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Growth regulating hydrilla and subsequent
effects on habitat complexity

HEATHER J. THEEL, LINDA S. NELSON, AND CHRISTOPHER R. MUDGE"

ABSTRACT

Plant growth regulators (PGRs), such as flurprimidol
([a-(1-methylethyl)-a-[4-(trifluoromethoxy) phenyl]-b py-
rimidinemethanol]), and herbicides with growth regulating
properties, such as imazamox (2-[4.5-dihydro-4-methyl-4-
(1-methylethyl)-5-oxo-1 H-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]sulfonylJmethyl]benzoate)
have been reported to control or suppress hydrilla (Hydrilla
verticillata [L.£.] 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 pg ai L) and bensulfuron-
methyl (5 pg ai L), as well as a 14-day exposure of imazamox

*First, second, and third authors: Research Biologist, Assistant Technical
Director, and Research Biologist, US Army Engineer Research and Develop-
ment Center, Environmental Laboratory, 3909 Halls Ferry Rd., Vicksburg,
MS 39180. Corresponding author email: Heather.,J. Theel@usace.army.mil.
Received for publication September 29, 2011 and in revised form March 1,
2012.

J- Aquat. Plant Manage. 50: 2012.

(50 and 100 pg ai L) 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 pg
ai L'!) and bensulfuron-methyl (5 pg ai L'!) 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 (I, ), 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 I, 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 I, 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 ([o-(1-methylethyl)-a-
[4-(trifluoromethoxy) phenyl]-5 pyrimidinemethanol]) and
paclobutrazol [(R*,R¥*)-(+/-)-p-[ (4-Chlorophenyl) methyl]-o-
(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-1 H-imidaz-
0l-2-yl]-5-(methoxymethyl) 3-pyridinecarboxylic acid-3-pyri-
dinecarboxylic acid) can also be used to suppress and growth

130

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 [, 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
etal. 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 sedimentfilled pot (0.926 L), and 4 pots
were placed in each aquarium. Sediment was collected from
Brown’s Lake, Vicksburg, and amended with NH,CI (200 mg
L) and Osmocote 19-6-12 fertilizer (2.1 g per pot). Photope-
riod (14:10 h light:dark) and light intensity (588 + 91 pmol
m? s™') 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 pg active ingredient per liter (ai L™) bensulfu-
ron-methyl, 150 and 300 pg ai L™ flurprimidol, and 50 and
100 pg ai L™ 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 I 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* fwgt").

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 (1) and frequency of interstices per meter (f)
were calculated for each h and v line to obtain an index of
spatial complexity (I,  Dibble et al. 1996a, Theel and Dibble
2008), where I, = fh/ 1, + £ /1. 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 (a) 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-
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ences between treatments using o = 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 / (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 pg ai L) 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 pg ai L™') 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 pg ail.™!) 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 pg ai L") 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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Figure 1. The effect of bensulfuron-methyl at 5 pg ai L™ (B5), flurprimidol at 150 and 300 pg ail.”! (F150 and F300), and imazamox at 50 and 100 pg ai
L™ (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.

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 pg
ai L™ with a 28-day exposure and a split application of 100
pg ai L. 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
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Figure 2. The effect of bensulfuron-methyl at 5 pg ai L™ (B5), flurprimidol 150 and 300 pg ai L™ (F150 and F300), and imazamox at 50 and 100 pg ai
L (150 and I1100) 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.

132 J- Aquat. Plant Manage. 50: 2012.



. 4 WAT 8 WAT 12 WAT
—~ A A
= A mam
a6
on
p—
§ A A
S 4 AB R 5
£ B
= A A A
m M AB AB B
S 2 e A ] — ] B
o I R
=
0]
O_ T T T T T T T T T T T T T T
Control BS F150 F300 150 1100 Control B5S F150 F300 150 1100 Control B5 F150 F300 150 1100

Treatment
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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.

4 WAT

L)
o

Mean I, 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 pg ai
L™ 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
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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
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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.

ACKNOWLEDGMENTS

The authors thank Mike Netherland and Kurt Getsinger
for critical review of an earlier version of this manuscript.
Permission was granted by the Chief of Engineers to publish
this information. Citation of trade or generic chemical names
does not constitute an official endorsement or approval of
such commercial products. This research was funded by the
Florida Fish and Wildlife Conservation Commission’s Inva-
sive Plant Management Section, and conducted under the
US Army Corps of Engineers Aquatic Plant Control Research
Program, Environmental Laboratory, US Army Research and
Development Center. Technical assistance was provided by J.
Namanny and C. Grodowitz.

LITERATURE CITED

Akaike H. 1973. Information theory and an extension of the maximum likeli-
hood principle. In: B. N. Petrov and F. Csaki (eds.). Second international
symposium on information theory. Academiai Kiado, Budapest.

Anderson L. 1988. Growth regulator activity of bensulfuron methyl in aquatic
plants, pp. 127-145. In: J. E. Kaufman and H. E. Westerdahl (eds.). Chemi-
cal vegetation management. Plant Growth Regulator Society of America,
San Antonio, Texas.

Arnon DI. 1949. Copper enzymes in isolated chloroplasts. Polyphenoloxi-
dases in Beta vulgaris. Plant Physiol. 24:1-15.

BASF. 2008. Clearcast herbicide label. Last accessed 1 June 2009. http://
www.cdms.net/LDat/1d7]8005.pdf.

Crowder LB, Cooper WE. 1979. Structural complexity and fish-prey interac-
tions in ponds: a point of view, pp. 2-10. In: D. L. Johnson and R. A. Stein
(eds.). Response of fish to habitat structure in standing water. American
Fisheries Society, North Central Division, Special Publication 6, Bethes-
da, MD.

Crowder LB, Cooper WE. 1982. Habitat structural complexity and the inter-
action between bluegills and their prey. Ecology 63:1802-1813.

Dibble ED, Harrel SL. 1997. Largemouth bass diets in two aquatic plant com-
munities. J. Aquat. Plant Manage. 35:74-78.

Dibble ED, Killgore K], Dick GO. 1996a. Measurement of plant architecture
in seven aquatic plants. J. Freshw. Ecol. 11(3):311-318.

Dibble ED, Killgore K], Harrel SL. 1996b. Assessment of fish-plant interac-
tions. Am. Fish. Soc. Symp. 16:357-372.

Dibble ED, Thomaz SM, Padial AA. 2006. Spatial complexity measured at a
multi-scale in three aquatic plant species. J. Freshw. Ecol. 21(2):239-247.

Dibble ED, Thomaz SM. 2009. Use of fractal dimension to assess habitat com-
plexity and its influence on dominant invertebrates inhabiting tropical
and temperate macrophytes. J. Freshw. Ecol. 24:93-102.

Dieh, S. 1988. Foraging efficiency of three freshwater fishes: effects of struc-
tural complexity and light. Oikos 53:207-214.

[FDEP] Florida Department of Environmental Protection. 2007. Status of
the aquatic plant maintenance program in Florida public water: annual
report for fiscal year 2006-2007. Accessed 15 May 2009. http://www.dep.
state.fl.us/lands/invaspec/2ndlevpgs/pdfs/ Aquatic_06—07.pdf

Gotceitas V, Colgan P. 1989. Predator foraging success and habitat complex-
ity: quantitative test of the threshold hypothesis. Oecologia 80:158-166.

Haller WT. 1978. Hydrilla, a new and rapidly spreading aquatic weed prob-
lem. Circular S-245. Agricultural Experiment Station, Institute of Food
and Agricultural Sciences, University of Florida, Gainesville, Florida.

Haller WT, Sutton DL. 1975. Community structure and competition between
hydrilla and vallisneria. Hyacinth Contr. J. 13:48-50.

Hiscox JD, Israelstam GF. 1979. A method for the extraction of chlorophyll
from leaf tissue without maceration. Can. J. Bot. 57:1332-1334.

Jones RL. 1973. Gibberellins: their physiological role. Annu. Rev. Plant Physi-
ol. 24:571-598.

J- Aquat. Plant Manage. 50: 2012.



Lembi CA, Chand T. 1992. Response of hydrilla and Eurasian watermilfoil to
flurprimidol concentrations and exposure times. J. Aquat. Plant Manage.
30:6-9.

MacDonald GE, Netherland MD, Haller WT. 2001. Discussion of fluridone
“tolerant” hydrilla. Aquatics 23(3):4-8.

Michel A, Arias RS, Scheffler BE, Duke SO, Netherland M, Dayan FE. 2004.
Somatic mutation-mediated evolution of herbicide resistance in the
nonindigenous invasive plant hydrilla (Hydrilla verticillata). Mol. Ecol.
13:3229-3237.

Nelson LS. 1996. Growth regulation of Eurasian watermilfoil with flurprimi-
dol. J. Plant Growth Regul. 15:33-38.

Nelson LS. 1997. Response of hydrilla and American pondweed to flurprimi-
dol. J. Aquat. Plant Manage. 35:50-54.

Netherland MD, Lembi CA. 1992. Gibberellin synthesis inhibitor effects on
submersed aquatic weed species. Weed Sci. 40:29-36.

Perret AJ. 2007. A multi-scale approach to evaluate the effect of the invasive
aquatic plant hydrilla (Hydrilla verticillata) on littoral zone habitat of juve-
nile largemouth bass (Micropterus salmoides). M.S. thesis. Mississippi State
University, Mississippi State, MS.

Richardson R]. 2008. Aquatic plant management and the impact of emerg-
ing herbicide resistance issues. Weed Tech. 22:8-15.

J. Aquat. Plant Manage. 50: 135-144

SAS. 2003. SAS 9.1 Qualification tools user’s guide. SAS Institute, Inc., Cary,
NC.

Savino JF, Stein RA. 1982. Predator-prey interaction between largemouth
bass and bluegills as influenced by simulated, submersed vegetation. T.
Am. Fish. Soc. 111:255-265.

Smart RM, Barko JW. 1985. Laboratory culture of submersed freshwater mac-
rophytes on natural sediments. Aquat. Bot. 21:251-263.

Theel HJ, Dibble ED. 2008. An experimental simulation of an exotic aquatic
macrophyte invasion and its influence on foraging behavior of bluegill.
J. Freshw. Ecol. 23:79-89.

Theel HJ, Dibble ED, Madsen JD. 2008. Differential influence of a mono-
typic and diverse native aquatic plant bed on a macroinvertebrate as-
semblage; an experimental implication of exotic plant induced habitat.
Hydrobiologia. 600:77-87.

Valley RD, Bremigan MT. 2002. Effects of macrophyte bed architecture on
largemouth bass foraging: implications of exotic macrophyte invasions.
T. Am. Fish. Soc. 131:234-244.

[WSSA] Weed Science Society of America. 2007. Herbicide handbook. 9™ ed.
S. A. Senseman (ed.). Lawrence, KS. 458 pp.

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.

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 (l-methyl-3-phenyl-5-[3-
(trifluvoromethyl) phenyl]-4(1H)-pyridinone) for whole-
lake management. In this study we evaluated a hybrid wa-
termilfoil (Myriophyllum spicatum x 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 pg L'. 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
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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 pg L™, 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 pg L™ 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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