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(P. Collingsworth, unpublished data). Since their root system
aid in anchoring these propagules to the substrate, planting
of stem fragments may need to be restricted to areas protect-
ed from strong wave action. Unfortunately, these are often
the areas most in need of shoreline stabilization.

Beginning at day 11, stem fragments held in water and un-
der a moist towel began to show signs of significant root de-
velopment occurring from the nodes. By day 16, most stem
fragments exhibited growth of rooting systems. Failure of
stem fragments to possess anchoring root systems is a prime
reason for their low survival at sites exposed to moderate
wave action (Doyle and Smart 1995, Smart et al. 1996). Sur-
vival of stem fragments may be increased by allowing them to
develop their initial root systems before planting. The devel-
opment of the root system would allow for more rapid stabil-
ity and attachment of the propagule to the sediment and
possibly enhance survival. Future research should compare
survival of stem fragments with no root systems to stem frag-
ments with developing root systems.
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INTRODUCTION

 

The invasive floating-leaf plant water chestnut (

 

Trapa na-
tans

 

 L.) is a detriment to other aquatic organisms when it
completely covers the water surface in lake coves and quies-
cent stretches of rivers (Groth et al. 1996, Caraco and Cole
2002, Strayer et al. 2003). In the U.S., water chestnut is found
in Vermont south to Virginia, with historic nuisance growth
levels recorded in the Hudson-Mohawk River system, Lake
Champlain, and the Potomac River (Countryman 1970 and
1978, Gangstad 1981, Kiviat 1993). While management activ-

ities controlled this plant in the 1960s and 1970s, it is once
again becoming a widespread problem in northeastern wa-
terways (Hummel and Kiviat 2004).

Water chestnut seeds germinate in early spring. Sub-
merged stems that terminate in small leafy rosettes grow
quickly to the water surface. Swollen air-filled petioles cause
the rosettes to float and, by summer, there is a thick mat of
rosette leaves and stems. Each rosette has 20 or more leaves
that are 1 to 4.5 cm in length and rhomboid in shape. Flow-
ering and seed ripening occur in mid-summer and continue
into the fall, until a hard frost kills the floating leaves (Mad-
sen 1993). The life cycle, distribution, and impacts of water
chestnut has been reviewed by Hummel and Kiviat (2004).

As an annual bearing a relatively small number of seeds
per plant, water chestnut is amenable to control, and possible
eradication, with appropriate management methods timed to
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reduce plant numbers and prevent seed production (Smith
1955). Although control methods, such as mechanical har-
vesting (Elser 1966, Countryman 1978), cutting (Madsen
1993), and a combination of herbicide applications with
hand-pulling (Greeley 1965) have been employed with vary-
ing degrees of success, the use of the aquatic herbicide 2,4-D
(2,4-dichlorophenoxyacetic acid) has been the most effective
in decreasing water chestnut populations (Smith 1955, Gree-
ley and Steenis 1959, Greeley 1965). Currently, the 2,4-D ester
formulated as a granular pellet is the only herbicide regis-
tered with a recommendation for control of the plant on the
product label (see Aqua-Kleen®, Cerexagri, Philadelphia, PA
and Navigate®, Applied Biochemists, Milwaukee, WI).

While 2,4-D formulations, rates and combinations have
been previously described for water chestnut control, many
recommendations need to be re-evaluated due to changes in
formulations, the loss of certain aquatic herbicide registrations
that were primary tank mixes (e.g., silvex: 2-(2,4,5-trichlo-
rophenoxy propionic acid), and label modifications as a result
of 2,4-D re-registration by the U.S. Environmental Protection
Agency (USEPA) in 2005. With the availability of different for-
mulations and newly-registered products (Netherland et al.
2005) as well as the development of chemical control strate-
gies, such as low-dose treatments and early-season applications
(Getsinger 1998, Poovey and Getsinger 2005), selective control
of water chestnut could be achieved with current technology.
It is well documented that 2,4-D can selectively remove dicots
like water chestnut because most non-target native plants
growing in northern lakes are monocots and are tolerant to
2,4-D at rates used in aquatic sites (Getsinger et al. 1982, Car-
pentier et al. 1988, Parsons et al. 2001).

Another auxin-like systemic herbicide, triclopyr (3,5,6-
trichloro-2-pyridinyloxyacetic acid), may also be a candidate
for selective control of water chestnut. Triclopyr received a
Section 3 aquatic label from the USEPA in 2001. Dose-re-
sponse characteristics of triclopyr against the weedy dicot,
Eurasian watermilfoil (

 

Myriophyllum spicatum 

 

L.), were deter-
mined through small-scale concentration and exposure time
(CET) evaluations conducted in controlled-environment
chambers (Netherland and Getsinger 1992), then verified in
mesocosm and field evaluations (Turner et al. 1993, Rodgers
et al. 1994, Smart et al. 1995, Getsinger et al. 1997, Petty et al.
1998, Poovey et al. 2004). This step-wise, multi-scale evalua-
tion process has been the basis for the development of spe-
cies-selective application techniques using both triclopyr and
2,4-D for controlling Eurasian watermilfoil.

A similar progression of small to large-scale evaluations
for chemical control of water chestnut should be followed.
Because there is no published information on the use of tri-
clopyr for control of water chestnut, and the literature on
2,4-D is dated, the following study was a first step to investi-
gate CET relationships using a subsurface application of
these herbicides. Results will provide valuable information
on the potential to selectively use both 2,4-D and triclopyr
when managing water chestnut.

 

MATERIALS AND METHODS

 

This study was conducted at the U.S. Army Engineer
Research and Development Center (ERDC), Vicksburg, MS

in a controlled-environmental growth chamber (58 m

 

2

 

). Am-
bient conditions were an air temperature of 20 ± 2°C, a mean
light intensity (±1 SE) that ranged from 425 ± 56.2 to 572 ±
59.2 µmol m

 

-2

 

 sec

 

-1

 

, and a photoperiod of 14h:10h, light:dark
cycle. Lighting was provided by 400 watt metal halide bulbs
with glass plates situated underneath the light source.

Water chestnut seeds were field-collected from Lake
Champlain, NY-VT and germinated in the growth chamber
under ambient conditions over a 4-week period (mean
weight, 4.98 ± 0.27 g, 

 

n

 

 = 18). One germinated seed with at-
tached shoot (mean shoot length, 11.1 ± 0.69 cm, 

 

n

 

 = 18) was
planted in a plastic container (1 L capacity, 11 cm W 

 

×

 

 13 cm
H) filled with natural lake sediment (Brown’s Lake, Vicks-
burg, MS) and amended with 100 mg L

 

-1

 

 ammonium chlo-
ride and 1 mg L

 

-1

 

 Osmocote® fertilizer (18-6-12) to provide
adequate nutrients for plant growth. After planting, the sedi-
ment in each container was capped with 1-cm layer of coarse-
grit sand to prevent suspension of sediment particles in the
water column. Fifty-six vertical aquaria (48 L capacity, 30.5
cm L 

 

×

 

 30.5 cm W 

 

×

 

 76 cm H) were filled with culture solu-
tion (Smart and Barko 1985) and two planted containers
were placed in each aquarium. By 28 d, plants from each pot
had formed 2 to 3 small rosettes at the water surface of each
aquarium (50 to 75% surface coverage). At this time, before
herbicide application, one container was harvested for a pre-
treatment biomass estimate, while the remaining plants were
treated with herbicide.

Stock solutions of 2,4-D as DMA™ 4 IVM (DowAgroscienc-
es LLC, Indianapolis, IN) and triclopyr as Renovate™ 3
(SePRO Corporation, Carmel, IN) were prepared based on
percent active ingredient (ai), then applied subsurface to
aquaria using a pipette to achieve target concentrations in the
water of 0.5, 1.0, and 2.0 mg ai L

 

-1

 

. The highest rate evaluated
was 2 mg ai L

 

-1

 

 because it was the maximum label rate for 2,4-
D when this study was conducted (February 2004), which was
before 2,4-D re-registration. Two exposure times of 24 and 48
hours were used based on reported half-lives for these herbi-
cides (Hoeppel and Westerdahl 1983, Woodburn et al. 1993,
Petty et al. 2003). Following each exposure time, aquaria were
completely emptied and refilled with fresh growth solution
three times to remove all aqueous herbicide residues. The
study continued for 8 weeks following herbicide applications.

Treatments were assigned to individual aquaria in a com-
pletely randomized manner and replicated four times. Her-
bicide efficacy was assessed through weekly visual
observations and by harvesting above-sediment biomass at
pretreatment and 56 days after treatment (DAT). For each
harvest, biomass was collected from one container in each
replicate, dried for 48 h at 70°C, and weighed. Biomass data
in grams dry weight (g DW) for each herbicide were subject-
ed to a two-way analysis of variance (ANOVA) to determine
the herbicide concentration and exposure time effects. If sta-
tistical differences occurred between treatments, means were
separated using the Holm-Sidak method (p 

 

≤

 

 0.05).
Conductivity and pH were measured in each aquarium

pretreatment and 56 DAT with a YSI 556 multi-parameter
probe (Yellow Springs, OH). Water temperatures were moni-
tored continuously in four reference aquaria with an Optic
Stowaway Temperature Probe (Onset Computer Corp.,
Bourne, MA).
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RESULTS AND DISCUSSION

 

Water temperatures in the aquaria ranged from 20 to
23°C. Mean conductivity increased slightly from 0.271 ± 0.49
at pretreatment to 0.295 ± 0.48 mS cm

 

-1

 

 at 56 DAT, while pH
remained 7.9 ± 0.1 throughout the study. These conditions
were conducive to aquatic plant growth for small-scale exper-
iments (Smart and Barko 1985).

Application rates of 2,4-D and triclopyr significantly re-
duced water chestnut shoot growth (Table 1, Figure 1); how-
ever, exposure times of 24 and 48 hours were not significant
for either 2,4-D or triclopyr (Table 1), nor were there signifi-
cant interactions between rate and exposure time for either
2,4-D or triclopyr (Table 1). That a doubling of exposure
time did not affect water chestnut biomass levels was unex-
pected, since an increase in efficacy between a 24 and 48
hour exposure of 2,4-D and triclopyr can significantly boost
effectiveness against other auxin-sensitive species (Green
and Westerdahl 1990, Netherland and Getsinger 1992).

All herbicide treatments were significantly different from
the untreated reference (Figure 1). Control of water chest-
nut with triclopyr significantly increased from 33% for
plants treated with 0.5 mg ai L

 

-1

 

 to 66% for plants treated
with 2.0 mg ai L

 

-1

 

. In contrast, all application rates of 2,4-D
significantly controlled waterchestnut by 60 to 65% com-
pared to the untreated reference. Plant stems were epinastic
and chlorotic in all herbicide treatments by 7 DAT. Rosette
disintegration and canopy collapse was evident in most 2,4-
D treatments by 24 DAT; however, rosettes were again form-
ing by the end of the study (56 DAT), indicating recovery
from herbicide damage. There was no canopy collapse and
new rosettes continued to form until 56 DAT in all triclopyr
treatments.

In this study, herbicides were applied in the water column
to plants with surface rosettes. Herbicide application at earli-
er growth stages, before rosettes reach the water surface
when most of the biomass is comprised of submersed leaves
and shoots, may increase efficacy of subsurface applications
(Greeley and Steenis 1959). With this application approach,
seed production would be eliminated, representing a long-
term control strategy to lessen the potential re-infestation of
water chestnut by seed bank depletion (Smith 1955). Early-
season applications with endothall (7-oxabicyclo [2.2.1] hep-

tane-2,3-dicarboxylic acid) have been used to reduce popula-
tions of curlyleaf pondweed (

 

Potamotgeton crispus

 

 L.) by
suppressing plant growth and preventing turion production,
thereby diminishing the turion bank over time (Woolf and
Madsen 2004, Skogerboe et al. 2006).

Subsurface applications at current maximum treatment
rates (2.5 mg ai L

 

-1

 

 for triclopyr and 4 mg ai L

 

-1

 

 for 2,4-D)
and/or longer exposure times should also be evaluated—but
this could increase injury to some non-target native plants
where species selectivity is a concern. For example, subsur-
face field applications of triclopyr have been variable against
elodea (

 

Elodea canadensis

 

 Michx.; Getsinger et al. 1997,
Poovey et al. 2004) and the desirable floating-leaf plants spat-
terdock (

 

Nuphar advena

 

 (Ait.) Ait. f.) and fragrant water lily
(

 

Nyphaea odorata

 

 Ait.; Poovey et al. 2004).
An alternative to subsurface applications would be direct

herbicide application to water chestnut apical meristems
found in the floating rosettes above the water. This applica-
tion technique using various 2,4-D amine and ester formula-
tions successfully controlled water chestnut in the past
(Smith 1955, Greeley 1965). Surface applications of both 2,4-
D amine and triclopyr were effective, even at low rates, in re-
ducing shoot biomass of another rosette-forming species,
American frogbit (

 

Limnobium spongia

 

 (Bosc) Steudel; Lange-
land et al. 1995, Madsen et al. 1998).

Overall, the data demonstrated that at the floating rosette
stage of growth, some control of water chestnut can be
achieved using subsurface applications of both triclopyr and
2,4-D amine at rates (0.5 to 2.0 mg ai L

 

-1

 

) and exposure times
(24 to 48 h) that do not injure most monocots (Carpentier et
al. 1988, Getsinger et al. 1997, Parsons et al. 2001, Poovey et
al. 2004). Nonetheless, even the maximum control achieved
in this evaluation (66%) would be considered less than opti-
mal in most field situations. Different treatment strategies
that might provide better water chestnut control require fur-
ther investigation.
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TREATMENTS

 

 (

 

RATE

 

 = 0, 0.5, 1.0, 

 

AND

 

 2.0 

 

MG

 

 

 

AI

 

 L

 

-1

 

AND

 

 

 

EXPOSURE

 

 = 24 

 

AND

 

 48 

 

H

 

) 

 

ON

 

 

 

WATER

 

 

 

CHESTNUT

 

 

 

SHOOT

 

 

 

BIOMASS

 

.

Source of Variation DF MS F P

Triclopyr
Rate 3 81.336 9.269 <0.001
Exposure 1 6.994 0.797 0.318
Rate 

 

×

 

 Exposure 3 15.834 1.805 0.173
Error 24 8.775

2,4-D amine
Rate 3 94.976 12.578 <0.001
Exposure 1 3.264 0.432 0.517
Rate 

 

×

 

 Exposure 3 4.870 0.645 0.594
Error 24 7.551

Figure 1. Mean shoot biomass (g DW ± 1 SE, n = 8) of water chestnut 56 days
after treatment with 0.5, 1.0, and 2.0 mg ai L-1 2,4-D amine and triclopyr.
There were no significant differences between exposure times of 24 and 48
hours. Letters denote significant differences in biomass among herbicide
concentrations (Holm-Sidak method, p ≤ 0.05). Percentages above bars
indicate % control relative to the reference. Dashed horizontal line indi-
cates biomass at the time of treatment.
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