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Influence of biological control damage on 
efficacy of penoxsulam and two other aquatic 

herbicides on waterhyacinth
Patrick J. Moran*

ABSTRACT

Populations of waterhyacinth (Eichhornia crassipes [Mart.] 
Solms.) in the southeastern United States have been reduced 
through separate biological and chemical control efforts. 
However, damaging populations are still widespread, and in-
tegrated approaches are needed. In this study, the effect of 
combined application of penoxsulam (2-(2,2-difluoroethoxy)-
6-(trifluoromethyl)-N-(5,8-dimethoxy[1,2,4]triazolo-[1,5c]
pyrimidin-2-yl)-benzenesulfonamide) and biological control 
(BC) agents (Neochetina spp. waterhyacinth weevils and a co-
nidial suspension of the fungus Cercospora piaropi Tharp) on 
mortality and colony growth was examined in outdoor tanks. 
BC alone caused damage but did not kill shoots. Combined 
BC and penoxsulam application reduced time to death by 1 
to 2 weeks compared to penoxsulam alone in subsurface ap-
plications at 5 to 10 μg ai L-1 or in foliar applications at 0.035 
kg ai ha-1. At 10 μg ai L-1, this combination also caused a net 
decline in shoot density. Penoxsulam and BC killed plants 3 
weeks earlier than did triclopyr (3,5,6,-trichloro-2-pyrinyloxy-
acetic acid, triethylamine salt; 0.42 kg ae ha-1) and BC, or 
glyphosate (N-[phosphonomethyl]glycine, isopropylamine 
salt; 0.56 kg ae ha-1) and BC in a winter test. Triclopyr with or 
without BC killed plants 3 weeks earlier than the other two 
herbicides in a summer test. The efficacy of penoxsulam was 
positively influenced by biological control damage, indicat-
ing that damage surveys prior to application may permit dose 
reduction to achieve efficacy. 

 Key Words: Eichhornia crassipes, fungus, glyphosate, integrat-
ed control, Neochetina, triclopyr.

INTRODUCTION

Chemical control of aquatic weeds can provide benefits for 
water users and wildlife by protecting and conserving water 
resources, but applications must be managed to minimize 
risks and costs (Richardson 2008, Netherland 2009). Aquatic 
weeds have also been targeted with biological control (BC), 
a strategy considered successful against waterhyacinth (Eich-
hornia crassipes [Mart.] Solms., Pontederiaceae; Julien 2001). 
Pantropical releases of two leaf- and shoot crown-feeding 
weevils (Neochetina spp.) (Coleoptera: Curculionidae) and 
other agents have decreased waterhyacinth density (Julien 
2001, Center et al. 2002), increased availability of water (Mar-
tínez Jiménez and Gómez Balandra 2007) for human use 
and native plants, and saved human livelihoods dependent 
on water navigation and fishing in Africa and southeast Asia 
(Van Driesche et al. 2010). BC of waterhyacinth in the Unit-
ed States has primarily involved two introduced leaf-feeding 
weevils (Neochetina bruchi Hustache and Neochetina eichhorniae 
Warner; Coleoptera: Curculionidae; Center et al. 2002). Ad-
ditive interactions can occur between Neochetina spp. and two 
fungal pathogens that are native or adventive in the United 
States (Cercospora piaropi Tharp and Acremonium zonatum 
[Saw.] Gams; Charudattan 1986, 2001, Moran 2005, Martínez 
Jiménez and Gómez Balandra 2007). Pathogens such as these 
can be applied to plants (Auld et al. 2003, Hallett 2005) or 
may interact with the weevils in natural infections. However, 
climate (Julien 2001), plant nutrient availability (Room et al. 
1989, Wheeler and Center 1996, Center and Dray 2010), and 
low host plant density (Wilson et al. 2006) can all limit es-
tablishment, dispersal, and efficacy of BC agents of waterhya-
cinth and other aquatic weeds, as can the use of other control 
methods which limit host plant availability to agents (Center 
et al. 1999, Moran 2004, Schooler et al. 2007). 

Recent research (Hill and Coetzee 2008, Richardson 2008, 
Santos et al. 2009) and regulatory debates (EPA 2010) have 
highlighted the importance of integrated management for 
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aquatic weeds. In general, little information is available on 
combined arthropod-herbicide strategies for aquatic weed 
control (Ainsworth 2003). However, increased damage and 
reduction in plant biomass and/or survival has been demon-
strated in waterhyacinth (Charudattan 1986), Eurasian water-
milfoil (Myriophyllum spicatum L; Nelson and Shearer 2008) 
and hydrilla (Hydrilla verticillata [L. f.] Royle; Nelson and 
Shearer 2009) using reduced doses of herbicides combined 
with BC agents (insects and/or plant pathogens) compared 
to insects alone. On waterhyacinth, insect populations may 
benefit from lush regrowth following lethal herbicide appli-
cation (Center et al. 1999, Center and Dray 2010). Sublethal 
application may improve plant quality for herbivores (Wright 
and Bourne 1990, Haag and Habeck 1991) and/or slow plant 
growth, allowing more time for insects to develop (Jidhav et 
al. 2008). Toxicity through direct contact can occur; several 
products applied to Neochetina spp. cause 10 to 15% mortal-
ity (Patnaik et al. 1987), possibly due to lipophilic adjuvants 
(Haag 1986). However, BC agents are usually not indirectly 
affected by feeding on live, herbicide-weakened terrestrial 
weeds (Tipping 1991, Lindgren et al. 1999, Boydston 2004, 
Williams et al. 2004), and direct toxicity is minimal or absent 
(Lindgren et al. 1998, Rees and Fay 1989). Insect damage can 
enhance herbicide efficacy against terrestrial weeds (Lym and 
Nelson 2002, Boydston 2004, Williams et al. 2004, Metzger et 
al. 2008), but little is known about the influence of sublethal 
BC damage on aquatic herbicide efficacy.

Chemical control of waterhyacinth is still often necessary 
in the southeastern United States and California (Center et 
al. 2002, Spencer and Ksander 2004). Many chemical tools 
are available (Gettys 2009, Netherland 2009), but selection of 
an herbicide and dose is restricted by label regulations, costs, 
and requirements imposed by water users. Damage caused by 
BC could reduce the effective dose of herbicide needed. The 
objective of this study was to determine the impact of damage 
by Neochetina spp. weevils and a fungal pathogen (Cercospora 
pioropi) on the efficacy of penoxsulam applied to waterhya-
cinth at rates at or below label recommendations, in com-
parison with the combined efficacy of triclopyr or glyphosate 
and BC damage.

MATERIALS AND METHODS

Plant, insect and fungal culturing and application

Waterhyacinth was collected from a field population 
near Monte Alto, Hidalgo County, Texas (26°24.796N, 
97°57.549W) and cultured for 2 months in a 1000 L cattle 
tank (0.8 m water depth). Colonies for experiments were es-
tablished with shoots (taken from the 1000 L tank) in 400 L 
plastic tanks (5 to 10 shoots per tank, tank area = 0.94 m2, 0.6 
m depth), caged with 1.0 mm mesh screening supported by 
PVC pipe to a height of 0.5 m above the top of the tank. Cul-
turing and experimental tanks were filled with treated munic-
ipal water supplemented with 70 mg L-1 ammonium, 12 mg 
L-1 nitrate, 34 mg L-1 phosphate, 83 mg L-1 potassium, and 1 
to 3 mg L-1 micronutrients. Blue dye2 (0.01% v/v) was added 
once at tank initiation time to inhibit algal growth. The water 
was aerated continuously with aquarium pumps and refertil-

ized with nitrogen once per month. For experiments, plants 
were allowed 1 week to acclimate in the 400 L tanks. 

The two Neochetina waterhyacinth weevil species (~70% 
Neochetina bruchi Hustache, 30% Neochetina eichhorniae War-
ner) were collected from multiple local field sites 1 day be-
fore each experiment, or were isolated from plants in a 1000 
L tank maintained as above inside a 3.0 by 3.7 by 2.6 m cage 
made of 13-mesh cm-1 saran plastic screening. For applica-
tions, 25 weevils were surface-sterilized with 0.9% benzalko-
nium chloride, rinsed in sterile water, and immediately re-
leased into each tank involving BC treatment. Weevils were 
not sexed, but were collected from mature, healthy plants 
and were thus expected to show a near-1:1 sex ratio (Center 
and Dray 1992).

The fungus Cercospora piaropi Tharp was isolated from in-
fected leaves collected from local field infestations and cul-
tured on solid potato dextrose agar (PDA; 19.5 g L-1) with 
5 g L-1 yeast extract. Two week-old cultures were used for in-
oculations. Spores were suspended in a formulation contain-
ing 0.05% w/v Kelgin® LV humectant3, 0.003% v/v IVOD® 
citrus oil4, and 0.2% v/v Tween® 80 surfactant5, and the con-
centration was adjusted to 1 × 106 spores mL-1. 

The objective of the study was to examine the impact of 
BC by the two weevils and C. piaropi in combined infestations 
and infections, as occur in the field. Tanks were infested with 
weevils (25 per tank) and sprayed with C. piaropi (5 mL sus-
pension per tank) 1 day prior to herbicide applications. The 
effectiveness of the BC treatment to cause damage was ex-
amined using data from the July 2009 test of effects of BC 
on efficacy of three herbicides (see ‘Interactions of herbicide 
and biological control’, below). The number of scars made by 
waterhyacinth weevils on the youngest unfurled leaf lamina 
were counted 1 and 2 weeks after treatment (WAT), as was 
percent coverage of the lamina of the oldest live leaf with 
necrotic spotting indicative of C. piaropi infection. Data were 
ranked (ties = mean) and analyzed with Kruskal-Wallis analy-
ses of variance (SAS PROC GLIMMIX; SAS Institute 2004) 
and Tukey least-square mean separation.

Herbicides and application methods

Three herbicides were evaluated in this study. Penoxsulam6 
is recommended for control of floating aquatic weeds at doses 
ranging from 25 to 75 μg ai L-1 for water subsurface application 
(done with a pipette in this study), or at rates of 0.024 to 0.096 
kg ai ha-1 for foliar applications (SePRO 2009a). Triclopyr7 is 
recommended for foliar application to waterhyacinth (SePRO 
2009b) at rates of 1.8 to 6.8 kg ae ha-1, and the isopropylamine 
salt of glyphosate8 is recommended for foliar application (Nu-
farm 2008) at rates of 3.8 to 4.6 kg ae ha-1. All foliar applications 
included 0.25% v:v methylated seed oil surfactant9 and were 
made using a hand-held household pressurized sprayer10 at a 
spray volume of 230 L ha-1. Herbicides were applied between 
9 and 10 AM in full sun. Daily temperature averaged 29.6 ± 
0.7 C during the 2008-2009 summer experiments and 17.2 ± 
1.2 C in one test run under winter conditions (Dec 2008). To 
determine a sublethal subsurface dose of penoxsulam, this 
compound was applied to the water in a preliminary 42-day 
experiment without BC in May 2008 at concentrations of 0 to 
50 μg ai L-1 (3 replicates per concentration, replicate = 1 tank).
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Interactions of herbicide and biological control

Four experiments examined the effect of BC on penox-
sulam efficacy. In the first experiment, beginning in July 2008 
and lasting 42 days, penoxsulam was applied to the water to 
achieve a dose of 5 or 10 μg ai L-1, with or without addition 
of Neochetina spp. weevils and C. piaropi (4 reps), while four 
tanks were left untreated (no control method). In an experi-
ment started in August 2008 and lasting 56 days, penoxsulam 
was applied as a foliar spray at a rate of .0175 or 0.035 kg ai 
ha-1 (4 reps) with and without BC, while four tanks were left 
untreated. 

In two additional foliar spray experiments (started in De-
cember 2008, winter 2008 test, and July 2009, summer 2009 
test), penoxsulam (0.035 kg ai ha-1), triclopyr (0.42 kg ae ha-

1), or glyphosate (0.56 kg ae ha-1 isopropylamine salt) was ap-
plied. The winter 2008 test involved four treatments (penox-
sulam + BC, triclopyr + BC, glyphosate + BC, and BC alone, 4 
replicate tanks per treatment), and lasted 75 days. The inclu-
sion of other controls (e.g., herbicides alone, and no treat-
ment) was limited in this winter test by plant and weevil avail-
ability. The summer 2009 test involved eight treatments (3 
reps per treatment): an untreated control, BC alone, penox-
sulam, triclopyr, and glyphosate alone, and each herbicide + 
BC. This experiment lasted 70 days.

Data collection

Six to eight plants per tank were tagged on the youngest 
unfurled leaf, and tags were moved as needed to avoid loss 
from dying leaves. The living or dead status of tagged plants 
was checked at least weekly. A plant was scored as dead if 
all leaf blades and petioles were brown to black and flaccid 
and no buds or regrowth were present on the central shoot 
crown. In some cases the tagged plant could not be found, 
presumably due to sinkage, and was scored as dead. Total 
shoots per tank was determined weekly. Untreated and BC-
only colonies became overcrowded, and excess shoots were 
removed every 2 weeks (to achieve a density of approximately 
70 shoots per tank). Removed shoots were dried in an un-
cooled greenhouse (temperatures reaching 50 C. At the end 
of each experiment, all living and dead shoots were removed, 
combined with previously removed shoots, if any, and oven-
dried at 70 C for 72 h for determination of total dry biomass 
(DW).

Data analysis

In all four tests (two with penoxsulam alone, two involv-
ing all three herbicides), the median number of days after 
treatment (DAT; day 0 = day of biological control agent ap-
plication) at which death of tagged plants occurred was de-
termined for each tank, and these medians were used in a 
survival analysis with PROC LIFETEST in SAS (SAS Institute 
2004) and Kaplan-Meier product-limit estimates to determine 
a survival probability curve for each treatment. These curves 
were then compared with a Wilcoxon χ2 test. For simplicity, 
survival is presented here as median days to plant death for 
each treatment. For the winter 2008 and summer 2009 tests 
involving multiple herbicides, efficacy was also compared us-
ing Kruskal-Wallis analyses of variance on ranked percentages 

of tagged plants that were dead 6 WAT in each tank. For all 
experiments, the change in shoot density over the timeframe 
of each trial and final DW were compared among treatments 
using ANOVAs. Normality and homogeneity of variance as-
sumptions were verified with Wilk’s lambda in SAS PROC 
UNIVARIATE and Levene’s test in SAS PROC GLM, respec-
tively.

For the summer 2009 test involving BC alone, each of the 
three herbicides alone, penoxsulam + BC, triclopyr + BC 
and glyphosate + BC, final DW and final shoot density was 
converted to percent control for each replicate tank using 
the average value for these two variables across the three no-
treatment tanks. The expected additive effect of BC and her-
bicide control combined was then calculated for each of the 
three combined treatments as in Colby (1967), using average 
percent control values for BC or herbicide alone. Differences 
in observed versus expected control were examined with sign 
tests to determine significance of positive values (indicative 
of synergism) or negative values (indicative of antagonism) 
from zero (lack of significance is indicative of additive or 
non-interactive effects).

RESULTS AND DISCUSSION

Damage caused by biological control 

Neochetina spp. weevils and C. piaropi fungus applied to 
the plants caused damage within 1 week in all tests, either 
with or without herbicide application. In representative data 
from the summer 2009 test, youngest unfurled leaves had 7.7 
± 1.4 scars caused by waterhyacinth weevils 1 WAT (mean ± 
SE across all four treatments involving BC), and 40% necro-
sis (22 to 58%, 95% lower-upper confidence intervals across 
all four treatments involving BC) on oldest unfurled leaves 
caused by infection by C. piaropi (Figure 1). Comparisons of 
ranked data showed differences in damage between weevil- 
and fungal-exposed plants and non-BC tanks (for scarring, F7, 

16 = 22.4, P < 0.001; for necrosis, F7, 16 = 17.3, P < 0.001; Figure 
1), but none among the four treatments involving BC (BC 
alone, penoxsualm + BC, triclopyr + BC, and glyphosate + 
BC), indicating that herbicide application did not negatively 
affect the ability of the BC agents to cause damage. By 2 WAT, 
a new youngest unfurled leaf had emerged, and the prior old-
est live leaf had died. New youngest unfurled leaves observed 
2 WAT had significantly more damage (17.4 ± 3.0 scars per 
leaf, averaged across all four treatments involving BC) than 
did plants in treatments lacking BC (0.14 ± 0.10; F1,21 = 82.6, P 
< 0.001), while live oldest leaves in tanks subjected to any of 
the four treatments involving BC had almost no fungal necro-
sis (4%, 1 to 7% confidence interval), indicative of transient 
effects of fungal inoculation.

Penoxsulam efficacy and biological control

Application of penoxsulam between 10 and 50 μg ai L-1 
with no BC in a preliminary 42-day test led to plant death 
after a median of 37 days at 10 μg ai L-1, 29 days at 20 and 25 
μg ai L-1, and 20 days at 50 μg ai L-1 (data not shown). Survival 
analysis showed a significant difference in survival probabil-
ity among these doses (Wilcoxon Chi-square, χ2 = 21.6, P = 
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0.002). The results are consistent with the high below-label 
(to 2 μg ai L-1) efficacy demonstrated by penoxsulam against 
waterhyacinth in previous studies (Richardson and Gardner 
2007).

After subsurface application of penoxsulam in July 2008, 
survival probability functions varied among treatments (χ2 = 
26.5, P < 0.001). Controls (no BC or herbicide) and plants 
treated with 5 μg ai L-1 penoxsulam without BC survived the 
duration of the test (42 days). Median days to plant death 
were similar for plants at 5 μg ai L-1 + BC and 10 μg ai L-1 
without BC (29 days), while plants exposed to 10 μg ai L-1 
penoxsulam + BC died 2 weeks earlier (after 15 days) than 
did plants exposed to penoxsulam at this same dose without 
BC (Figure 2). Despite the death of many marked shoots, net 
live shoot density per tank increased due to production of 
daughter plants, except in tanks treated with 10 μg ai L-1 + BC 
(F4,15 = 121, P < 0.001; Figure 2). Final DW (combined dead 
and live material) was reduced 50 to 56% by penoxsulam at 5 
μg ai L-1, but this reduction occurred in tanks treated with ei-
ther penoxsulam alone (166 ± 21 g) or penoxsulam + BC(200 
± 42 g) in comparison to control tanks (385 ± 30 g; F2,9 = 13.3, 
P = 0.002) (data not shown).

Foliar application of 0.0175 or 0.035 kg ai ha-1 penoxsulam 
in the test started in August 2008 led to plant death less than 
6 WAT with or without BC, but survival varied by treatment 
(χ2 = 23.1, P < 0.001). At 0.035 kg ai ha-1, penoxsulam + BC 
treatment decreased time to death compared to penoxsulam 
alone by almost 2 weeks (17 vs. 30 days; Figure 3). Penoxsulam 
reduced new shoot gain (F4,15 = 12.1, P < 0.001), but changes 
in shoot density did not differ between tanks treated with 

penoxsulam + BC and herbicide alone (Figure 3). Final tank 
DW did not vary significantly among treatments (F4,15 = 2.8, P 
= 0.06; data not shown), although 35 g ai ha-1 penoxsulam + 

Figure 1. Scars (mean ± SE) made by Neochetina spp. weevils on youngest 
unfurled leaves (left axis) and percent necrosis (mean + upper 95% con-
fidence interval) on oldest live leaves (right axis) caused by the fungus C. 
piaropi one week after application of biocontrol agents and/or herbicides 
onto plants in 1 m2 tanks (n = 3). Bars with the same lowercase (scars) or up-
percase (necrosis) letter are not significantly different in Tukey mean com-
parisons of ranked data (α = 0.05). Abbreviations: BC = biological control, 
application of 25 weevils and 5 × 106 C. piaropi fungal spores per tank; Gly = 
glyphosate, 0.56 kg ae ha-1 isopropylamine salt; Pen = penoxsulam, 0.035 kg 
ai ha-1; Tri = triclopyr, 0.42 kg ae ha-1 triethylamine salt. 

Figure 2. Change (mean ± SE) in waterhyacinth shoot density (m-2) in a 
42-day test in 1 m2 tanks treated with subsurface penoxsulam at 5 or 10 μg 
ai L-1 with or without application of biological control (+BC; 25 waterhya-
cinth weevils and 5 × 106 C. piaropi fungal spores per tank; n = 4). Bars with 
the same lowercase letter are not significantly different in Tukey mean com-
parisons of ranked data (α = 0.05). Numbers above bars give median days to 
death of marked plants. 

Figure 3. Change (mean ± SE) in shoot density (m-2) in a 56-day test in 1 m2 
tanks treated with foliar penoxsulam at rates of 0.0175 or 0.035 kg ai ha-1 with or 
without application of biological control (+BC; 25 waterhyacinth weevils and 5 × 
106 C. piaropi fungal spores per tank; n = 4). Bars with the same lowercase letter 
are not significantly different in Tukey mean comparisons of ranked data (α = 
0.05). Numbers above bars give median days to death of marked plants. 
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BC caused an 87% reduction in DW (35.0 ± 4.1 g) compared 
to the control tanks (267.4 ± 32.2 g), whereas penoxsulam 
alone at this dose reduced DW by 52% (127.7 ± 34.4). 

Comparative efficacy of three herbicides and biological 
control 

In the winter (December) 2008 comparison of the effica-
cy of sublethal doses of three herbicides in the presence of 
BC, survival varied among treatments (χ2 = 14.9, P = 0.002). 
Plants treated with penoxsulam + BC died at least 19 days 
earlier than plants treated with triclopyr + BC or glyphosate 
+ BC (Table 1). In comparisons of ranked percent mortality 
6 WAT, penoxsulam + BC (88%), and triclopyr + BC (28%) 
differed from glyphosate + BC (3%) and BC alone (0%; F3,12 = 
24.0, P < 0.001). Increases in shoot density were lower in colo-
nies treated with penoxsulam + BC and triclopyr + BC than in 
BC-only tanks (F3,12 = 17.8, P < 0.001), and combined penox-
sulam + BC caused a net decline in shoot density (Table 1). 
Final DW did not vary among treatments (F3,12 = 2.9, P = 0.08; 
Table 1), probably because of the inclusion of dead biomass 
in the dried samples. 

The comparative efficacy of the three herbicides differed 
in the summer (July) 2009 test from the winter 2008 test. 
Survival of marked plants varied significantly (χ2 = 14.9, P = 
0.002), but triclopyr, rather than penoxsulam had the short-
est median kill time, 21 DAT in tanks subjected to triclopyr 
+ BC or triclopyr alone (Table 2). Only triclopyr without BC 
differed in percent mortality of marked shoots 6 WAT (95%) 
from untreated colonies (0%; F7,16 = 3.0, P = 0.035; triclopyr 
and BC: 67% mortality). Consistent with the August 2008 test, 
foliar penoxsulam + BC treatment killed marked plants in 
the summer 2009 2 weeks faster than did penoxsulam alone 
(Table 2). Median time to death was actually 1 week longer 
in tanks subjected to glyphosate + BC relative to glyphosate 
alone, but percent mortality 6 WAT was similar (39 and 44%, 
respectively). In a tank study in South Africa (Jadhav et al. 
2008), a 2-fold more concentrated dose of glyphosate (iso-
propylamine salt, 1.1 kg ae ha-1) stopped plant growth but 
did not kill plants; 2.2 kg ae ha-1 was required for mortality. In 
the summer 2009 test, colonies treated with any of the three 
herbicides, either alone or + BC, gained no more than 18% 
of the shoots gained by colonies subjected to BC alone or no 
treatment (F7,16 = 17.6, P < 0.001; Table 2), as herbicides out-
performed BC alone, but there were no differences among 
herbicides, and no enhancement by BC of the negative ef-
fect of herbicides alone on shoot gain. Final DW was reduced 
by herbicides compared to untreated control colonies (F7,16 
= 7.6, P < 0.001), but the combination of BC and herbicide 

never reduced biomass more than herbicide alone (Table 2). 
Shoot gain and final biomass were virtually identical in the 
winter 2008 and summer 2009 tests in colonies subjected to 
BC only (Tables 1 and 2).

Final shoot density and final DW from the summer 2009 
test were converted to percentages of control values and used 
to determine expected additive control effects of herbicides 
and BC (Colby 1967). Differences in observed minus expect-
ed values for each herbicide with BC did not differ from zero 
in signed rank tests (P ≥ 0.25), indicating that biological and 
chemical control effects were additive or noninteractive.

Conclusions for integrated control

BC did not have additive effects on the efficacy of triclopyr 
or glyphosate, but waterhyacinth shoot death was achieved 
2 weeks more rapidly after penoxsulam application in the 
presence of Neochetina spp. weevil and C. piaropi fungal lesion 
damage than in the absence of damage. The summer 2008 
subsurface application results suggest that colonies treated 
with 10 μg ai L-1 penoxsulam and BC were unable to replace 
dying plants, with a similar nonsignificant trend for foliar ap-
plications in the test involving penoxsulam in August 2008, 
and specifically for penoxsulam in the winter 2008 test. The 
mechanism(s) driving the positive penoxsulam + BC inter-
action is/are uncertain but could relate to more rapid pen-
etration of herbicide through wounds or systemic movement 
through increased transpiration. However, adult lesser knap-
weed flower weevils (Larinus minutus Gyllenhal) reduce tran-
spiration in spotted knapweed leaves (Centaurea stoebe L. ssp. 
Micranthos; Wooley et al. 2011). The ability of waterhyacinth 
weevils to generate damage was not adversely affected by any 
of the three herbicides. Negative impacts on weevil popula-
tion dynamics could occur in the field because 45 to 60 days 
are required to complete a beetle generation in warm condi-
tions (Center et al. 2002), a time frame exceeding time to 
death in treatments involving penoxsulam or triclopyr under 
summer conditions.

Irrespective of BC, the results demonstrate lethality of tri-
clopyr against waterhyacinth at a foliar rate 4.2-fold below the 
low end of label recommendations, albeit in artificial tank 
mesocosms. Glyphosate applied at a rate 6.8-fold below label 
recommendations caused limited (~40%) plant mortality but 
did reduce shoot gain in the summer 2009 test. In the case of 
penoxsualm, a dose intermediate to those used here (0.0245 
kg ai ha-1) without BC killed all waterhyacinth plants within 
5 WAT (Wersal and Madsen 2010), consistent with the pres-
ent results. In past studies, additive effects of herbicides and 
biological control were apparent only when herbicide ap-

Table 1. Comparison of efficacy of three herbicides against waterhyacinth with biological control damage in a winter 2008 test. 

Herbicide (dose) Days to death (median)1 Change in shoot density2 Final DW (g)2

Penoxsulam + BC  (0.035 kg ai ha-1) 43  -47.0 ± 5.0 c 100.7 ± 31.3 a
Triclopyr + BC  (0.42 kg ae ha-1) 62 6.0 ± 24.8 bc 111.3 ± 27.2 a
Glyphosate + BC  (0.56 kg ae ha-1) 67 50.8 ± 13.2 ab 161.9 ± 33.3 a
BC alone 75 110.5 ± 13.7 a 222.9 ± 39.1 a

1Test terminated 75 days after treatment.
2Means ± SE. Means with the same letter(s) are not significantly different in Tukey mean comparisons (α = 0.05). 
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plication rates were adjusted to sublethal levels. In the pres-
ent study, both penoxsulam and triclopyr without BC caused 
waterhyacinth shoot death prior to test termination, possibly 
obscuring some efficacy-enhancing effects of biological con-
trol. The enhanced negative effects of penosxulam + BC com-
pared to penoxsulam alone on new shoot gain could be im-
portant in the field to prevent dispersal of detached daughter 
plants not directly exposed to foliar spray herbicide.

Additive or synergistic effects of herbicides and biological 
control may manifest as a reduction in herbicide dose need-
ed to achieve control in a desired timeframe (Williams et al. 
2004, Metzger et al. 2008, Nelson and Shearer 2008, 2009), 
or, as in the present study, as a decrease in the timeframe 
itself (Lym and Nelson 2002). Additional studies are needed 
to develop integrated weed management recommendations 
for waterhyacinth by evaluating several below-label doses of 
herbicides and multiple levels of weevil infestation against wa-
terhyacinth under field conditions.
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