E. andevalensis, typical of heathland species, germinated
under a wide range of pH values, even at a pH as low as 3.
Furthermore, acidic pH pretreatments showed a stimulative
effect on germination of this species, indicating that pH
should not be considered a limiting factor for the germination of E. andevalensis along the Odiel and Tinto rivers
banks, where of the pH soils are strongly acid, especially in
summer.
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Combinations of Diquat and a Methylated Seed
Oil Surfactant for Control of Common
Duckweed and Watermeal
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INTRODUCTION
Common duckweed (Lemna minor L.; hereafter referred
to as duckweed) and watermeal (Wolffia spp.) are two floating aquatic plants that can cause severe problems in small
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water bodies, especially in the southern United States. Duckweed and watermeal infestations can reduce the use and aesthetics of small water bodies, may impact native submersed
plant growth, and may be responsible for oxygen depletion
in the water column (Hillman 1961, Parr et al. 2002). These
nuisance problems currently do not have management recommendations that produce predictable results, particularly
for watermeal. The aquatic herbicide diquat (6,7-dihydrodipyrido [1,2-a:2’,1’-c] pyrazinedium dibromide) is one
of the most frequently prescribed herbicides for control of
duckweed and watermeal. A previous study reported 95%
control of duckweed using diquat with a silicone surfactant
(Langeland et al. 2002). Watermeal treated with a subsurface
application of diquat at 0.40 mg ai L-1 resulted in 94% control 21 days after treatment (DAT) in a greenhouse study in
59

Florida (Mudge et al. 2007). Duckweed was found to be
more susceptible to diquat than watermeal in laboratory and
small pond trials; however, control of these species under
field conditions has been highly variable (Blackburn and
Weldon 1965).
A typical recommendation for both species is to apply diquat as a foliar treatment mixed with a surfactant (Syngenta
Corp. 2007). Methylated seed oil could offer increased efficacy through aiding herbicide movement across leaf cuticles by penetrating cuticular wax on the leaf surfaces,
thereby enhancing herbicide uptake into target plants
(Hazen 2000). To date, there is little published literature
on the use of diquat for control of duckweed and watermeal, with or without a surfactant, or data on application
methods. Our objectives were to: (1) evaluate the use of a
methylated seed oil surfactant with diquat to increase control of duckweed and watermeal; and (2) compare diquat
efficacy as a subsurface and foliar application against duckweed and watermeal. This study recommends whether the
addition of methylated seed oil increases herbicide efficacy
on duckweed and watermeal. These data will be useful for
developing control programs for duckweed and watermeal
by pond managers, private applicators, and university extension service personnel.
MATERIALS AND METHODS
The study was conducted from August through September 2007 at the R.R. Foil Plant Science Research Center,
Mississippi State University, Starkeville, Mississippi. The
study was arranged in a completely randomized design with
five treatments and four replications per treatment. Duckweed and watermeal were collected locally from small water
bodies and placed into 150-L tanks. Tank dimensions were
0.9 by 0.7 by 0.3 m in depth and a total surface area of 0.6
m2. Duckweed and watermeal were each planted in 20 tanks
(40 total) to cover the water surface. Plants were allowed to
acclimate for approximately two weeks prior to herbicide
treatments. Water was amended with Miracle-Gro®3 15-3015 fertilizer at a rate of 30 mg L-1 per week to maintain plant
growth.
Following the acclimation period, plants were treated
with diquat (Reward®4) with and without a 1% methylated
seed oil surfactant (SunWet®5) mixed volume to volume.
Foliar treatments consisted of 4.5 kg ai ha-1 with and without the methylated seed oil surfactant using a CO2 pressurized backpack spray system at a spray volume of 935 L
ha-1 (100 gal acre-1). Subsurface treatments included aqueous concentrations (0.37 mg ai L-1) of diquat with and
without the methylated seed oil surfactant and were made
by applying a concentrated aqueous solution to designated tanks. Subsurface applications were made to 95 L of water under static exposure. After treatment, tanks were
rated for percent control in 10% increments from 0 (no
control) to 100% (complete control) at 1, 3, 5, 7, 14, 21,
and 28 days after treatment (DAT). At 28 DAT, two biomass samples were collected from each tank using a (0.002
m2) PVC sampling device. The device was constructed using a 2 in (5.1 cm) PVC ball valve glued to a 61-cm piece
of 5.1 cm PVC pipe. The ball valve was opened and pushed
60

through the plant mat in each tank forcing the plants up
into the 5.1 cm pipe. The ball valve was then closed while
submersed, keeping the plants in the sampler. A coffee filter was held over the end of the sampler to catch plant
samples when the valve was opened. Water was then run
through the sampler to rinse remaining plants into the filter.
Samples were dried, weighed, and converted to g DW m-2
based on the area of the sampling device. Control ratings
and biomass data were subjected to Bartlett’s test for homogeneity of variance to test the assumption of normality. Data
met this assumption and, therefore, differences in control
ratings and biomass were assessed using a one-way ANOVA
with means separated using a Fisher’s Protected LSD test. All
analyses were conducted at a p = 0.05 level of significance using Statistix 8.0 (Analytical Software 2003).
RESULTS AND DISCUSSION
Common Duckweed
Foliar applications of diquat resulted in 100% control of
duckweed by three DAT (Table 1). Similar control was
achieved with subsurface applications by seven DAT. At seven
DAT, all treatment methods and rates resulted in 100% control of duckweed, and this level of control was maintained to
28 DAT. There were no differences in control between the
foliar and subsurface applications of diquat by five DAT; likewise, efficacy did not improve with the addition of a methylated seed oil surfactant. Biomass of duckweed in all
treatments was different (p < 0.01) from untreated reference
plants (Figure 1). Diquat offered complete control of duckweed by 28 DAT regardless of treatment method or the addition of a methylated seed oil surfactant. In a similar smallscale study, duckweed was controlled 99% 14 DAT using 4.6
kg ai ha-1 of diquat and a silicone surfactant (Langeland et al.
2002). Diquat applied at 0.10 mg ai L-1 also resulted in 100%
chlorotic tissue seven DAT after treatment in a laboratory
study by Blackburn and Weldon (1965), who also reported
100% control of duckweed four months after treatment in a
small pond study using diquat at aqueous concentrations of
0.25 and 0.30 mg ai L-1. They concluded that duckweed was
more sensitive to diquat than watermeal. Our data corroborate this because duckweed was controlled at all rates and application methods, while diquat efficacy was only observed
for foliar applications to watermeal.
The sensitivity of duckweed to diquat compared to watermeal may be due to permeability of both the adaxial and
abaxial frond surfaces. A study of nutrient uptake by duckweed roots and fronds concluded that uptake occurred on
the underside of the fronds (Ice and Couch 1987). Additionally, Meijer and Sutton (1987) found that nutrient uptake occurred through both the upper and lower frond surfaces.
Therefore, diquat uptake in duckweed may occur, to some
small extent, by passive diffusion from the water column, or
from a foliar application that may further contribute to its
susceptibility. Davies and Seaman (1968) reported that uptake of diquat in elodea appeared to consist of a rapid passive adsorption phase followed by a slower long-term uptake
phase.
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TABLE 1. PERCENT CONTROL OF DUCKWEED (LEMNA MINOR) AND WATERMEAL (WOLFFIA SPP.) FOLLOWING FOLIAR AND SUBSURFACE APPLICATIONS OF DIQUAT
EITHER WITH OR WITHOUT A METHYLATED SEED OIL SURFACTANT.
Days After Treatmentab
Diquat Treatment

1

3

5

7

14

21

28

%
Duckweed
Untreated Reference
Foliar 4.5 kg ai ha-1
Foliar 4.5 kg ai ha-1 + surfactant
Subsurface 0.37 mg ai L-1
Subsurface 0.37 mg ai L-1 + surfactant

0a
80 b
90 b
10 c
20 c
LSD

Watermeal
Untreated Reference
Foliar 4.5 kg ai ha-1
Foliar 4.5 kg ai ha-1 + surfactant
Subsurface 0.37 mg ai L-1
Subsurface 0.37 mg ai L-1 + surfactant

10
0a
70 b
70 b
10 a
0a

LSD

13

0a
100 c
100 c
80 b
80 b

0a
100 b
100 b
90 b
90 b

0a
100 b
100 b
100 b
100 b

0a
100 b
100 b
100 b
100 b

0a
100 b
100 b
100 b
100 b

0a
100 b
100 b
100 b
100 b

5

5

1

1

1

1

0a
90 c
100 c
30 b
40 b

0a
100 c
100 c
40 b
40 b

0a
100 c
100 c
50 b
50 b

0a
100 c
100 c
10 a
40 b

0a
100 b
100 b
0a
0a

0a
100 b
100 b
0a
0a

12

11

25

27

3

3

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 species and DAT.

a

b

Watermeal
Watermeal was less sensitive to diquat than duckweed, especially when exposed to the subsurface treatments. Subsur-

Figure 1. Mean biomass (±1 SE) of duckweed (Lemna minor) and watermeal
(Wolffia spp.) harvested 28 DAT with foliar and submersed applications of
diquat either with or without a methylated seed oil surfactant. Bars sharing
the same letter are not statistically different at p = 0.05 according to a
Fisher’s Protected LSD test. Analyses were conducted within species.

J. Aquat. Plant Manage. 47: 2009.

face treatments resulted in 50% control by seven DAT, and
no control by 28 DAT when compared to untreated reference plants (Table 1). Foliar applications of diquat, either
with or without the addition of a methylated seed oil, resulted in 100% control by five DAT. Biomass of watermeal was reduced (p < 0.01) with both foliar treatments when compared
to untreated reference plants (Figure 1). Foliar applications
at 935 L ha-1 with the CO2 spray system likely had a smaller
droplet size and required several passes of the spray tip to deliver the intended volume of spray solution. The smaller
droplets may have allowed greater herbicide contact by not
submersing plants, and repeated passes of the spray tip allowed for complete coverage of the watermeal mat resulting
in greater herbicide efficacy. Under field conditions a high
pressure sprayer is commonly used, resulting in larger spray
droplets that tend to submerse watermeal plants when contacted, thus washing off the herbicide. Submersing plants
during application under field conditions may be contributing to the variable response of watermeal to herbicide applications. However, further research is needed to evaluate the
effects of spray volume and spray droplet size on floating
plants. The addition of a surfactant to aid in leaf wetting or
penetration is typically added the spray solution to increase
herbicide contact with the target plant. However, the addition of the methylated seed oil did not increase diquat efficacy on watermeal in this study.
Diquat was reported to be efficacious against watermeal as
a subsurface treatment at an aqueous concentration of 0.40
mg ai L-1, where control of 94% was achieved by 21 DAT
(Mudge et al. 2007). The efficacy achieved in the study by
Mudge and collaborators may be attributed to the smaller
amount of plant material used, mat thickness at the time of
herbicide treatment, or water quality. The water used in the
previous study was tap water from a clean source (Christo61

pher Mudge US Army ERDC, pers. comm.). In our study, the
source water was from an irrigation pond that may have had
a greater amount of suspended sediment or other organic
particles resulting in increased diquat binding and overall
degradation of the herbicide. If so, then the concentration
of diquat may not have remained high enough in the pond
water to control watermeal in this study. Blackburn and Weldon (1965) concluded that a diquat concentration of >0.50
mg ai L-1 is required for watermeal control in small ponds.
However, this rate exceeds the maximum labeled concentration for diquat and therefore cannot be used as an application recommendation.
Watermeal is typically difficult to control in field situations, as demonstrated in early small pond studies (Blackburn and Weldon 1965). Watermeal species are the smallest
flowering plants worldwide at 0.5-2 mm (Crawford and
Landolt 1995). Due to their small size, the vasculature structure has been greatly reduced so that watermeal species lack
roots, xylem, and phloem tissues (Landolt 1986). Furthermore, Bernard et al. (1990) reported that Wolffia australiana
(Benth.) den Hartog & van der Plas had a thick cuticle.
White and Wise (1998) reported the cuticle of Wolffia borealis
(Engelmann ex Hegelmaier) Landolt & O. Wildi. to be ≥1
µm thick, and this cuticular layer was similar on aerial and
submersed portions of the fronds. The lack of vasculature tissue for herbicide mobility and the presence of a thick cuticle
on both the upper and lower portions of the fronds may
have limited the movement of diquat across the submersed
cuticle, reducing the efficacy of subsurface treatments.
There may also be a greater resiliency toward herbicide
applications during the division process of watermeal species
(Mudge et al. 2007). Watermeal typically reproduce vegetatively through the production of daughter fronds within a
budding cavity on the mother plant. Within this budding cavity, up to two second-generation daughter fronds and a third
generation frond in various stages of development have been
observed (Bernard et al. 1990). New fronds are produced in
the budding cavity behind older fronds (White and Wise
1998). If diquat degradation is rapid within the water column, then contact with developing fronds in the budding
cavity may not occur. When released, these fronds mature
and produce new plants of their own as young fronds become photosynthetically active early in development (White
and Wise 1998). If a subsurface herbicide application is not
effective at controlling all individuals, the rapid growth rate
of watermeal can re-infest a waterbody within weeks. We
achieved 50% control of watermeal by seven DAT in both
subsurface application treatments; however, by 21 DAT there
was no control. On average, the life span of a watermeal
plant is 17 ± 1 days and the average number of fronds produced per plant is 11 ± 1, with an observed maximum of 15
fronds produced per plant (Bernard et al. 1990), resulting in
a doubling time of approximately 2 to 3 days. In contrast,
duckweed produced 4 to 16 fronds in 36 days (Bernard et al.
1990) resulting in a doubling time of approximately 5 days.
Results from this study show that excellent control of
duckweed can be obtained using foliar and subsurface applications of diquat. The use of methylated seed oil did not in-
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crease diquat efficacy for either species. Watermeal was less
susceptible to diquat using subsurface applications, possibly
due to the presence of a submersed cuticle limiting diquat
penetration or the rapid growth of surviving plants to recolonize our tanks. However, excellent control of watermeal was
achieved using foliar applications. Additional research is
needed at the pond scale to further test the results of these
small-scale trials. Also, new herbicides available for use in
aquatic plant management bring opportunities for more effective control of watermeal with one of these herbicides or a
combination of herbicides.
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