
J. Aquat. Plant Manage. 50: 2012.	 129

Délye, C, Pernin F, Scarabel L. 2011. Evolution and diversity of the mecha-
nisms endowing resistance to herbicides inhibiting acetolactate-synthase 
(ALS) in corn poppy (Papaver rhoeas L.). Plant Sci. 180: 333–342.

EPA (Environmental Protection Agency). 1997. Pesticide fact sheet for ima-
zamox. Office of Prevention, Pesticides and Toxic Substances, Arlington, 
VA. 6 pp. Available online: http://www.epa.gov/opprd001/factsheets/
imazamox.pdf. Accessed May 21 2012. 

Gleason, PJ, Stone P. 1994. Age, origin, and landscape evolution of the Ev-
erglades peatland. Pages 149-197 In Davis, SM, and Ogden, JC (eds.) Ev-
erglades: the Ecosystem and its Restoration. Delray Beach, Fla., St. Lucie 
Press.

Hamel, K. 2012. Environmental Impact Statement for Penoxsulam, Ima-
zamox, Bispyribac-sodium, Flumioxazin, & Carfentrazone-ethyl. Wash-
ington St. Dept. Ecol. Publ. 00-10-040Addendum1. 98 pp.

Koschnick, TJ,   Netherland MD, Haller WT. 2007. Effects of three ALS-in-
hibitors on five emergent native plant species in Florida. J. Aquat. Plant 
Manage. 45:47-51.

Manalil, S, Busi R, Renton M, Powles SB. 2011. Rapid Evolution of Herbicide 
Resistance by Low Herbicide Dosages. Weed Sci. 59(2):210-217.

Mateos-Naranjo, E, Redondo-Gomez S, Cox L, Cornejo J, Figueroa ME. 2009. 
Effectiveness of glyphosate and imazamox on the control of the invasive 
cordgrass Spartina densiflora. Ecotoxicol. Environ. Safety 72(6):1694-
1700.	

Newman, S, Schuette J, Grace JB, Rutchey K, Fontaine T, Reddy KR, Pietru-
cha M. 1998. Factors influencing cattail abundance in the northern Ever-
glades, Aquatic Bot. 60(3):265-280.

Newman, S, Miao S, Saunders C, Hagerthey S, Cook M, Thomas C, Manna M,  
Jacoby M, Bellinger B, Holowecky P, Wheeler K, Kobza RM, Shuford R, 
Lynch JA, Xu X, Tian H, Childers DL. 2011. Ecosystem Ecology. In: 2011 
South Florida Environmental Report – Volume I, Chapter 6. So. Fl. Water 
Manag. Dist., West Palm Beach, FL.

Rutchey, K, Gu B, Rodgers L, Schall T, Ewe S, Vega J, Li Y. 2011. Chapter 
6: Landscape Processes. In: 2011 South Florida Environmental Report – 
Volume I. . So. Fl. Water Manag. Dist., West Palm Beach, FL.

SERA, 2010 (Syracuse Environmental Research Associates, Inc.). Imazamox 
Human Health and Ecological Risk Assessment. USDA Forest Service 
Contract: AG-3187-C-06-0010, Final Report. Accessed at http://www.
fs.fed.us/foresthealth/pesticide/pdfs/052-24-02a_Imazamox.pdf

Sklar, FH, Cline E, M Cook, Dreschel T, Coronado C, Gawlik DE, Gu B, 
Hagerthey S, Lantz S,  McVoy C, Miao S, Newman S, Richards J, Rutchey 
K, Saunders C, Scinto L, Shuford R, Thomas C. 2008. Chapter 6: Ecology 
of the Everglades Protection Area. In: 2008 South Florida Environmental 
Report – Volume I. So. Fl. Water Manag. Dist., West Palm Beach, FL.

Shaner, DL, Anderson PC, Stidham MA. 1984. Imidazolinones potent inhibi-
tors of acetohydroxyacid synthase. Plant Physiol. 76:545-546.

Wersal, RM,  Madsen JD. 2007. Comparison of imazapyr and imazamox for 
control of parrotfeather (Myriophyllum aquaticum (Vell.) Verdc.). J. 
Aquat. Plant Manage. 45:132-136.

J. Aquat. Plant Manage. 50: 129-135

Growth regulating hydrilla and subsequent 
effects on habitat complexity
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Abstract

 Plant growth regulators (PGRs), such as flurprimidol 
([α-(1-methylethyl)-α-[4-(trifluoromethoxy) phenyl]-5 py-
rimidinemethanol]), and herbicides with growth regulating 
properties, such as imazamox (2-[4.5-dihydro-4-methyl-4-
(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-(methoxymethyl) 
3-pyridinecarboxylic acid-3-pyridinecarboxylic acid), and 
bensulfuron-methyl (methyl 2-[[[[[(4,6-dimethoxy-2-pyrim-
idinyl)amino]carbonyl]amino]sulfonyl]methyl]benzoate) 
have been reported to control or suppress hydrilla (Hydrilla 
verticillata [L.f.] Royle) growth while maintaining the veg-
etative structure important for fish and invertebrates. This 
change in vegetative structure created by the use of PGRs 
and herbicides with growth-regulating properties has not 
been quantified in terms of habitat complexity. Therefore, 
we investigated the effects of a static exposure of flurprimidol 
(active ingredient 150 and 300 µg ai L−1) and bensulfuron-
methyl (5 µg ai L−1), as well as a 14-day exposure of imazamox 

(50 and 100 µg ai L−1) on hydrilla growth and aquatic habitat 
complexity. Results at 12 weeks after treatment indicate that 
flurprimidol, imazamox, and bensulfuron-methyl reduced 
hydrilla shoot length 46 to 69%. Imazamox (50 and 100 µg 
ai L−1) and bensulfuron-methyl (5 µg ai L−1) reduced hydrilla 
shoot biomass by an average of 68%. Habitat complexity was 
reduced in all treatments by an average of 93%. These results 
indicate that plant growth regulation may be a viable tool 
to decrease hydrilla’s “weediness” while maintaining habitat 
complexity beneficial for fish and other aquatic fauna.

Key words: bensulfuron-methyl, flurprimidol, habitat com-
plexity, Hydrilla verticillata, imazamox, plant growth regula-
tion 

Introduction

Hydrilla (Hydrilla verticillata [L. f.] Royle) infestations pro-
vide unique challenges for biologists and aquatic plant man-
agers, especially in Florida. In 2007, hydrilla was present in 
more than 50,585 ha of Florida’s public waters and was iden-
tified by the Florida Department of Environment Protection 
(FDEP) as the state’s most expensive aquatic invasive plant to 
manage (FDEP 2007); approximately $16 million was need-
ed to control hydrilla in Florida in fiscal year 2007 (FDEP 
2007). Hydrilla’s prolific growth and dense canopy hinders 
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industrial, commercial, and recreational water uses, as well 
as disrupts the native aquatic habitat. It forms a dense sur-
face canopy that often displaces native plant species (Haller 
1978), initiating subsequent changes in macrophyte-depen-
dent fish and invertebrate communities (Dibble et al. 1996b, 
Theel and Dibble 2008, Theel et al. 2008). 

Traditionally, habitat complexity was defined as an abun-
dance metric (i.e., stem density and/or plant biomass), in 
which increased stem densities were synonymous with more 
complex habitats (Crowder and Cooper 1982, Savino and 
Stein 1982, Gotceitas and Colgan 1989). Complexity has been 
documented to differ among aquatic plant species, suggest-
ing each species provides a unique contribution to the water-
scape (Dibble et al. 1996a, 2006). Plant-specific architecture 
has been quantified as spatial complexity (Ihv), a relationship 
between the frequency and arrangement of interstitial spaces 
between stems and leaves, for individual plant species (Dibble 
et al. 1996a, 2006) and for native and nonnative-dominated 
submersed plant communities (Valley and Bremigan 2002, 
Theel and Dibble 2008). Theory predicts predator feeding 
rates are greatest at intermediate levels of structure in lakes 
(Crowder and Cooper 1979) and is further supported by ex-
periments investigating effects of plant abundance on fish for-
aging (Crowder and Cooper 1982, Savino and Stein 1982). In 
addition to metrics such as stem densities, Valley and Bremi-
gan (2002) also documented the importance of evenly parti-
tioned vegetative complexity throughout the water column 
for successful largemouth bass foraging. Additional experi-
ments have documented declines in fish foraging efficiency 
as Ihv increases in a simulated hydrilla invasion (Perret 2007, 
Theel and Dibble 2008). Therefore, hydrilla not only infests 
public waters causing severe economic losses to industry, rec-
reation, and property values, but also alters habitat structure 
critical to fish foraging, growth, and ultimately survival. 

An optimal level of Ihv for fish and invertebrates has not 
been determined; however, fish are most successful with 
even vertical partitioning of complexity, characteristic of a 
heterogeneous native plant assemblage (Valley and Bremi-
gan 2002, Theel and Dibble 2008). This optimal state is dif-
ficult to maintain, especially with the establishment of an 
invasive plant such as hydrilla. In laboratory studies, plant 
growth regulators (PGRs) have been reported to achieve this 
balance by controlling nuisance aquatic plant growth while 
maintaining some level of vegetated structure (Lembi and 
Chand 1992, Netherland and Lembi 1992, Nelson 1996, Nel-
son 1997). PGRs such as flurprimidol ([α-(1-methylethyl)-α-
[4-(trifluoromethoxy) phenyl]-5 pyrimidinemethanol]) and 
paclobutrazol [(R*,R*)-(+/-)-β-[(4-Chlorophenyl)methyl]-α-
(1,1dimethylethyl)-1H-1,2,4-triazole-1-ethanol]  inhibit gib-
berellin synthesis in plants, which is needed for stem elon-
gation and other developmental processes (Jones 1973). 
Although PGRs were originally developed for the turf and 
ornamental vegetation management industry, their use in 
aquatic systems has been investigated at lab and mesocosm 
scales (Lembi and Chand 1992, Netherland and Lembi 1992, 
Nelson 1996, 1997). 

The new, federally registered aquatic herbicide imazamox 
(2-[4.5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidaz-
ol-2-yl]-5-(methoxymethyl) 3-pyridinecarboxylic acid-3-pyri-
dinecarboxylic acid) can also be used to suppress and growth 

regulate hydrilla below nuisance levels (BASF 2008). In ad-
dition, bensulfuron-methyl (methyl 2-[[[[[(4,6-dimethoxy-
2-pyrimidinyl)amino]carbonyl]amino]sulfonyl]methyl]
benzoate) has demonstrated growth-regulating properties 
at low use rates (Anderson 1988). Both bensulfuron-methyl 
and imazamox are herbicides that inhibit acetolactate syn-
thase (ALS), a key enzyme necessary to produce amino acids 
(Weed Science Society of America 2007). The change in veg-
etative structure created by the use of PGRs and herbicides 
with growth-regulating properties has not yet been quantified 
in terms of habitat complexity; therefore, it is necessary to 
determine if aquatic plant management strategies such as the 
application of PGRs or herbicides with PGR properties influ-
ence habitat Ihv while providing adequate control or suppres-
sion of the target weed species. 

Aquatic plant managers rely on relatively few herbicides to 
meet weed control goals. Continued use of a limited number 
of herbicides will increase the threat of developing herbicide 
resistance (Richardson 2008), which has been recently docu-
mented in Florida with the herbicide fluridone (MacDonald 
et al. 2001, Michel et al. 2004). Development and evaluation 
of new herbicides and PGRs are critical to mitigate resistance 
to repeated use of the same few active ingredients. The use of 
PGRs and herbicides that have growth-regulating properties 
could be a viable tool for controlling invasive aquatic plants 
by reducing their “weediness” while maintaining habitat com-
plexity beneficial for fish and other aquatic fauna. Therefore, 
our objectives were to (1) compare the growth regulating 
properties of flurprimidol, imazamox, and bensulfuron-
methyl against the submersed invasive plant hydrilla, and (2) 
investigate the effect of flurprimidol, imazamox, and bensul-
furon-methyl on habitat complexity of a hydrilla plant bed.

MATERIALS AND Methods

The study was conducted in aquaria (55 L) housed within 
an indoor environmental growth chamber at the US Army 
Engineer Research and Development Center (USAERDC) in 
Vicksburg, Mississippi. All aquaria were filled with a growth 
water solution (Smart and Barko 1985) to a constant volume 
(48 L). Hydrilla was field collected from the Rainbow River 
near Dunnellon, Florida. Four apical stem segments (15 cm) 
were planted per sediment-filled pot (0.926 L), and 4 pots 
were placed in each aquarium. Sediment was collected from 
Brown’s Lake, Vicksburg, and amended with NH4Cl (200 mg 
L−1) and Osmocote 19-6-12 fertilizer (2.1 g per pot). Photope-
riod (14:10 h light:dark) and light intensity (588 ± 91 µmol 
m−2 s−1) were maintained for optimal hydrilla growth. Tem-
perature (21.8 ± 0.6 C) was set to mimic early-spring field 
conditions in Florida. The plants acclimated for 2 weeks prior 
to treatment (25 Sep 2008). At the time of treatment, plants 
were actively growing and had established root systems.

Individual stock solutions were prepared for each herbi-
cide or PGR and pipetted into respective aquaria at concen-
trations of 5 µg active ingredient per liter (ai L−1) bensulfu-
ron-methyl, 150 and 300 µg ai L−1 flurprimidol, and 50 and 
100 µg ai L−1 imazamox, totaling six treatments including an 
untreated reference. Bensulfuron-methyl and flurprimidol 
treatments were static exposures, and the imazamox treat-
ment was a 14-day exposure designed to mimic field condi-
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tions (MD Netherland, pers. comm.). All aquaria treated with 
imazamox were drained and filled three times and replaced 
with growth culture solution 14 days after treatment (DAT) 
to remove imazamox residues. Treatments were randomly as-
signed to aquaria and replicated four times within two blocks. 
Aquaria in block one were used for harvest, and aquaria in 
block two were utilized for Ihv digital photography calcula-
tions.

To determine the efficacy of flurprimidol, imazamox, and 
bensulfuron-methyl on hydrilla stem length, stem density, and 
shoot biomass, one pot was removed from each aquaria at 0 
(pretreatment), 4, 8, and 12 weeks after treatment (WAT). 
Viable shoots (main, lateral, and stolons) were enumerated 
to estimate stem density (stem number per pot) and main 
stem length per pot was measured (cm) from the sediment 
surface to the top of the longest stem. All viable plant mate-
rial above the soil surface was removed, dried (70 C for 72 h), 
and weighed (g) to obtain biomass.

To determine the physiological response of treatment, two 
apical stem tips (3 cm) per aquaria were harvested 4, 8, and 
12 WAT for chlorophyll content analysis using methods by 
Hiscox and Israelstam (1979). Chlorophyll was determined 
with a Beckman spectrophotometer at wavelengths of 645 
and 663 nm. Chlorophyll content was calculated using equa-
tions by Arnon (1949) and expressed as milligrams chloro-
phyll per gram of fresh weight (mg chl g-1 fwgt-1). 

Aquaria were digitally photographed 4, 6, 8, and 12 WAT to 
quantify spatial complexity; the water column and associated 
plant material represented the experimental unit. All images 
were captured at an equal distance (0.5 m) from the front 
of each aquarium. No plants were removed from the block 
of treated aquaria set aside for photography purposes until 
the end of the experiment (12 WAT) to prevent interference 
with any potential temporal effects on spatial complexity. Us-
ing Adobe Photoshop (version CS2) software, two horizontal 
(h) and vertical (v) line transects were superimposed onto 
each aquaria’s image, spanning the width and depth of the 
water column. Initially, the location of each transect was ran-
domly placed and then remained constant for each image. 
Length in cm (l) and frequency of interstices per meter (f) 
were calculated for each h and v line to obtain an index of 
spatial complexity (Ihv; Dibble et al. 1996a, Theel and Dibble 
2008), where Ihv = fh/lh + fv/lv. Mean spatial complexity was 
calculated based on two replicate transects per aquaria. The 
12 WAT complexity measurements were removed from analy-
sis due to extreme algae growth that concealed the interstitial 
spaces. Algal growth was minimized by wiping the inside walls 
of aquaria with a paper towel weekly throughout the study. 

Hydrilla shoot length, density, biomass, and chlorophyll 
concentrations were analyzed using analysis of variance 
(ANOVA; SAS 2003). Time periods, 0 (pretreatment), 4, 8, 
and 12 WAT were analyzed separately. Treatment differences 
were detected at an alpha (α) of 0.05, and a Student-New-
man-Keuls (SNK) adjustment was used for multiple compari-
sons. Normality assumptions were assessed for all response 
variables. Base-10 log transformations were used when nor-
mality assumptions were not met, and respective means were 
back transformed for graphical depictions.

Repeated measures analysis using the Proc Mixed proce-
dure (SAS 2003) evaluated mean spatial complexity differ-

ences between treatments using α = 0.05. Information crite-
rion (Akaike 1973) was used to choose the best fit covariance 
structure, which was first-order autoregressive. A Tukey-Kram-
er adjustment was used for multiple comparisons. Transfor-
mations of Ihv (base-10 log) were needed to meet normality 
and variance assumptions, and means were back transformed 
for graphical purposes. 

Results and Discussion

Visual differences between treatments were apparent 
as early as 7 DAT and remained consistent throughout the 
study. Overall, hydrilla growth (stem length and lateral stem 
production) was severely inhibited, and stem tips displayed 
red pigmentation (anthocyanin accumulation) by 7 DAT with 
bensulfuron-methyl and imazamox treatments. Shoot elonga-
tion rapidly decreased and lateral stem production increased 
in flurprimidol treated hydrilla compared to the untreated 
reference, similar to previous research (Lembi and Chand 
1992, Netherland and Lembi 1992, Nelson 1997). New stem 
tip formation and rapid shoot elongation was visible in the 
imazamox-treated (50 µg ai L−1) hydrilla as early as 6 WAT; 
however, new plant tissues were deformed, and numerous 
shoots grew from individual internodes creating a “witch’s 
broom,” a symptom commonly associated with plants treat-
ed with ALS herbicides (Wersal and Madsen 2007). Hydrilla 
treated with imazamox (100 µg ai L−1) had less consistent re-
growth patterns. Only three of the eight aquaria treated with 
imazamox exhibited abnormal new plant tissue by 12 WAT; 
no regrowth was observed in the other five replicates. No re-
growth was observed for hydrilla treated with the static treat-
ment of bensulfuran methyl (5 µg aiL−1) by 12 WAT.

Main stem length of the untreated control remained es-
sentially the same from 4 to 12 WAT (Figure 1), where stem 
density (Fgure 2) and shoot biomass (Figure 3) increased 
through the duration of the study. This is consistent with hy-
drilla’s growth habit in natural settings, where once hydrilla 
reaches the water surface it branches profusely to efficiently 
compete for sunlight, forming a dense canopy (Haller and 
Sutton 1975). Compared to the pretreatment levels, the un-
treated hydrilla elongated rapidly to reach the water surface 
by 4 WAT and then continued to produce lateral stems up to 
12 WAT.

Flurprimidol, imazamox, and bensulfuron-methyl consis-
tently regulated hydrilla height irrespective of concentration 
(P < 0.01; Figure 1), compared to the control, which increased 
several-fold compared to pretreatment levels. Throughout 
the course of the study, hydrilla growth responded similarly 
regardless of an increase in PGR or herbicide concentration. 
The only difference between treatments, with respect to stem 
length, was observed 4 WAT, where bensulfuron-methyl–
treated (5 µg ai L−1) hydrilla was significantly shorter than 
flurprimidol-treated hydrilla. Main shoot length was reduced 
46 to 69% by all treatments 12 WAT compared to nontreated 
plants remaining near pretreatment levels, with no differ-
ence between herbicide treatments. 

While all bensulfuron-methyl and imazamox treatments 
reduced stem length, only hydrilla exposed to flurprimidol 
produced a greater number of stems per pot 4 and 8 WAT (P 
< 0.05; Figure 2). At the conclusion of the study, flurprimidol-
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treated hydrilla produced a similar quantity of stems as the 
control but in approximately half the volume. This dense, 
stoloniferous growth habit is a distinguishing characteristic 
of flurprimidol-treated plants (Netherland and Lembi 1992, 
Lembi and Chand 1992, Nelson 1996, Nelson 1997). Al-
though approximately 95% of flurprimidol treated hydrilla 
stems were located in the lower half of the aquaria, shoot bio-
mass remained similar to the control throughout the study 
(Figure 3). In outdoor mesocosms, Nelson (1997) reported 
a 50% reduction in hydrilla shoot biomass 6 and 12 WAT fol-

lowing a one-time flurprimidol application of 100 and 200 µg 
ai L−1 with a 28-day exposure and a split application of 100 
µg ai L−1. Lembi and Chand (1992) also reported reduced 
hydrilla dry weight as flurprimidol concentrations and expo-
sure time increased, but noted hydrilla stem length was more 
sensitive to flurprimidol than hydrilla biomass. 

Hydrilla treated with bensulfuron-methyl and imazamox 
responded differently than hydrilla exposed to flurprimidol 
with regard to stem density (Figure 2), shoot biomass (Fig-
ure 3), and chlorophyll content (Figure 4). Increasing the 

Figure 1. The effect of bensulfuron-methyl at 5 µg ai L−1 (B5), flurprimidol at 150 and 300 µg aiL−1 (F150 and F300), and imazamox at 50 and 100 µg ai 
L−1 (I50 and I100) on hydrilla main stem length (cm) 4, 8, and 12 weeks after treatment (WAT). Different letters within a graph differ significantly (P < 0.05). 
Line represents pretreatment main stem length.

Figure 2. The effect of bensulfuron-methyl at 5 µg ai L−1 (B5), flurprimidol 150 and 300 µg ai L−1 (F150 and F300), and imazamox at 50 and 100 µg ai 
L−1 (I50 and I100) on hydrilla stem density (number/pot) 4, 8, and 12 weeks after treatment (WAT). Different letters within a graph differ significantly (P < 
0.05). Line represents pretreatment stem density.
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concentration of imazamox did not increase the response 
intensity of hydrilla, except for stem density at 12 WAT. Over-
all, bensulfuron-methyl and imazamox reduced hydrilla stem 
density, shoot biomass, and chlorophyll content by an aver-
age of 71, 64, and 73%, respectively, compared to the control 
(P < 0.05). Anderson (1988) found a similar shoot biomass 
response to low concentrations of bensulfuron-methyl. No 
differences were observed between bensulfuron-methyl and 
either rate of imazamox, although exposure times were dras-
tically different. Bensulfuron-methyl and imazamox concen-
tration–exposure time relationships with hydrilla have not 
been extensively researched and should be further investi-
gated.

Mean Ihv was reduced by all treatments compared to the 
control (P < 0.01; Figure 5). Although visual structural dif-
ferences were observed following application with a plant 
growth regulator (flurprimidol) and herbicides with growth-
regulating properties (bensulfuron-methyl and imazamox), 
spatial complexity did not differ between treatments (P < 
0.01; Figure 5). Complexity ranged from 4.5 for the 100 µg ai 
L−1 imazamox treatment to 104 for the untreated control. Hy-
drilla bed complexity in the untreated reference was 16 times 
greater than all treatments. Theel and Dibble (2008) found a 
monotypic hydrilla bed had greater complexity (7-fold) and 
poorer bluegill foraging efficiency compared to a native plant 
bed with a lower complexity value. Due to the highly complex 

Figure 3. The effect of bensulfuron-methyl at 5 µg ai L−1 (B5), flurprimidol 150 and 300 µg ai L−1 (F150 and F300), and imazamox at 50 and 100 µg ai L−1 
(I50 and I100) on hydrilla shoot biomass (g dry weight [D.W.]) 4, 8, and 12 weeks after treatment (WAT). Different letters within a graph differ significantly 
(P < 0.05). Line represents pretreatment shoot biomass.

Figure 4. Effects of bensulfuron-methyl at 5 µg ai L−1 (B5), flurprimidol 150 and 300 µg ai L−1 (F150 and F300), and imazamox at 50 and 100 µg ai L−1 (I50 
and I100) on chlorophyll content (mg chl/g fwgt) of hydrilla 4, 8, and 12 weeks after treatment (WAT). Different letters within a graph differ significantly 
(P < 0.05).
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hydrilla habitat, bluegill spent more time foraging with less 
successful bouts (Theel and Dibble 2008). Largemouth bass 
have also demonstrated a similar response to high densities 
of complex invasive macrophytes (Valley and Bremigan 2002, 
Perret 2007). Lack of complexity differences between treat-
ments could be due to the scale used for analysis. Complex-
ity is highly scale-dependent and varies within a plant species 
(Dibble et al. 2006); therefore, we investigated complexity 
differences at the habitat or aquatic bed level to account for 
this inherent variability. Habitat-level analyses may be used 
to determine mechanistic effects within a population and/
or community level. Greater understanding may be gained 
by investigating complexity at a fractal dimension, a spatial 
scale relative to fish and/or invertebrate perception (Dibble 
and Thomaz 2009). 

The importance of macrophyte structure to aquatic com-
munities is well documented. As structural complexity in-
creases from an optimal range, foraging efficiency of fish de-
clines (Savino and Stein 1982, Diehl 1988, Dibble and Harrel 
1997, Valley and Bremigan 2002), specifically for a hydrilla-
dominated habitat (Theel and Dibble 2008). Results from 
this study support further research efforts to use herbicides 
with growth regulating properties as a tool to suppress hy-
drilla growth and reduce habitat complexity. Growth regula-
tion may be a viable alternative to plant death in systems that 
would benefit from some level of vegetative structure. Utiliz-
ing sublethal or growth-regulating herbicide concentrations 
requires integrating resistance management into manage-
ment decisions. Additional herbicides with growth regulation 
properties should be evaluated, and fish response to habitat 
structure manipulations using a growth regulator or growth 

regulating concentrations should be investigated. Although 
hydrilla growth regulation should not be preferred over a na-
tive aquatic plant community, it may be a viable tool for select 
systems.
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Evaluating fluridone sensitivity of multiple 
hybrid and Eurasian watermilfoil accessions 

under mesocosm conditions
Sarah T. Berger, Michael D. Netherland, and Gregory E. MacDonald*

Abstract

The recent confirmation of widespread watermilfoil hy-
bridity throughout the northern tier states has led some 
aquatic plant managers to suggest these invasive hybrids 
have increased tolerance to various management efforts, 
including the use of fluridone (1-methyl-3-phenyl-5-[3-
(trifluoromethyl) phenyl]-4(1H)-pyridinone) for whole-
lake management. In this study we evaluated a hybrid wa-
termilfoil (Myriophyllum spicatum × M. sibiricum) population 
from Townline Lake in Michigan that has been putatively 
identified as fluridone tolerant. We compared this plant 
to three separate populations of Eurasian watermilfoil (M. 
spicatum L.) and two distinct populations of hybrid water-
milfoil. All watermilfoil populations were grown together in 
mesocosms and exposed to static fluridone treatments rang-
ing from 3 to 36 µg L−1. Fluorescence yield was measured 
on apical shoots over time and plant biomass was harvested 
to compare herbicide response between watermilfoil popu-
lations. All Eurasian watermilfoil and hybrid watermilfoil 

populations, except Townline, responded similarly to fluri-
done. In contrast, the Townline hybrid showed increased 
fluorescence yield and biomass when compared to other 
watermilfoil populations at fluridone concentrations be-
tween 3 and 12 µg L−1, confirming an increased tolerance 
to low concentrations of fluridone. The current mechanism 
for the increased fluridone tolerance by this hybrid popula-
tion is not yet understood. These results also illustrate that 
not all hybrids show an increased tolerance to fluridone. 
Because many states allow only 5 to 15 µg L−1 of fluridone 
for control of watermilfoil, the elevated tolerance of the 
Townline population at these fluridone rates has implica-
tions for regulation of aquatic herbicide applications. Docu-
mentation of a fluridone-tolerant population suggests that 
further sampling and testing is warranted to determine if 
other fluridone-tolerant watermilfoil populations exist in 
different waterbodies, especially those near Townline Lake.

Key words: 1-methyl-3-phenyl-5-3-(trifluoromethyl)phe-
nyl-41H-pyridinone, aquatic plant management, herbicide 
tolerance, hybridity, resistance

Introduction

Eurasian watermilfoil (EWM; Myriophyllum spicatum L.) 
and hybrid watermilfoils are problematic submersed weeds 
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