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INTRODUCTION

 

Variable-leaf milfoil (

 

Myriophyllum heterophyllum 

 

Michx.) is
a native perennial submersed plant ranging from southwest-
ern Quebec and Ontario to North Dakota and southward to
New Mexico and Florida (Godfrey and Wooten 1981). It is
classified as a species of concern in Kentucky and is endan-
gered in Ohio and Pennsylvania (USDA 2007). In the north-
eastern United States, however, variable-leaf milfoil is not
native and is considered an invasive and weedy species. Vari-
able-leaf milfoil is listed as invasive in states such as Connecti-
cut and Maine, prohibited in Massachusetts and New
Hampshire, and is a class A noxious weed in Vermont (NH-
DES 2007, USDA 2007). As an invasive milfoil, it causes many
of the same problems as Eurasian watermilfoil (

 

Myriophyllum
spicatum 

 

L.), including shading out native submersed vegeta-
tion and interfering with recreational activities and water
supplies (NH-DES 2002, Halstead et al. 2003). Variable-leaf
milfoil has been estimated to reduce lakefront property val-
ues by as much as 20 to 40 percent in New Hampshire (Hal-
stead et al. 2003). Variable-leaf milfoil has been described as
an aggressive invader that can grow up to one inch per day
under optimal nutrient, temperature, and light conditions
and spreads mainly via fragmentation (NH-DES 2002).

To date, the auxin-type herbicides are considered the
most effective at controlling variable-leaf milfoil. Research by
Getsinger et al. (2003) found that triclopyr (3,5,6-trichloro-2-
pyridinyloxyacetic acid) was effective at controlling variable-
leaf milfoil over a wide range of rates and exposure times.
Bugbee et al. (2003) reported good control of variable-leaf
milfoil treated with 2,4-D ester [(2,4-dichlorophenoxy)acetic
acid] in the field. Although effective, both triclopyr and 2,4-
D have use restrictions for drinking water and therefore may
not be a viable option for treatment around potable water in-
takes. Possible alternatives for controlling variable-leaf mil-
foil in large-scale situations where triclopyr and 2,4-D cannot
be used include the herbicide fluridone and the new aceto-
lactate synthesis (ALS) inhibitors bispyribac-sodium and pe-
noxsulam. The use and impacts of fluridone for whole-lake
management of Eurasian watermilfoil has been addressed by
several researchers (Smith and Pullman 1997, Madsen et al.
2002, Bremigan et al. 2005); however, information is limited
regarding the efficacy of fluridone on variable-leaf milfoil.

Moreover, aside from laboratory scale studies with the ALS
inhibitor bensulfuron methyl (Nelson et al. 1993) on Eur-
asian watermilfoil, there is no published laboratory or field
information on ALS inhibitors for either Eurasian or vari-
able-leaf milfoil.

Fluridone has been registered by the U.S. Environmental
Protection Agency (USEPA) for aquatic use for more than 30
years, while penoxsulam was registered by the USEPA for
aquatic use in 2007. Bispyribac-sodium is still being evaluated
for aquatic use under an Experimental Use Permit (EUP).
Like fluridone, the ALS inhibitors target a plant-specific en-
zyme; thus, at proposed use rates they have very low toxicity
to mammals, fish, and invertebrates (WSSA 2007). As such,
these favorable toxicology profiles will likely preclude con-
sumptive restrictions on water use.

Fluridone inhibits the plant enzyme phytoene desaturase
(PDS) in the carotenoid biosynthetic pathway. Carotenoids
play an important role in preventing photooxidative damage
by quenching chlorophyll triplets that would lead to oxygen
singlets (Bartley and Scolnik 1995). Without carotenoids,
new plant tissue becomes bleached due to photodestruction
of chlorophyll (Bartels and Watson 1978). Bispyribac-sodium
and penoxsulam inhibit the plant enzyme acetolactate syn-
thase (ALS), which is involved in biosynthesis of the
branched-chain amino acids. The ALS compounds inhibit
the production of the amino acids valine, leucine, and isole-
ucine in plants by binding to the ALS enzyme (Tranel and
Wright 2002). Without these amino acids, protein synthesis
and growth are inhibited, ultimately causing plant death
(WSSA 2007). The impact of these slow acting enzyme inhib-
itors on plants such as hydrilla (

 

Hydrilla verticillata 

 

[L.f.]
Royle) and Eurasian watermilfoil is most notable on the ac-
tively growing shoot meristems, and extended exposures (60
to 120 days) to both PDS and ALS inhibitors are likely re-
quired to achieve plant control (Langeland 1993, Nelson et
al. 1993, Netherland et al. 1993, 1997, Netherland and
Getsinger 1995). Our objective was to determine the efficacy
of fluridone, bispyribac-sodium, and penoxsulam on vari-
able-leaf milfoil.

 

MATERIALS AND METHODS

Study 1

 

This study was initiated on March 9, 2006, in the green-
house at the U.S. Army Engineer Research and Development
Center’s Lewisville Aquatic Ecosystem Research Facility
(LAERF) in Lewisville, Texas. Plastic pots (750 ml) were
filled with LAERF pond sediment amended with 3 g L
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mocote (16-8-12). Each pot was planted with two 15-cm api-
cal tips of variable-leaf milfoil. Pots were topped with a 1-cm
layer of play sand, and two pots were placed in each aquari-
um. Aquaria were filled with alum-treated Lake Lewisville wa-
ter. Eight aquaria were situated into each of eight 1000-L
fiberglass tanks filled with water. Water temperatures were
maintained at 22 to 24 C. Carbon dioxide was bubbled into
each aquarium once a day to reduce pH (6.5 to 7.0) for im-
proved plant growth.

Ten days after plants were established, aquaria were treat-
ed with one of the following herbicides: bispyribac-sodium,
fluridone, or penoxsulam. Treatment rates included 5, 10,
and 20 µg ai L

 

-1

 

. The treatment rates evaluated were chosen
based on current proposed use rates for the submersed use
of ALS inhibitors and current recommended use rates for
fluridone. After treatment, herbicides were left in the aquar-
ia for a static exposure.

At 42 days after treatment (DAT) all viable shoot biomass
was harvested, dried at 65 C, and weighed. Dry weight values
for bispyribac-sodium, fluridone, and penoxsulam were
transformed by squaring the data to meet the assumptions of
normality and equal variance. Data were subjected to one-
way analysis of variance (ANOVA) and means were com-
pared via the Student-Newman-Keuls Method (SNK;
P 

 

≤

 

 0.001).

 

Study 2

 

This study was set-up in the same manner as study 1; how-
ever, four pots of variable-leaf milfoil were planted in each
aquarium on 13 July 2006. Ten days after planting, aquaria
were treated with one of the following herbicides: bispyribac-
sodium, fluridone, or penoxsulam. Rates of fluridone and
penoxsulam were 2.5, 5, 10, 20, and 50 µg ai L

 

-1

 

; bispyribac-
sodium rates were 20 and 50 µg ai L

 

-1

 

. Treatments were ran-
domly assigned and replicated 4 times.

At 50 DAT all viable shoot biomass was harvested, dried at
65 C and weighed. Bispyribac-sodium data was square root
transformed to meet the assumptions of normality and equal
variance. The data were subjected to analysis of variance
(ANOVA). Means were compared using the Student-New-
man-Keuls Method (SNK; P = 0.169). Based on evidence of a
dose response, fluridone, and penoxsulam data were subject-
ed to regression analysis.

 

RESULTS AND DISCUSSION

 

Both fluridone and penoxsulam were active on variable-
leaf milfoil, while bispyribac-sodium treatments showed limit-
ed activity at the use rates tested (Figure 1). Plants treated at
50 µg ai L

 

-1

 

 bispyribac-sodium in study 2 (data not shown) did
not reach the water surface and showed increased produc-
tion of lateral meristems and slight curling of apical tips at
the time of harvest. A static exposure to bispyribac-sodium at
50 µg ai L

 

-1

 

 resulted in no biomass reduction compared to
control, and effects were described as growth regulating.

Penoxsulam and fluridone were much more active against
variable-leaf milfoil (Figures 1 and 2). The effect of penoxsu-
lam and fluridone on variable-leaf milfoil (Figure 2A and
2B) can be described as exponentially curved. The lowest

rate of each herbicide (2.5 µg ai L

 

-1

 

) reduced biomass by
about 27%. Fluridone at 5 µg ai L

 

-1

 

 reduced variable-leaf mil-
foil biomass by 75 and 87% in both studies; rates higher than
5 µg ai L

 

-1

 

 did not improve control. Fluridone symptoms ap-
peared sooner in plants treated at the higher use rates, but
by the time of harvest all treatments were similar. This lack of
an improved response to increasing use rates of fluridone
has also been described for Eurasian watermilfoil and hydril-
la (Netherland and Getsinger 1995).

Penoxsulam controlled variable-leaf milfoil by 27 to 91%
in both studies, and control increased as use rates increased
up to 20 µg ai L

 

-1

 

. There was no difference noted in the effi-
cacy of the 20 and 50 µg ai L

 

-1 

 

treatments. Variable-leaf milfoil
treated at 2.5 µg ai L

 

-1

 

 had grown to the water surface, where-
as plants treated at 5 µg ai L

 

-1

 

 were vibrant and six inches be-
low the water surface at the time of harvest. Plants treated at
10 and 20 µg ai L

 

-1

 

 had collapsed in the water column one
week prior to harvest and started to decompose. Plants treat-
ed at 50 µg ai L

 

-1

 

 penoxsulam had little to no new growth af-
ter treatment and were starting to decompose at the time of
harvest.

Of the herbicides tested only fluridone and penoxsulam
showed potential for controlling variable-leaf milfoil at con-
centrations currently labeled or proposed for EUP aquatic la-
bels. While these laboratory results suggest that variable-leaf
milfoil is quite sensitive to low use rates of fluridone, reports
from aquatic plant managers suggest that fluridone has pro-
vided inconsistent operational control of variable-leaf milfoil
in the field. Prior fluridone studies in outdoor mesocosms
have demonstrated that treatment timing is crucial for some
fluridone-sensitive species such as elodea (

 

Elodea canadensis

 

Michx.), while treatment timing had much less impact on
Eurasian watermilfoil (Netherland et al. 1997). Our laborato-
ry studies suggest that plants like variable-leaf milfoil, elodea,

Figure 1. Mean (±SE) dry weight biomass (g) of variable-leaf milfoil biomass
42 days after treatment with bispyribac-sodium, fluridone, and penoxsulam
in study 1. Each bar represents the average of four replicate treatments. Bars
sharing the same letter do not significantly differ from each other. Data was
subjected to a one-way analysis of variance, and means were separated using
the Student-Newman-Keuls Method (SNK; P ≤ 0.001).
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Brazilian elodea (

 

Egeria densa 

 

Planch.), and cabomba
(

 

Cabomba caroliniana 

 

A. Gray) can quickly grow to the water
surface; however, once at the surface growth rates slow dra-
matically, and these plants do not form dense entangled can-
opies similar to Eurasian watermilfoil and hydrilla.
Treatment with fluridone or ALS inhibitors when growth
rates have decreased would result in reduced symptoms and
less stress on the plant. The current laboratory data would
suggest that early treatment of actively growing variable-leaf
milfoil with fluridone or penoxsulam may allow for lower use
rates than treatments conducted later in the season.

While penoxsulam was much more active than bispyribac-
sodium, this difference in sensitivity to two different ALS in-
hibitors is not unexpected. Despite impacting a similar en-
zyme, ALS inhibitors show a surprising range of plant
selectivity (WSSA 2007). Slight changes in the molecular
structure of ALS-inhibiting herbicides greatly affect the po-
tency and weed spectrum (Ladner 1991, Ren et al. 2000).
The proliferation of ALS compounds in terrestrial agricul-
ture has yielded several potential candidates for the aquatic
market, and the differences in use patterns and selectivity in

the terrestrial market suggest that we need to carefully evalu-
ate the efficacy and selectivity of these ALS compounds.
While variable milfoil is an aggressive target plant in the
northeastern United States, it is often regarded as a valuable
plant throughout its native range. In many cases, aquatic
managers need information on both the proposed efficacy as
well as the selectivity of a given compound (Koschnick et al.
2007). The information generated from these studies pro-
vides both efficacy and potential selectivity information for
variable-leaf milfoil.

 

ACKNOWLEDGMENTS

 

The authors would like to thank Kristin Dunbar for her as-
sistance during this study and Angela Poovey and Gary Dick
for early reviews of this article. Permission was granted by the
Chief of Engineers to publish this information. Citation of
trade names does not constitute an official endorsement or
approval of the use of such commercial products.

 

LITERATURE CITED

 

Bartels, P. G. and C. W. Watson. 1978. Inhibition of carotenoid synthesis by flu-
ridone and norflurazon. Weed Sci. 26:198-203.

Bartley, G. E. and P. A. Scolnik. 1995. Plant carotenoids: Pigments for photo-
protection, visual attraction and human health. Plant Cell 7:1027-1038.

Bugbee, G. J., J. C. White and W. J. Krol. 2003. Control of variable watermilfoil
in Bashan Lake, CT with 2,4-D: Monitoring of lake and well water. J. Aquat.
Plant Manage. 41:18-25.

Bremigan, M. T., S. M. Hanson, P. A. Soranno, K. S. Cheruvelil and R. D. Valley.
2005. Aquatic vegetation, largemouth bass and water quality responses to
low-dose fluridone two years post treatment. J. Aquat. Plant. Manage. 43:65-
75.

Getsinger, K. D., S. L. Sprecher and A. P. Smagula. 2003. Effects of triclopyr on
variable-leaf milfoil. J. Aquat. Plant Manage. 41:124-126.

Godfrey, R. K. and J. W. Wooten. 1981. Aquatic and Wetland Plants of South-
eastern United States: Dicotyledons. Univ. Georgia Press, Athens, GA.
933 pp.

Halstead, J. M., J. Michaud, S. Hallas-Burt and J. P. Gibbs. 2003. Hedonic anal-
ysis of effects of a nonnative invader (

 

Myriophyllum heterophyllum

 

) on New
Hampshire (USA) lakefront properties. Environ. Manage. 32:391-398.

Koschnick, T. J., M. D. Netherland and W. T. Haller. 2007. Effects of three ALS-
inhibitors on five emergent native plant species in Florida. J. Aquat. Plant
Manage. 45:47-51.

Ladner, D. W. 1991. Structure-activity relationships among imidazolinones her-
bicides, pp. 31-51. 

 

In

 

: The Imidazolinone Herbicides. D. L. Shaner and S. L.
O’Connor (eds.). CRC Press.

Langeland, K. A. 1993. Hydrilla response to Mariner applied to Lakes. J. Aquat.
Plant Manage. 31:175-178.

Madsen, J. D., K. D. Getsinger, R. M. Stewart and C. O. Owens. 2002. Whole
Lake fluridone treatments for selective control of Eurasian watermilfoil: II.
impacts on submersed plant communities. Lake Reserv. Manage. 18:191-
200.

Nelson, L. S., M. D. Netherland and K. D. Getsinger. 1993. Bensulfuron methyl
activity on Eurasian watermilfoil. J. Aquat. Plant Manage. 31:179-185.

Netherland, M. D., K. D. Getsinger and E. G. Turner. 1993. Fluridone concen-
tration and exposure time requirements for control of Eurasian watermil-
foil and hydrilla. J. Aquat. Plant Manage. 31:189-195.

Netherland, M. D. and K. D. Getsinger. 1995. Laboratory evaluation of thresh-
old fluridone concentrations under static conditions for controlling hyd-
rilla and Eurasian watermilfoil. J. Aquat. Plant Manage. 33:33-36.

Netherland, M. D. K. D. Getsinger and J. D. Skogerboe. 1997. Mesocosm eval-
uation of the species selective potential of fluridone. J. Aquat. Plant Man-
age. 35:41-50.

NH-DES (New Hamphire Department of Environmental Sciences). 2002. Vari-
able Milfoil. Environmental fact sheet WD-BB-23. 

NH-DES (New Hamphire Department of Environmental Sciences). 2007. Law
prohibits exotic, aquatic plants. Environmental fact sheet WD-BB-40.

Figure 2. Dry weight biomass (g) of variable-leaf milfoil 50 days after treat-
ment with (A) fluridone and (B) penoxsulam in study 2. Data were sub-
jected to regression analysis.



 

196

 

J. Aquat. Plant Manage.

 

 46: 2008.

 

Ren, T. R., H. W. Yang, X. Gao, X. L. Yang and J. J. Zhou. 2000. Design, synthesis
and structure-activity relationships of novel ALS-inhibitors. Pest Manage.
Sci. 56:218-226.

Smith, C. S. and G. D. Pullman. 1997. Experience using Sonar® A.S. aquatic
herbicide in Michigan. Lake Reserv. Manage. 13:338-346.

Tranel, P. J. and T. R. Wright. 2002. Resistance of weeds to ALS-inhibiting her-
bicides: what have we learned? Weed Sci. 50:700-712.

WSSA (Weed Science Society of America). 2007. Herbicide Handbook, 9

 

th

 

 ed.
W. K. Vencill (ed.). Lawrence, KS. 493 pp.

USDA, NRCS. 2007. The PLANTS Database. http://plants.usda.gov. National
Plant Data Center, Baton Rouge, LA 70874-449 USA. Accessed 1 February
2007.

 

Hydrilla verticillata

 

 (L.f.) Royle
in Guadeloupe, French West Indies

 

FRANCK A. MADDI

 

1,2

 

, F. MEURGEY

 

1

 

 AND C. DELACRUZ

 

INTRODUCTION

 

Hydrilla (

 

Hydrilla verticillata

 

 [L.f.] Royle), also known as
water thyme, is a widespread invasive aquatic weed present al-
most worldwide (Cook and Lüönd 1982). In his flora of the
Lesser Antilles, Howard (1979) did not report the presence
of hydrilla. In 1983, Jérémie collected this plant in Dominica,
75 km south of Guadeloupe (Adjanohoun et al. 1985). In
1991, Vivant and Jérémie found hydrilla in a pond on Marie-
Galante (Fournet 2002, Jérémie 2006 pers. comm.). This
same year Lemke and Roberts (1993) found the species in
the island of Grenada, thinking that it was the “first record”
of hydrilla from the Lesser Antilles. According to Fournet
(2002), hydrilla is considered a very rare species in the
French Lesser Antilles. Since these records, no data have
been published about the expansion of this noxious species
in this region. The aim of this study was to conduct a brief
survey of the presence of hydrilla in Guadeloupe.

 

METHODS

 

The study was performed from 2004 to 2007 in four parts
of Guadeloupe: Basse-Terre, Grande-Terre, Marie-Galante,
and Les Saintes. Permanent and temporary water bodies
ranging from ponds to flowing waters such as canals,
streams, and rivers, including estuaries, were assessed using a
surface inventory method. Sites to be investigated were cho-
sen at random based on the wide range of potential habitats
for hydrilla. Dried water bodies with mats of decayed dried
detritus of hydrilla were taken into account. From coastal to
inland regions, 57 flowing waters were visited (Basse-Terre
(41), Grande-Terre (12), Marie-Galante(4), and 161 ponds
(Basse-Terre (29), Grande-Terre (91), Marie-Galante(39),
Les Saintes (2). This is not an exhaustive inventory com-
pared to the total number of water bodies on Guadeloupe:
2,682 ponds (Bruyère and Questel 2001) and at least 57 per-

manent rivers, mainly on Basse-Terre (55), only two of which
crisscross Grande-Terre and Marie-Galante. These numbers
do not take into account the numerous streams, ravines, and
canals (Chaperon et al. 1983). A total of 245 sites were sam-
pled (Basse-Terre (94), Grande-Terre (106), Marie-Galan-
te(43), Les Saintes (2); 77%

 

 

 

of flowing waters and 100% of
ponds were seen one time. When hydrilla was present in a
site, 20 voucher specimens of immature male flowers and
floating male flowers were randomly sampled and kept in
95% ethanol or dried in herbarium for later morphological
analysis, especially for biotype identification.

 

RESULTS AND DISCUSSION

 

Hydrilla was found in four permanent rivers (7% of total)
on Basse-Terre (Figure 1): on the leeward coast near Pointe-
Noire and the estuary of the Ravine Bleue; and on the north-
ward coast at the Grande Rivière à Goyaves, which is the
greatest drainage basin (158 km

 

2

 

) of Guadeloupe and two of
its tributaries, the Rivière du Premier Bras and the Rivière du
Deuxième Bras, which is used for aquaculture. Hydrilla cov-
ered around 10 km (25%) of the Grande Rivière à Goyaves
in a discontinuous pattern. In sampled rivers, hydrilla was al-
ways found downstream of fish and crayfish farms. This ob-
servation may be coincidental because there is no evidence
that hydrilla was associated in polycultural systems with giant
river prawn (

 

Macrobrachium 

 

spp.) or Tilapia (

 

Oreochromis

 

spp.), two species cultivated in Guadeloupe, even if such a
practice was encouraged (New 2002). Hydrilla was also ob-
served in four ponds (0.15% of total; Figure 1): one on
Basse-Terre at Etang Roland, near the town Vieux-Habitants
on the leeward coast; one near Bacquié on the inward coast
of Grande-Terre; and two on Marie-Galante near Grand-
Bourg at Habitation Murat and the surrounding area. On
Basse-Terre, Etang Roland (22500 m

 

2

 

) is an important water-
fowl habitat made of two ponds flowing into the sea. Its sur-
face and depth are completely invaded by hydrilla. On
Grande-Terre, hydrilla was observed in a temporary pond
used for agriculture (sugar cane irrigation, water for live-
stock, but not for recreational purpose),
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1

 

Muséum d’Histoire Naturelle, 12 rue Voltaire, 44000 Nantes, France

 

2

 

E-mail: franck.maddi@shnlh.org. Received for publication September
26, 2007 and in revised form June 20, 2008.

 

J. Aquat. Plant Manage.

 

 46: 196-198


