy for either species; moreover, there was antagonism be-
tween these two herbicides. Future studies are needed to
assess lower rates for waterhyacinth control and the influenc-
es of salvinia mat thickness on foliar application timing and
herbicide efficacy. With the apparent susceptibility to penox-
sulam, in-water treatments should also be further assessed
for common salvinia as well as determining relationships be-
tween herbicide efficacy and salvinia mat thickness.

 

ACKNOWLEDGMENTS

 

This research was supported by the SePRO Corporation.
We thank Wilfredo Robles, Josh Cheshier, Jimmy Peeples,
and Matt Gower for assistance during the study. We thank
LeeAnn Glomski, Dr. Tyler Koschnick, and Angela Poovey
for reviews on an earlier version of this manuscript. Ap-
proved for publication as Journal Article No. J-11625 of the
Mississippi Agricultural and Forestry Experiment Station,
Mississippi State University. Citation of trade names does not
constitute endorsement or approval of the use of such com-
mercial products.

 

LITERATURE CITED

 

Cedergreen, N., P. Kudsk, S. K. Mathiassen and J. C. Streibig. 2007. Combina-
tion effects of herbicides on plants and algae: do species and test systems
matter? Pest Manage. Sci. 63:282-295.

Center, T. D. and N. R. Spencer. 1981. The phenology and growth of water hya-
cinth in a eutrophic north-central Florida lake. Aquat. Bot. 10:1-32.

Colby, S. R. 1967. Calculating synergistic and antagonistic responses of herbi-
cide concentrations. Weeds 15:20-22.

Figure 1. Mean (±1 SE) dry weight biomass of waterhyacinth harvested 6
and 10 WAT with penoxsulam and diquat. Bars sharing the same letter do
not differ according to a Fisher’s Protected LSD test at a p = 0.05 level of sig-
nificance. All analyses were conducted within WAT; lower case letters com-
pare means for 6 WAT, uppercase letters compare means at 10 WAT. 

Figure 2. Mean (±1 SE) dry weight biomass of common salvinia harvested 6
and 10 WAT with penoxsulam and diquat. Bars sharing the same letter do
not differ according to a Fisher’s Protected LSD test at a p = 0.05 level of sig-
nificance. All analyses were conducted within WAT; lower case letters com-
pare means for 6 WAT, uppercase letters compare means at 10 WAT.



 

J. Aquat. Plant Manage.

 

 48: 2010. 25

 

Fairchild, J. F., A. L. Allert, J. S. Riddle and D. R. Gladwin. 2002. Efficacy of gly-
phosate and five surfactants for controlling giant salvinia. J. Aquat. Plant
Manage. 40:53-58.

Holm, L. G., D. L. Plucknett, J. V. Pancho and J. P. Herberger. 1991. The
world’s worst weeds; Distribution and biology. Krieger Publishing Com-
pany, Malabar, FL. 609 pp.

Jacono, C. C. and M. M. Richerson. 2008. 

 

Salvinia minima

 

. USGS Nonindige-
nous Aquatic Species Database, Gainesville, FL. <http://nas.er.usgs.gov/
queries/FactSheet.asp?speciesID=297> Revision Date: 11/2/2004.

Nelson, L. S., L. M. Glomski and D. N. Gladwin. 2007. Effect of glyphosate rate
and spray volume on control of giant salvinia. J. Aquat. Plant Manage.
45:58-61.

Nelson, L. S., J. G. Skogerboe and K. D. Getsinger. 2001. Herbicide evaluation
against giant salvinia. J. Aquat. Plant Manage. 39:48-53.

Olguin, E. J., E. Hernandez and I. Ramos. 2002. The effect of both different
light conditions and the pH value on the capacity of 

 

Salvinia minima

 

 Baker
for removing cadmium, lead, and chromium. Acta Biotechnol. 22:121-131.

Penfound, W.T. and T.T. Earle. 1948. The biology of the water hyacinth. Ecol.
Monogr. 18:447-472.

Richardson, R. J. and A. P. Gardner. 2007. Evaluation of penoxsulam for water
hyacinth (

 

Eichhornia crassipes

 

 [Mart.] Solms) and giant salvinia (

 

Salvinia
molesta

 

 Mitchell) control. Weed Sci. Soc. Amer. Abstr. 47:58.
Senseman, S. A. (ed.). 2007. Herbicide handbook. 9

 

th

 

 ed. Weed Sci. Soc. Amer.,
Lawrence, KS. 458 p.

SePRO Corporation. 2009. Galleon* SC Aquatic Herbicide. http://
www.sepro.com/documents/GalleonLabel.pdf. Accessed September 2009.

Toft, J. D., C. A. Simenstad, J. R. Cordell and L. F. Grimaldo. 2003. The effects
of introduced water hyacinth on habitat structure, invertebrate assem-
blages, and fish diets. Estuaries 26:746-758.

Walley, R. C. 2007. Environmental factors affecting the distribution of native
and invasive aquatic plants in the Atchafalaya River Basin, Louisiana, USA.
M.S. thesis, Louisiana State University. 106 pp.

Wehtje, G., J. E. Altland and C. H. Gilliam. 2008. Interaction of glyphosate and
diquat in ready-to-use weed control products. Weed Technol. 22:472-476.

          




