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Interactions of herbicides, surfactants, and the
giant salvinia weevil (Cyrtobagous salviniae) for

control of giant salvinia (Salvinia molesta)
CHRISTOPHER R. MUDGE, NATHAN E. HARMS, AND JULIE G. NACHTRIEB*

ABSTRACT

Herbicides and the biological control agent Cyrtobagous
salviniae Calder and Sands (giant salvinia weevil, Coleoptera:
Curculionidae) are the most effective means to manage the
floating aquatic invasive giant salvinia (Salvinia molesta
Mitchell) in North America. Limited efforts have been made
to integrate these technologies and no information is
available on the direct and indirect impacts of herbicides
on giant salvinia weevils. Flumioxazin and penoxsulam,
applied directly to the weevils at maximum labeled rates,
resulted in less than 5% weevil mortality, whereas the
addition of an aquatic surfactant (nonionic and buffering
agent) alone and in combination with the herbicides resulted
in 20 to 47% giant salvinia weevil mortality. Alternate
surfactants, including a methylated vegetable oil and orga-
no-silicone blend, silicone-polyether copolymer, and nonion-
ic organo-silicone blend resulted in 22 to 23% mortality. In a
mesocosm experiment, all weevil and herbicide treatments
(alone or combination) resulted in 52 to 97% reductions in
giant salvinia biomass by 4 wk after treatment (WAT). By the
conclusion of the experiment (6 WAT), flumioxazin, flumiox-
azin plus giant salvinia weevil, and penoxsulam plus giant
salvinia weevil resulted in 98 to 100% plant control. The giant
salvinia weevil alone treatment caused a significant reduction
in biomass (68%) and continued to damage plant tissue at 6
WAT. The mesocosm experiment also provided evidence of
the minimal indirect impacts herbicides and surfactants will
have on the giant salvinia weevil. The experiment also
demonstrated that giant salvinia weevils were capable of
surviving at least 4 wk on plant material treated with foliar
applications of flumioxazin and penoxsulam.

Key words: biological control, chemical control, flumiox-
azin, foliar applied herbicides, integrated pest management,
penoxsulam.

INTRODUCTION

Giant salvinia (Salvinia molesta Mitchell) is a free floating,
mat-forming aquatic fern native to southeastern Brazil
(Forno and Harley 1979) that has become problematic in

water bodies throughout the southeastern U.S., Puerto Rico
and Hawaii. This species dominates water bodies where
dense infestations disrupt transportation, hinder water uses,
impact desirable native plant communities, and increase
mosquito breeding habitat (Jacono 1999, Jacono and Pitman
2001, Nelson et al. 2001). It is estimated that under optimal
growth conditions, plants can double in coverage every 36
to 53 hr (Cary and Weerts 1983, Johnson et al. 2010). This
plant has become especially problematic in Texas and
Louisiana, and by 2004, had been reported in four
reservoirs, five rivers (or streams) and 20 ponds in Texas
alone (Owens et al. 2004). Although an estimate of current
total acreage in Texas is not available, 17 major water bodies
are confirmed to be infested by giant salvinia (H. Elder,
Texas Parks and Wildlife Department, personal communi-
cation, 2010). In 1999, an initial infestation in Louisiana
estimated to be , 162 ha expanded to . 28,340 ha in 20
lakes, seven bayous or rivers, the Atchafalaya River Basin,
the Red River and the coastal fresh water marsh from Lafitte
to Morgan City (Johnson et al. 2010).

Management of giant salvinia has been attempted via
chemical, biological, mechanical, and physical control meth-
ods (Madsen and Wersal 2009), with chemical and biological
beingmore widely used in the U.S.When applied to smaller or
less dense populations of giant salvinia, herbicide treatments
can selectively and precisely provide rapid control. Although
herbicide control programs have increased over recent years,
giant salvinia infestations continue to expand (Sanders et al.
2010). In an attempt at management, rearing, harvesting, and
release of the giant salvinia weevi (Cyrtobagous salviniae Calder
and Sands), a biological control agent, has increased in recent
years (Harms et al. 2009, Sanders et al. 2010). The giant
salvinia weevil, originally occurring in southeastern Brazil,
Bolivia, Paraguay and northern Argentina (Calder and Sands
1985, Wibmer and O’Brien 1986), was first released in the U.S.
in 2001 at sites in Louisiana and Texas, with a subsequent
reduction in plant populations observed at release sites
(Tipping 2004, Tipping et al. 2008). Successful control of giant
salvinia below problematic levels has also been achieved in
Zimbabwe, South Africa, Senegal, Mauritania and India, often
within two years after initial stocking (Jayanth 1987, Cilliers
1991, Chikwenhere and Keswani 1997, Pieterse et al. 2003,
Diop and Hill 2009). Despite the reported success of this
biocontrol agent in other parts of the world, limited
distribution of the giant salvinia weevil and minimal large-
scale releases in the U.S. has likely hindered potential
effectiveness (Mudge and Harms 2012). In addition, severe
winters can limit the increase and spread of giant salvinia
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weevil populations in the spring, and maintenance of
populations may be necessary (Tipping et al. 2008).

In contrast to an herbicide or biocontrol-focused
management program, a more prudent approach may be
to combine technologies to achieve rapid biomass reduction
and long-term control of giant salvinia. Minimal research
has been conducted to determine the potential of combin-
ing herbicides and biological agents (Center et al. 1999) or
mycoherbicides (Nelson et al. 1998) for the management of
aquatic plants. Possible candidates for evaluations should
include the recently registered, reduced risk aquatic
herbicides. These newer chemicals are highly plant specific
(minimal toxic impacts on animals), applied at very low use
rates (g ai ha�1) and concentrations (lg ai L�1), and possess a
high degree of selectively against target plants, thereby
minimizing damage to desirable vegetation (Koschnick et al.
2007, Mudge 2007, Glomski and Mudge 2009).

In exploring the compatibility of these two technologies,
the direct and indirect impacts of herbicides on the giant
salvinia weevil should be considered, as impacts to giant
salvinia weevil fitness may alter their long-term effectiveness.
In addition to herbicides, surfactants typically used in
combination with foliar applied herbicides should be
examined for their impact on the giant salvinia weevil.
Surfactants, which are a type of adjuvant, improve the
emulsifying, dispersing, spreading, wetting, as well as increas-
ing the spray coverage on the foliage to aid in herbicide
uptake by the plant (Ferrell et al. 2008). Surfactants enhance
the herbicide application or efficacy and do not necessarily
provide control as standalone treatments. The inclusion of
certain ingredients in adjuvant formulations is regulated by
the U.S. Environmental Protection Agency (USEPA), but the
manufacture and use of these products is not stringently
tested and regulated (Tu et al. 2001). Only a few U.S. states
regulate adjuvants and require the disclosure of ingredients,
results from efficacy trials, and data from environmental and
toxicological studies (Tu et al. 2001, Washington State
Department of Agriculture 2012, Witt 2012).

The impact of various surfactants and herbicides has been
evaluated on several invertebrates including beetles, spider
mites, midges, and the water hyacinth weevil (Wolfenbarger
and Holscher 1967, Haag 1986, Pellissier 1988, Buhl and
Faerber 1989, Cowless et al. 2000). Unfortunately, no data
exist on the impact of herbicides and surfactants on the giant
salvinia weevil. Therefore, the objectives of this research were
to (1) determine the direct impact of recently registered
aquatic herbicides and surfactants on the giant salvinia
weevil, (2) determine the indirect impact of herbicides on
giant salvinia weevil survival in a controlled setting, and (3)
determine if the combined technologies are more efficacious
against giant salvinia than when used alone.

MATERIALS AND METHODS

Direct Impacts of Herbicides and Surfactants on Giant
Salvinia Weevils

Experiment 1. This experiment was conducted at the US
Army Engineer Research and Development Center (ERDC)
in Vicksburg, MS. Adult giant salvinia weevils were collected

from cultures in above ground rearing boxes (1.5 by 3.0 by
0.6 m deep) at the Lewisville Aquatic Ecosystem Research
Facility (LAERF), Lewisville, TX. Weevils were reared on
giant salvinia supplemented with nutrients approximately
every month to maintain 10 mg L�1 nitrogen (Miracle-
Grot

1) and 3mg L�1 iron2. Weevils were harvested for
experimentation on three separate occasions from May to
June 2011. Collection occurred through Berlese funnel
extraction (Harms et al. 2009) into glass jars containing
moist paper towels and shipped overnight to ERDC. Weevils
were immediately transferred onto fresh giant salvinia
contained in 4 L plastic containers with nutrient (Miracle-
Gro) amended water. Weevils were allowed to acclimate in a
walk-in growth chamber for 6 d at a temperature of 27 C
and a 14h : 10h (light : dark) photoperiod.

Prior to herbicide exposure, 15 adult weevils per rep (n¼
3; 45 weevils per treatment) were removed from the giant
salvinia plants via forceps and placed into petri dishes for
exposure. Treatments were replicated three times and
randomly assigned. Solutions of flumioxazin (quick-acting
contact herbicide) and penoxsulam (slow-acting systemic
herbicide) were prepared by diluting formulation concen-
trates in distilled water equivalent to a diluent of 1,870 L
ha�1. Maximum label rates of flumioxazin3 (429 g ai ha�1)
and penoxsulam4 (98 g ai ha�1) were used for the
experiment (Table 1). In addition, a surfactant (nonionic
and buffering agent blend) at 0.25% v/v was evaluated alone
and in combination with the herbicides to determine direct
impacts on the giant salvinia weevil. This study was designed
to simulate conditions typical of a commercial herbicide
application to control giant salvinia in which weevils would
come in direct contact with the herbicide/surfactant spray.
From the stock solutions, each treatment was applied
directly to the weevils in the petri dishes using a micro-
pipette set to deliver 2 ll of solution per weevil. Nontreated
and water controls were also included to assess insect
mortality in the absence of herbicide/surfactant exposure.
After treatment, weevils were kept in the petri dishes for 10
min before being transferred to mesh-topped 150 ml
beakers containing 4 g fresh giant salvinia in nutrient
amended water. Beakers were then returned to the growth
chamber. Herbicide/surfactant rates and application tech-
nique chosen for this study were designed to provide a worst
case exposure scenario. Since the giant salvinia weevil is
nocturnal (Schotz and Sands 1988), the likelihood of direct
exposure to the herbicide mixture during a daytime field
application is low.

At 7 d after treatment (DAT), all giant salvinia weevils
were transferred to petri dishes and individually examined
for mortality. Since weevils became immobile and rigid
when disturbed, an acclimation period of 10 min was
allowed before observation. All data were analyzed using
analysis of variance and means separated using Student–
Newman–Keuls Method (SNK) (P � 0.05).

Experiment 2. An additional experiment was conducted to
evaluate the direct effects of four surfactants on adult giant
salvinia weevils. Solutions of four commonly used aquatic
surfactants (Table 1) were prepared and applied to the
weevils in August 2011, following methods developed in
experiment 1. All surfactants were prepared to provide a
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mixture of 0.25% v/v. A water control was also included to
assess mortality in the absence of surfactant exposure. After
treatment, weevils remained in the petri dishes for 10 min,
were transferred to fresh giant salvinia (4 g) in 150 ml mesh-
topped beakers, and then placed in the growth chamber.
The treatments were replicated four times and randomly
assigned. At 7 DAT, mortality was assessed and statistically
analyzed in the same manner as the herbicide experiment.

Indirect Impact of Herbicides with Surfactant on Giant
Salvinia and the Giant Salvinia Weevil

A mesocosm trial was conducted at ERDC from June to
July 2011 to assess the ability of the giant salvinia weevil to
survive on herbicide-damaged plant material, and to
evaluate the compatibility of two herbicides and the weevil
for control of giant salvinia. The study was designed to treat
weevil-infested plants instead of introducing the insect onto
fresh material prior to herbicide application. A high density
weevil culture box from LAERF was chosen as the weevil
source for this experiment. Initially, samples (240 g fresh
weight [F.W.]) of weevil-infested giant salvinia were collect-
ed and divided into two equal subsamples (each 120 g F.W.).
One subsample was processed using Berlese funnel extrac-
tion to obtain adult weevil population estimates prior to
commencement of the experiment, and the other subsam-
ple was shipped overnight to ERDC for experimentation.
Giant salvinia weevil counts ranged from 89.6 to 117.0
weevils kg�1 F.W. (10 to 14 weevils per experimental unit)
per treatment. In addition, noninfested giant salvinia was
collected from a nearby weevil-free culture at the LAERF.
This material was utilized for all weevil-free treatments and
was cultured under identical conditions (light, nutrient
amendments, etc). Prior to plant/weevil shipment to ERDC,
whole plant nitrogen was measured at 2.5% (data not
shown), which is in the optimal range for weevil develop-
ment and reproduction (Forno and Bourne 1985).

The weevil-infested and weevil-free plants were placed in
18.9 L buckets containing 12 L of water amended with
Miracle-Gro (36–6–6, 41.7 mg L�1) and allowed to acclimate

5 d. Foliar herbicide treatments included flumioxazin (214 g
ai ha�1) and penoxsulam (49 g ai ha�1) applied alone at half
maximum labeled rate, and in combination with a surfac-
tant (nonionic and buffering agent blend) at 0.25% v/v.
Herbicide treatments were applied to the foliage of weevil-
infested and weevil-free giant salvinia using a forced air
CO2-powered sprayer at an equivalent of 935 L ha�1 diluent
delivered through a single TeeJett5 80-0067 nozzle at 20 psi.
The treatments were replicated ten times and randomly
assigned.

At 2, 4, and 6 WAT, plant biomass was destructively
harvested from 3, 3, and 4 of the replicates, respectively.
Counts of surviving weevils were obtained by placing all
harvested plant material into Berlese funnels regardless of
treatment (i.e., whether or not weevils were expected to be
present) and collected weevils into 70% EtOH for subse-
quent enumeration. Plant F.W. were obtained prior to
Berlese extraction. After extraction, plants were transferred
to a drying oven (55 C) until constant weight was achieved,
and then weighed to obtain dry weights. Weevil population
estimates were made on a per kg basis. All giant salvinia dry
weight and weevil count data were analyzed using analysis of
variance and means separated using SNK Method at P �
0.05 when differences were detected. Also, dry weight data
were analyzed using nonlinear regression (exponential
decay, y¼b0e

�bx). Regression models were used to determine
an ET50, which is the estimated time required to reduce
plant dry weight biomass by 50%. The ET50 values were
calculated using the slope of the line.

RESULTS AND DISCUSSION

Direct Impacts of Herbicides and Surfactants on the
Giant Salvinia Weevil

Experiment 1. In the direct impact herbicide experiment,
control and water treatments resulted in 4 and 0% giant
salvinia weevil mortality, respectively, 7 DAT (Figure 1). At
maximum application rates, the aquatic herbicides flumiox-
azin and penoxsulam resulted in less than 5% mortality,

TABLE 1. AQUATIC HERBICIDES AND SURFACTANTS APPLIED DIRECTLY TO ADULT GIANT SALVINIA WEEVILS (CYRTOBAGOUS SALVINIAE).

Treatment Rate1,2 Type/class

Experiment 1
Control — —
Deionized water — —
Flumioxazin 429 g a.i. ha�1 PPOc inhibitor
Flumioxazin þ Surfactant A3 429 g a.i. ha�1 þ 0.25% v/v PPO inhibitor þ nonionic and buffering agent blend
Penoxsulam 98 g a.i. ha�1 ALS inhibitor
Penoxsulam þ Surfactant A 98 g a.i. ha�1 þ 0.25% v/v ALS inhibitor þ nonionic and buffering agent blend
Surfactant A 0.25% v/v nonionic and buffering agent blend

Experiment 2
Deionized water — —
Surfactant A 0.25% v/v nonionic and buffering agent blend
Surfactant B 0.25% v/v methylated vegetable oil and organo-silicone blend
Surfactant C 0.25% v/v silicone-polyether copolymer
Surfactant D 0.25% v/v nonionic organo-silicone blend

12 ll of treatment solution applied to each weevil.
2The herbicides and surfactants were mixed in deionized water at an equivalent of 1,870 L ha�1 diluent to provide a solution similar to a commercial herbicide application to
control giant salvinia.
3Abbreviations: PPO, protoporphyrinogen oxidase; ALS, acetolactate synthase.
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which was not different from the control or water
treatments. Conversely, the aquatic surfactant alone and
in combination with the herbicides resulted in 20 to 47%
weevil mortality. The surfactant alone and penoxsulam plus
surfactant treatments resulted in significantly greater
mortality than all other treatments.

Experiment 2. All surfactants, regardless of chemistry or
classification, resulted in mortality greater than the control
treatment in the surfactant experiment (Figure 2). Surfac-
tants B, C, and D resulted in 22 to 23% giant salvinia weevil
mortality, while surfactant A resulted in 41% mortality.
These data (Figure 2) were similar to the herbicide
experiment (Figure 1) with regard to the level of mortality
compared to the control and water treatments. In general,
these particular classes of surfactants were more injurious
to the giant salvinia weevil than the two herbicides
evaluated in this research. In addition, surfactant A resulted
in a similar percent mortality in both experiments. Previous
research demonstrated the aquatic herbicides 2,4-D, diquat,
and glyphosate resulted in minimum water hyacinth weevil
mortality when applied up to six times maximum recom-
mended rate (Haag 1986, Pellessier 1988, Grodowitz and
Pellessier 1989). Only one of the 78 herbicide/surfactant
treatments (polyvinyl polymer/sinking agent) evaluated
against the water hyacinth weevil resulted in significant
mortality (13.3%) (Pellessier 1988). In addition, a nonionic
invert oil and a limonene-based surfactant caused 73 to 94%
water hyacinth weevil mortality (Haag 1986). In our
research, giant salvinia weevil mortality was �47% for all
herbicide, surfactant, or combination treatments.

Based on these results, surfactant A (nonionic and
buffering agent) has the potential to cause increased
mortality levels in giant salvinia weevils treated under worst
case scenarios. However, under operational conditions,
these aquatic herbicides and surfactants are applied to the
foliage of the plants and, because of the nocturnal nature of
this insect, are not likely to come in direct contact with the
weevils during field applications. In addition, adult weevils
are subaquatic in nature and can be found on or under
fronds, within buds, or among the root-like modified leaves
of giant salvinia plants (Johnson et al. 2010). Consequently,
direct contact with the herbicide and surfactant mixture in
the field will likely be at a minimum and mortality should be
less likely to occur.

Indirect Impacts of Herbicides with Surfactant on Giant
Salvinia and the Giant Salvinia Weevil

At the first harvest (2 WAT), flumioxazin and penoxsulam
applied alone were more efficacious against giant salvinia
than the giant salvinia weevil alone and herbicide plus
weevil combination treatments (Table 2). These treatments
resulted in 63 and 36% reductions of dry weight biomass,
respectively. Giant salvinia displayed injury symptoms,
including necrosis and chlorosis of the fronds and some
detachment of the root-like modified leaves, by 1 WAT
when treated with either herbicide (data not shown).

All weevil-alone, herbicide-alone, or weevil plus herbi-
cide treatments resulted in 52 to 97% reductions in giant
salvinia biomass by 4 WAT (Table 2). Visually, all treatments
decreased plant biomass, injured/damaged plants, and
resulted in open water in the buckets. By the conclusion

Figure 1. Percent mortality of adult giant salvinia weevils (Cyrtobagous
salviniae) exposed to the aquatic herbicides flumioxazin (429 g ai ha�1) and
penoxsulam (98 g ai ha�1) and surfactant A (nonionic and buffering agent
blend; 0.25% v/v) 7 d after treatment. The herbicides and surfactant were
mixed in distilled water at an equivalent of 1,870 L ha�1. Treatments with
the same letter are not significant according to Student–Newman–Keuls
Method (SNK) at P � 0.05; n¼ 3 and each rep contained 15 weevils rated as
live or dead.

Figure 2. Percent mortality of adult giant salvinia weevils (Cyrtobagous
salviniae) exposed to 4 aquatic surfactants: A) nonionic and buffering agent
blend, B) methylated vegetable oil and organo-silicone blend, C) silicone-
polyether copolymer, and D) a nonionic organo-silicone blend 7 d after
treatment. All surfactants (0.25% v/v) were mixed in distilled water at an
equivalent of 1,870 L ha�1. Treatments with the same letter are not
significant according to Student–Newman–Keuls Method (SNK) at P � 0.05;
n ¼ 4 and each rep contained 15 weevils rated as live or dead.
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of the experiment (6 WAT), flumioxazin, flumioxazin plus
giant salvinia weevil, penoxsulam, and penoxsulam plus
giant salvinia weevil treatments resulted in 98 to 100% plant
control. The weevil alone treatment caused a significant
reduction in biomass (68%) and damage was still occurring
at the conclusion of the experiment 6 WAT.

The amount of time (wk) to reduce giant salvinia dry
weight by 50% (ET50) based on the nonlinear equation were
5.5, 1.3, 2.7, 2.4, and 3.0 wk for the weevil, flumioxazin,
penoxsulam, flumioxazin plus weevil, and penoxsulam plus
weevil treatments, respectively (Figure 3). Giant salvinia
exposed to any of the treatments showed similar trends in
reduction of biomass over time (Figure 3). The ET50 values
demonstrate the amount of time it would require to have a
substantial impact on giant salvinia with these control
options.

The number of weevils kg�1 found on giant salvinia
decreased 18, 18, and 48% for the weevil, flumioxazin plus
weevil, and penoxsulam plus weevil treatments, respectively,
at 2 WAT compared to the initial counts (Table 2). The 18%
weevil decrease in the weevil and flumioxazin plus weevil
treatments could be attributed to natural mortality or stress
incurred during transport. Conversely, it is unknown if the
significant decline in the number of weevils in the
penoxsulam plus weevil treatment 2 WAT was caused by
direct toxicity or indirectly through loss of key nutrients
and extractable compounds necessary for development or
reproduction of the weevils. Penoxsulam is an acetolactate
synthase (ALS)-inhibiting herbicide that prevents the
production of the branched-chain amino acids isoleucine,
leucine, and valine (LaRossa and Schloss 1984, Senseman
2007). Such ALS herbicides inhibit plant growth 7 to 14 d
after application and typically result in plant death by 4
WAT (Senseman 2007). The mode of action of the slow-
acting penoxsulam may have contributed to the unfavorable
plant conditions as weevils ultimately starved or were
unsuccessful in seeking healthy or palatable plant material.
The percent change in weevil kg�1 continued to decrease
(90%) 4 WAT with the penoxsulam treated plants, whereas
weevil counts increased with the other treatments.

At the conclusion of the experiment, there were no giant
salvinia weevils remaining on herbicide treated plants
because of the lack of remaining plant biomass. However,
in the weevil-only treatment, there was a 323% increase in
the number of weevils kg�1 by the conclusion of the

experiment. The increase in weevils kg�1 is likely attributed
to the reduction in plant biomass (i.e., the ratio of weevils to
biomass increased as weevil number increased or remained
steady and plant biomass decreased), oviposition by adults
(present at study initiation), and production of a new
generation of weevils which reached adulthood by study
end. Previous research demonstrated that the giant salvinia
weevil life cycle could be completed in 6 wk (Forno et al.
1983).

The mesocosm experiment also provided evidence of the
minimal indirect impacts surfactants and flumioxazin have
on giant salvinia weevil survival when these products are
applied directly to weevil-infested plant material. Although
the nonionic and buffering agent surfactant (Surfactant A)
treatment resulted in substantial mortality in the worst case
laboratory trials when applied directly to the insect (Figures
1 and 2), weevils were still present on giant salvinia 4 WAT

TABLE 2. IMPACT OF THE GIANT SALVINIA WEEVIL (CYRTOBAGOUS SALVINIAE) AND HERBICIDE TREATMENTS ON GIANT SALVINIA (SALVINIA MOLESTA) AND INDIRECT IMPACT OF HERBICIDES

ON THE WEEVIL.

Treatment

2 WAT 4 WAT 6 WAT

Dry Weight (g)1 % W Change2 Dry Weight (g) % W Change Dry Weight (g) % W Change

C 10.3 6 0.5a — 10.9 6 0.9a — 13.8 6 0.5a —
W 9.7 6 0.5a �18 5.0 6 0.7b þ49 4.4 6 1.8b þ323
F3 3.8 6 0.7c — 0.3 6 0.1c — 0.3 6 0.3c —
P 6.6 6 0.3b — 5.3 6 1.0b — 0.0 6 0.0c —
F þ W 9.0 6 0.9a �18 2.3 6 1.2bc þ4 0.0 6 0.0c NRB
P þ W 8.8 6 0.6a �48 5.3 6 1.3b �90 0.0 6 0.0c NRB
1Treatments with the same letter are not significant according to Student–Newman–Keuls Method (SNK) at P � 0.05; n¼ 3, 3, and 4 for 2, 4, and 6 WAT harvests, respectively.
2Percent change (þ/�) in adult weevils kg�1 fresh weight. giant salvinia from the inception of the study to that particular harvest.
3Flumioxazin and penoxsulam herbicide treatments applied at 214 and 49 g ai ha�1, respectively, with a surfactant (nonionic and buffering agent blend, 0.25% v/v).
Abbreviations: WAT, wk after treatment; C, control; W, weevil; F, flumioxazin; P, penoxsulam; NRB, No remaining biomass.

Figure 3. The effect of no treatment (control, C), the giant salvinia weevil
(W) (Cyrtobagous salviniae), flumioxazin (F), penoxsulam (P), flumioxazin þ
weevil (FþW), and penoxsulamþweevil (PþW) on giant salvinia dry weight
(6 standard error) over a 6-wk period. Lines represent predicted values for
the weevil (y¼9.8634e�0.1265x, r2¼0.91), flumioxazin (y¼9.1000e�0.5272x,
r2¼ 0.97), penoxsulam (y¼ 9.5538e�0.2538x, r2¼ 0.92), flumioxazinþweevil
(y ¼ 10.1362e�0.2874x, r2 ¼ 0.87), and penoxsulam þ weevil (y ¼
10.1761e�0.2315x, r2 ¼ 0.89) treatments; n ¼ 3, 3, and 4 for harvests at 2,
4, and 6 wk after treatment, respectively.
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in the mesocosm trial (Table 2). However, penoxsulam plus
surfactant decreased the number of weevils kg�1 throughout
the course of the study. It is uncertain if the decline in
weevil population can be attributed to direct mortality or
starvation because of unpalatable plant material. Regardless
of the herbicide used, these results support the notion that
weevils are unlikely to come in contact with the herbicide/
surfactant spray solution. More research should be con-
ducted to determine indirect impacts of herbicides used
operationally (i.e., diquat and glyphosate) on the giant
salvinia weevil.

Under these conditions, the combination of the giant
salvinia weevil and penoxsulam or flumioxazin did not
shorten the time needed for giant salvinia control com-
pared to the herbicides used alone. However, these data
demonstrated the capability of C. salviniae to survive for at
least 4 wk on plant material treated with foliar applied
herbicides. Flumioxazin is a fast-acting contact herbicide
that will injure plants relatively quickly with possible plant
regrowth in a few days to weeks after treatment (Senseman
2007, Mudge et al. 2010). Conversely, penoxsulam requires
several days or weeks to injure plants, followed by minimum
regrowth (Senseman 2007). Regardless of the speed of
herbicide efficacy, these results indicate the potential for a
contact or systemic herbicide to be utilized in a field setting
where C. salviniae has been released. Further research should
be conducted to integrate these technologies in a field
setting and verify the results of these small scale studies. In
addition, future research should investigate lower herbicide
rates in combination with weevils to decrease costs and
possibly increase weevil survival since more plant material
will be available for weevil longevity.

Our mesocosm study also provided evidence that
flumioxazin plus surfactant A will have minimum indirect
impacts on the giant salvinia weevil with regard to mortality.
Cyrtobagous salviniae has the potential to survive on flumiox-
azin treated plants for at least 4 wk or as long as plant
material is available, whereas the number of weevils kg�1

decreased 90% by 4 WAT when weevil-infested plants were
treated with penoxsulam at half maximum label rate.
Further research is needed to determine if this combination
will inhibit weevil establishment if plants are treated with
herbicide/surfactant prior to weevil introduction. While the
direct impact research examined a worst case scenario,
there are a number of surfactants and herbicides available
for aquatic use that have not resulted in significant
mortality of other weevil species (Pellissier 1988) and should
be considered. In conclusion, the research conducted in
these laboratory and mesocosm studies did not provide
enough evidence to conclude that the giant salvinia weevil
and the aquatic herbicides flumioxazin and penoxsulam are
advantageous when used in combination; there was no
increased efficacy obtained by combining weevils with
herbicide treatments. However, this research represents
the first step in combining the technologies for control of
giant salvinia and additional experimentation should be
conducted under controlled and field conditions to further
examine the suitability of an integrated management
strategy.

SOURCES OF MATERIALS

1Miracle-Grot Lawn Fertilizer, The Scott’s Company, P.O. Box 606,
Marysville, OH 43040.

2Green Lightt Iron & Soil Acidifier, The Green Light Company, P.O.
Box 17985, San Antonio, TX 78217.

3Clippere Herbicide, Valent USA Corporation, P.O. Box 8025, Walnut
Creek, CA 94596.

4Galleont, SePRO Corporation, 11550 North Meridian Street Suite 600,
Carmel, IN 46032.

5TeeJett, Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60187.
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