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If you wait for perfect conditions, you will never get anything done.
Ecclesiastes 11:4-10
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ABSTRACT

Hybridization facilitates the rapid evolution of reduced herbicide sensitivity in the
widely-managed invasive aquatic plant, Eurasian watermilfoil

By: Elizabeth Ann LaRue

Eurasian watermilfoil (Myriophyllum spicatum) is one of North American’s most
invasive and widely managed aquatic weeds. Eurasian watermilfoil also hybridizes with
the native northern watermilfoil (Myriophyllum sibiricum) to produce many invasive and
genetically diverse populations of hybrid watermilfoils. Both Eurasian and hybrid
watermilfoils are commonly controlled with herbicides, but there has been recent concern
that some hybrids exhibit reduced herbicide sensitivity. There is a lack of studies
comparing the response of Eurasian and hybrid watermilfoils to commonly used
herbicides. To determine if hybrids exhibit reduced herbicide sensitivity, I compared the
sensitivity of hybrid and Eurasian watermilfoil populations from the Upper and Lower
Peninsulas of Michigan to the commonly used herbicide, 2,4-D, with laboratory studies. I
also asked whether hybrids were more abundant in lakes with a history of 2,4-D
management in the Menominee River watershed of the Upper Peninsula of Michigan.
Hybrids exhibited reduced 2,4-D sensitivity and were more common in 2,4-D treated
lakes. To estimate how quickly reduced 2,4-D sensitivity can evolve in hybrids, I
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estimated whether watermilfoil populations from the Menominee River watershed,
including populations with reduced 2,4-D sensitivity, were composed of first generation
or advanced generation hybrids. The presence predominance of first generations hybrids
in the Menominee River watershed suggests that reduced 2,4-D sensitivity can evolve in
a single generation. In conclusion, I discuss management implications of reduced
herbicide sensitivity in hybrid watermilfoils.
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CHAPTER 1

INTRODUCTION

Introduction
Invasive species are widespread, common, and have many negative ecological and
economic impacts. It is important to identify how a species becomes invasive, in order to
prevent the establishment and spread of new invasive species. A species may become
invasive through various mechanisms including environmental tolerance, phenotypic
plasticity, and by evolutionary mechanisms (Lee 2002). Various genetic attributes have
been credited with the success of invasive species via evolution (Lee 2002). The presence
of sufficient additive genetic variation for populations to respond to environmental
change is one important evolutionary mechanism of invasiveness. Hybridization is one
way of quickly obtaining the necessarily additive genetic variation and adaptive novel
genotypes needed to rapidly adapt to the selection imposed by a new environment.
Indeed, hybridization has been observed to lead to the evolution of invasiveness in
numerous plant taxa (Ellstrand and Schierenbeck 2000, Schierenbeck and Ellstrand
2009).
Unique hybrid progeny have often been observed to have higher fitness than parental
genotypes in novel or extreme habitats (Anderson and Stebbins 1954, Ellstrand and
Schierenbeck 2000, Seehausen 2004, Mallet 2007, Arnold and Martin 2010),

and human disturbances are likely to create such novel habitats. Indeed, in their
extensive review of cases where hybridization preceded successful invasions by
numerous plant taxa, Ellstrand and Schierenbeck (2000) noted that all of their example
taxa grew in human–disturbed environments in at least some portion of their range.
Disturbed habitats (both natural and human) may represent environments where hybrids
may become particularly successful in the evolution of invasiveness.
Efforts to remove, control, and reduce the spread of invasive taxa frequently represent
intentional human disturbances that create novel, stressful, and extreme habitats. For
example, the use of herbicides to control invasive plant species represents a novel and
extreme environment resulting from intentional human disturbance. It is possible that
hybridization could create genotypes better equipped to deal with the novel habitats
created by human control efforts in comparison to parental taxa. Surprisingly, few studies
have experimentally compared the fitness of hybrid and parental species in humandisturbed habitats, and none in managed versus unmanaged habitats.
In this thesis, I focus on the evolution of invasiveness through hybridization in
human-disturbed habitats with an invasive aquatic plant. My research will make
contributions toward understanding how hybridization can lead to the evolution of
invasiveness in human-disturbed habitats, the role hybridization can have in the evolution
of herbicide resistance, and the incorporation of evolutionary thinking into aquatic plant
management.
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Eurasian Watermilfoil
Eurasian watermilfoil (Myriophyllum spicatum L.; EWM) is one of the most
aggressive and problematic aquatic weeds found in North America. Since its introduction
in the 1940s (Couch and Nelson 1985, Madsen 2005), EWM has had major impacts on
biodiversity and ecosystem services in many lakes and rivers. EWM can quickly become
the dominant species in a water body and create a dense canopy, reducing native diversity
(Smith and Barko 1990, Madsen et al. 1991, Boylen et al. 1999). EWM also interrupts
many of the ecosystem services supplied by lacustrine and riverine ecosystems by
modifying lake nutrient dynamics and hydrology and causing an undesirable odor and
taste in drinking water (Honnell et al. 1992, OTA 1993, Engel 1995). EWM inhibits
recreation activities (e.g. boating and swimming) and can reduce property value by as
much as 13% (Horsch 2008).
To alleviate the impacts of EWM, several control strategies are often employed,
including mechanical, biological, and chemical. Herbicides are frequently used to achieve
a successful rate of EWM control and offers relief in a short time frame, allowing water
resources to be utilized for recreation quickly and making it particularly popular with
lake associations.
Several herbicides with different modes of action are commonly used for EWM
control. Contact herbicides, including diquat and endotholl (Madsen 2000), kill tissue on
contact, but often do not kill the entire plant, so are typically used as short-term, spot
treatments. Slowly acting systemic herbicides that target the entire plant, including roots,
offer a longer lasting method of control. Fluridone is used as a whole lake treatment and
is expected to control invasive watermilfoil for 2-3 years. Triclopyr and 2,4-D are auxin
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mimic herbicides (Madsen 2000) that are often used as spot treatments in lakes on an
annual basis.
2,4-D is one of the most commonly used herbicides for the control of EWM
because EWM is highly sensitive to 2,4-D (Aiken et al. 1979). Several field studies have
demonstrated that 2,4-D can selectively control EWM with little or no damage to native
species (Parsons et al. 2001, Wersal et al. 2010, Cason et al. 2011). EWM is susceptible
to concentrations of 2,4-D well below the EPA regulated concentrations (Green and
Westerdahl 1990). There are also few restrictions on which season and how often 2,4-D
can be used, which makes it popular for yearly treatments of nuisance patches of EWM.
2,4-D is an effective tool for lake managers to combat EWM infestations.

Hybrid Watermilfoils and Management Problems
EWM hybridizes with its native sister species, northern watermilfoil
(Myriophyllum sibiricum Komarov; NWM) (Moody and Les 2002, 2007, Zuellig and
Thum In press), and these hybrid populations have been suggested to grow equally or
more invasively than EWM (Moody and Les 2002). Hybrid watermilfoils have also been
found in many areas throughout North America (Moody and Les 2002, 2007, Zuellig and
Thum In press). For example, a genetic analysis of invasive watermilfoil populations in
the Lower Peninsula of Michigan identified that 40% of nuisance watermilfoil
populations identified as Eurasian watermilfoil actually contained hybrids (Thum et al.
2011). Zuellig and Thum (In press) used genetic analyses to show that hybrid
watermilfoil are genetically diverse across North America and that at least two
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hybridization events have likely occurred. They also showed that hybrid watermilfoils
have more genetic variation than parental EWM, which might translate into variation
among hybrid populations in response to management. Given how widespread and
genetically diverse hybrid watermilfoils are, it is of great interest to lake managers to
understand whether hybrid watermilfoils might pose unique problems for control efforts.
Hybrid watermilfoils are also a target for herbicide management, but concerns
have been raised as to how effective current EWM management practices are for
controlling hybrids. Previous studies (see Poovey et al. 2007, Glomski and Netherland
2010) have only tested the herbicide response of one or two hybrid populations and have
not considered the role of genetic diversity in hybrid herbicide response. It is unknown
whether hybrids as a group generally have a reduced sensitivity to herbicides or if certain
populations exhibit reduced sensitivity, while others are very sensitive. Variations in
hybrid population herbicide response may result from differences in levels of genetic
diversity or an evolved response to herbicide exposure. For example, Thum et al. (In
press) demonstrated that one population of hybrid watermilfoil was resistant to the
herbicide fluridone, but three other hybrid populations have been found to be fluridone
sensitive (Slade et al. 2007, Berger 2011, Thum et al. In press). Genetic variation or
adaptive alleles might explain these differences in fluridone sensitivity. Additionally,
there is evidence that hybrid and EWM differ in their response to 2,4-D and triclopyr at
low concentrations (Glomski and Netherland 2010), but only one or two hybrid
populations have been used in these laboratory experiments, highlighting the need for
further comparisons using genetic information (Poovey et al. 2007, Glomski and
Netherland 2010). A comparison of the responses of genetically diverse hybrid and EWM
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populations to commonly used herbicides is necessary to draw general conclusions about
hybrid herbicide sensitivity and whether genetic variation plays a role in hybrid herbicide
response.
The specific goals for thesis were to:


Test whether hybrids are less sensitive to 2,4-D than EWM in a laboratory experiment
with genetically diverse populations (Chapter 2).



Estimate how quickly hybrid populations can evolve invasiveness, by estimating
whether natural populations of hybrid watermilfoils are composed of first generation
hybrids or a hybrid swarm (Chapter 3).
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CHAPTER 2

HYBRIDIZATION STIMULATES THE RAPID EVOLUTION OF REDUCED
HERBICIDE SENSITIVITY IN THE WIDELY-MANAGED INVASIVE AQUATIC
PLANT EURASIAN WATERMILFOIL

Introduction
Hybridization can stimulate the evolution of invasiveness (Ellstrand and
Schierenbeck 2000, Schierenbeck & Ellstrand 2009). Invading taxa often encounter
novel environmental conditions relative to their native ranges, and hybridization can
rapidly generate unique hybrid genotypes, some of which may exhibit higher fitness in
the newly encountered environments compared to parental taxa (Anderson and Stebbins
1954, Ellstrand and Schierenbeck 2000, Seehausen 2004, Mallet 2007, Arnold and
Martin 2010). In particular, hybridization may be an important evolutionary stimulus for
invasive taxa in human disturbed habitats, since human disturbance may both increase the
frequency of hybridization and create novel niches to which unique hybrid genotypes are
better suited to than their parental taxa (Anderson and Stebbins 1954, Ellstrand and
Schierenbeck 2000). Indeed, there are numerous examples of hybrid invasive taxa that
occur in human disturbed habitats (Ellstrand and Schierenbeck 2000). However, there
are surprisingly few empirical studies comparing the relative fitness of hybrid and
parental invasive taxa in human disturbed environments (but see Hovick et al. 2012).
Human efforts to eradicate or otherwise reduce the growth and spread of invasive
taxa frequently represent intentional human disturbances to a habitat. Many of these
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deliberate disturbances create novel, stressful, and extreme habitats. For example,
applications of chemical herbicides to kill or limit the growth of invasive plant taxa
undoubtedly represent human disturbances that result in novel and extreme
environmental conditions. It is possible that hybridization could generate genotypes that
are better suited to deal with the novel, stressful habitats created by human control efforts
in comparison to parental taxa. However, to our knowledge, there have been no
experimental investigations comparing the fitness of hybrid versus parental genotypes of
introduced, invasive species in managed versus unmanaged environments.
Eurasian watermilfoil (Myriophyllum spicatum L.; EWM) is a widespread
invasive aquatic plant species in North America that offers an excellent opportunity to
study the potential role of hybridization in the evolution of invasiveness in habitats that
have been deliberately disturbed in order to control their growth and spread. EWM has
hybridized with its native sister species, northern watermilfoil (Myriophyllum sibiricum
Komarov; NWM), and many populations originally identified as EWM are actually
composed of these interspecific hybrids (Moody and Les 2002, 2007, Sturtevant et al.
2007, Zuellig and Thum In press). Although native NWM is rarely considered a
nuisance or targeted for control with herbicides, both EWM and M. spicatum x M.
sibiricum hybrids (hereafter ‘hybrids’) are considered invasive and are frequently
targeted for control with herbicides to limit their negative impacts on biodiversity and
ecosystem services in many lakes and rivers. For the most part, herbicides have provided
an effective means of selectively controlling EWM with minimal impacts to native
species. However, in recent years, several lake managers and residents have reported
herbicide applications that failed to achieve the expected or desired level of control that
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are typically observed in other water bodies and previous applications within the same
water body. In some cases, reduced control efficacy was correlated with marked
morphological changes between standing watermilfoil populations (i.e., those that did not
respond sufficiently to herbicide treatment) versus the earlier populations (i.e., those that
responded normally to herbicide treatment). These perceived changes in morphology
(i.e. plant color and shape) and herbicide response, combined with the molecular genetic
identification of hybrids and observations that hybrid watermilfoils can be more invasive
than pure parental genotypes (Moody and Les 2002), have sparked curiosity as to
whether some or all hybrids might exhibit reduced sensitivities to herbicide(s).
In this paper, I present results from studies testing whether hybridization has
played a role in the evolution of invasiveness in human-disturbed habitats where
herbicides have been used to control nuisance watermilfoils. Although several different
aquatic herbicides are used to control watermilfoils, I focused this study on the most
widely used herbicide for watermilfoil control - the systemic, synthetic auxin herbicide
2,4-Dichlorophenoxyacetic acid (2,4-D). I used a laboratory assay to compare the growth
of hybrid versus EWM genotypes at different concentrations of 2,4-D. Because
watermilfoils can, and frequently do, reproduce via asexual vegetative fragmentation, it is
possible that watermilfoils exhibiting reduced 2,4-D sensitivity in different natural lake
populations could reflect the asexual spread of one or a small number of closely-related
genets with reduced sensitivity to 2,4-D. Alternatively, reduced sensitivity may
independently evolve in a diversity of genotypes. Thus, I utilized molecular
fingerprinting data to guide our selection of study populations to incorporate a
representative amount of the genetic diversity observed in introduced EWM and hybrids
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(see Zuellig and Thum In press). Incorporation of this genetic diversity into our
experiments allowed us to test whether reduced 2,4-D sensitivity is causally associated
with hybridity. In addition to our experimental comparisons of 2,4-D sensitivity, I
compared the distribution of hybrid and parental genotypes in lakes that have versus have
not been treated with 2,4-D to determine whether the presence and relative abundance of
hybrids are associated with lakes having a history of 2,4-D management.

Methods

Study Populations
I included a diverse set of genotypes from different populations in the Upper and
Lower Peninsulas of Michigan, USA, in my experimental assays. The laboratory 2,4-D
sensitivity data were collected in two separate experiments, each of which included
genotypes from different EWM and hybrid populations. In the first experiment, I
collected watermilfoils from lakes in the Menominee River watershed in Michigan’s
Upper Peninsula and adjacent Wisconsin, USA, which represented four EWM and six
hybrid populations (i.e. lakes) (Table 1). In each lake, EWM or hybrids were collected
from one or two sites based on previous knowledge with genetic identifications from the
previous year. I focused the first experiment on the Menominee River watershed for two
reasons. First, verbal reports from lake managers and residents identified two
populations of suspected hybrids that exhibited reduced responses to 2,4-D applications.
Second, whereas several other herbicides are routinely used in addition to 2,4-D in most
other regions of the USA, 2,4-D is the only herbicide that has been used to control
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nuisance watermilfoils in the Menominee River watershed (Ann Hruska, personal
communication), providing a unique opportunity to study the relative 2,4-D sensitivities
of hybrids and EWM without any potentially confounding effects of management with
other herbicides. However, genetic diversity of hybrid and EWM is not adequately
captured in the Menominee River watershed. At least two genetically distinct lineages of
EWM have been introduced to North America, and only one of these two EWM lineages
is found in the Menominee River watershed (Table 1). While at least two distinct hybrid
lineages representing independent hybridization events occur in the Menominee River
watershed (Table 1), many additional genetically distinct lineages of hybrids exist across
North America, which probably represent many different hybridization events between
distinct parental populations (Zuellig and Thum In press). Thus, in our second
experiment, I collected populations of watermilfoils from throughout the Lower
Peninsula of Michigan, USA, representing six hybrid and nine EWM populations (Table
2). In order to include the diversity of EWM and hybrid populations in our experiments,
I chose not to include native NWM since it is not considered a nuisance species and is not
targeted for treatment with herbicides like EWM and hybrids. By including the diverse
set of populations and genotypes between the two experiments, I was able to evaluate
whether reduced 2,4-D sensitivity has arisen in one or a small number of unique hybrid
genotypes that have spread through asexual reproduction, or whether reduced 2,4-D
sensitivity is generally associated with a diverse set of hybrid genotypes from
independent hybridization events. Additionally, I studied distribution patterns of hybrid
versus parental watermilfoils in the Menominee River watershed.
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Table 1. Populations from the Menominee River Watershed, MI and WI, USA.
Population identification, 2,4-D treatment history, taxon/population used in 2,4-D
sensitivity assays, the genetic cluster from AFLPs in the minimum-spanning network (see
Figure 1 and Figure 2), and number of individual plants identified from each taxon in
2010 and 2011 with AFLPs. EWM = Eurasian watermilfoil, NWM = northern
watermilfoil
2010
2,4-D Treatment
Population
Category
MI026
Treated
MI202
Treated
WI125
Treated
MI154
Treated
MI179
Treated
MI182
Treated
MI184
Treated
WI126
Treated
MI188
Untreated
MI194
Untreated
MI195
Untreated
MI196
Untreated
MI200
Untreated
MI201
Untreated
MI121
Untreated
MI152
Untreated

2,4-D
Assay
Hybrid
Hybrid
Hybrid
EWM
Hybrid
Hybrid
Hybrid

EWM
EWM
EWM

2011

Genetic
Cluster EWM NWM Hybrid EWM NWM Hybrid
3
25
24
1
26
20
1
24
23
A
17
15
22
1
24
16
10
4
15
1
22
3
32
18
23
1
7
31
19
9
8
27
19
A
28
28
22
27
A
28
30
9
5
17
1
A
16
20
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Table 2. Populations from the Lower Peninsula of Michigan, USA. Population
identification, genetic identification with AFLPs used in 2,4-D sensitivity assays, and the
genetic cluster from AFLPs in the minimum-spanning network (see Figure 1 and Figure
2). EWM = Eurasian watermilfoil
Population
MI102
MI128
MI133
MI204
MI233
MI240
MI101
MI116
MI134
MI137
MI140
MI147
MI156
MI169
MI173

AFLP ID Genetic Cluster
hybrid
2
hybrid
2
hybrid
4
hybrid
2
hybrid
5
hybrid
2
EWM
B
EWM
A
EWM
B
EWM
A
EWM
A
EWM
A
EWM
A
EWM
A
EWM
A
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To illustrate the genetic diversity represented by the EWM and hybrid populations
included in our experiments, I constructed minimum-spanning networks from fieldcollected plants (See 2,4-D Sensitivity Assays section for details) from our study
populations based on 99 amplified fragment length polymorphism markers (AFLPs). The
molecular and genotype scoring methods used for the AFLPs are described in detail in
Zuellig and Thum (In press). The minimum-spanning networks were constructed with
NETWORK 4.6.1.0 using the median-joining approach (Bandelt et al. 1999) and MP
(maximum parsimony) option (Polzin et al. 2003), with AFLPs treated as binary data. In
total, I identified 54 unique genotypes (i.e., AFLP profiles that differed by at least one
band) in our 12 hybrid populations and 51 unique genotypes in our 13 EWM populations.
Watermilfoils frequently reproduce through vegetative fragmentation, and it was
common for one or more genotypes to occur multiple times within populations, and some
genotypes were shared among populations. However, populations generally consisted of
distinct genotypes. For example, the hybrid genotypes can be divided into at least five
different genetic groups based on relatively large numbers of mutations separating them
(Fig. 1, Table 1). These distinct groups likely represent different hybridization events
among distinct parental populations. Similarly, EWM genotypes can be divided into two
clearly distinct genetic groups (Fig. 2, Table 2). The two EWM groups and two of the
hybrid groups correspond to groups delineated in Zuellig & Thum (in press), but
additional hybrid groups were identified here from populations that were not included in
Zuellig and Thum (In press). Our AFLP analysis reflects genotypes sampled from the
lakes and not necessarily those included in our experiments. However, since I
established laboratory cultures from these same field collections, and used randomly
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sampled stems from our cultures our experiments included a diversity of genotypes,
including multiple hybrid genotypes from independent hybridization events between
different parental genotypes.
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Figure 1. Minimum-spanning network of five genetic clusters from unique genotypes of
12 field collected hybrid populations (Nclones = 54) studied in two 2,4-D sensitivity assays
based on Amplified Fragment Length Polymorphism data . Each node represents a
genotype. Black nodes are populations from the Menominee River watershed and white
nodes are from the Lower Peninsula of MI. Genetic clusters are outlined in boxes and
labeled Cluster 1 – Cluster 5. Clusters 1 and 2 correspond to two different hybridization
events outlined by Zuellig & Thum (In press). Populations found within each cluster are
labeled within boxes (same population ID used in Zuellig & Thum In press). Lines are
proportional to the number of mutations separating nodes. Number of mutations
separating the closest individual from one cluster to another is shown. Each unique clone
is shown at a frequency of one

17

18

Figure 2. Minimum-spanning network of two genetic clusters from unique genotypes of
13 field collected Eurasian watermilfoil populations (Nclones = 51) studied in two 2,4-D
sensitivity assays based on Amplified Fragment Length Polymorphism data. Each node
represents a genotype. Black nodes are populations from the Menominee River watershed
and white nodes are from the Lower Peninsula of MI. Genetic clusters are outlined in
boxes and labeled Cluster A and B. Clusters A and B correspond to two different
introduction events outlined by Zuellig & Thum (In press). Populations found within
each cluster are labeled within boxes (same population ID used in Zuellig & Thum In
press). Lines are proportional to number of mutations separating nodes. Number of
mutations separating the closest individual from one cluster to another is shown. Each
unique clone is shown at a frequency of one
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2,4-D Sensitivity Assays
I established cultures of plants from my study lakes for use in the 2,4-D
sensitivity assays. Cultures were started by planting between 30 and 100 apical
meristems (~15 cm) from randomly collected plants in each lake into 18.9 L buckets
containing potting soil supplemented with 2.2 mL/kg Osmocote (19:6:12 Nitrogen
Phosphorous Potassium). I planted two buckets in the above manner for each lake, and
the buckets were arbitrarily allocated to eight 1136 L tanks at the Annis Water Resources
Institute, GVSU. Each tank contained a mix of EWM and hybrid populations. Tanks
were filled with filtered water from nearby Muskegon Lake, and each was lit with a fullspectrum sodium lamp (Sylvania M1000/U M47/S Metalarc) on a 12/12 light:dark cycle.
Plants were propagated in these tanks for two to three months before the experiment to
ensure that all plants used in the assay were healthy and actively growing.
At the beginning of each experiment, I randomly harvested healthy, actively
growing, 12 cm apical meristems from our established cultures. I recorded the starting
wet weight of each meristem after gently blotting it dry with a paper towel. Plants were
then individually wrapped in a permeable netting (to allow sufficient contact with the
liquid in the exposure treatment; see below) and randomly assigned to a 2,4-D treatment
or the control (water). Herbicide exposures occurred in one plastic tub per treatment
containing 15 L of water (control) or 15 L of water mixed with analytical grade 2,4-D
(Fisher Scientific). While, I recognize that all replicates for each population at a
treatment were conducted in a single plastic tub, I wrapped individuals in a permeable
netting to allow for each plant to experience potential microhabitat variations due to 2,4D concentration differences or light variation throughout each tank. This alleviates some
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of the concerns of pseudoreplication. In the Menominee River watershed populations, I
had four levels of 2,4-D concentrations (100, 150, 200, and 500 µg/L) and a control and
had sample sizes of five individuals per population per treatment (except N = 4 at 100
µg/L for MI201 and N = 0 at 500 µg/L for MI154; NTotal = 244). However, based on the
response patterns in the first experiment, in the Lower Peninsula populations I reduced
the number of 2,4-D levels to two (200 and 500 µg/L) and the sample sizes to four
individuals per population per treatment (except N = 3 for MI133 at 0 µg/L and MI233 at
all treatments; NTotal = 176) in order to accommodate the larger number of populations
included. I confirmed the target 2,4-D concentrations with the RaPID Assay® 2,4-D Test
Kit (SIDX) for water samples taken at the beginning and end of the exposure, including
the control. Plants were kept in these treatments for 2 days to allow sufficient time for
2,4-D uptake.
It is important to note that I intentionally chose 2,4-D concentrations and
exposure times that are slightly below recommended target rates, but likely lie within the
ranges of what many plants experience in the field. Green and Westerdahl (1990) found
that 2,4-D concentrations of 2 mg/L for 24 hours, 1mg/L for 36 hours, and 0.5 µg/L for
72 hours were sufficient for EWM control. Indeed, a preliminary experiment with
several of our populations confirmed that 2,4-D had lethal effects on both EWM and
hybrids at concentrations above 2mg/L. However, while target concentrations may
routinely be 1-2 mg/L for field treatments, many applications fail to reach this
concentration. 2,4-D is most frequently applied as a ‘spot treatment’ to only the area(s)
where watermilfoils are a nuisance, as opposed to whole-lake applications at the target
concentration. Recent data indicate these treatments can rapidly dilute from the treatment
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site into the rest of the lake to concentrations at or below those used in our study (Bugbee
2003, WIDNR and USACE ERDC 2011). In addition to quick dilution within treatment
sites to concentrations below the target, plants undoubtedly occur in many lakes outside
of the treated areas, and these plants are certain to experience concentrations that are
below the target rate. These plants in areas peripheral to the treatment areas can serve as
sources for recolonization of treated areas, and the rate of recolonization will influence
the evaluation of how well the treatment worked. I therefore argue that while individual
field applications may target rates closer to 1 or 2 mg/L, our experimental conditions
simulate the lower concentrations and exposure times that many populations are likely to
experience under realistic field conditions where 2,4-D will rapidly dilute and dissipate.
After the two day exposure, stems were individually planted in a 115 mL
container filled with potting soil supplemented with 2.2 mL/kg Osmocote and capped
with sand. Each container had three small holes at the base that which plants could grow
roots. Each container was randomly placed in one of three 55 L plastic bins located in a
1136 L tank. Each plastic bin was filled with 20 L of potting soil that plants could extend
their roots into from their containers, and the potting soil was capped with ~ 5 cm sand to
prevent leaching of soil into the water column. In the first experiment (Menominee River
watershed populations), plants were allowed to grow for 22 days whereas in the second
experiment (Lower Peninsula populations), plants were allowed to grow for 20 days. The
recovery period had average water temperatures of 16.5 °C and 17.3 °C, respectively,
which reflects temperatures that plants would experience during typical 2,4-D
applications in our study areas during April to June. After this grow-out period, I
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measured gained length (final length – 12 cm) and total gained wet weight (final wet
weight – initial wet weight).
I tested for differences in growth and reduced 2,4-D sensitivity in hybrids and
EWM using two-way nested ANOVAs with 2,4-D concentration and source lake nested
within taxon (hybrid vs. EWM) as factors. Reduced 2,4-D sensitivity is measured as the
proportional growth at a treatment of 2,4-D relative to growth in the absence of 2,4-D
(gained length of a 2,4-D treated plant divided by the population mean of gained length
of the untreated control), so a value of 0.0 reflects high sensitivity and 1.0 reflects
reduced sensitivity. I used pairwise t-tests with a Bonferonni correction adjustment to
identify differences between specific 2,4-D treatments and taxon. I used square root
transformations to meet the assumption of normality. Gained length and gained wet
weight were highly correlated (Pearson’s r = 0.88), and the ANOVA results for gained
length and wet weight were qualitatively similar. Therefore, for brevity I present results
for gained length only. All statistical analyses were conducted in R (The R Group).

Distribution of Hybrid and Parental Watermilfoils in 2,4-D Treated Versus Untreated
Lakes
I examined distribution patterns of hybrid and parental species in natural, wild
populations in the Menominee River watershed to determine whether hybrids were more
abundant in lakes with a history of treatment with 2,4-D. If hybrids exhibit reduced
responses to 2,4-D applications, then hybrids are expected to be more common in lakes
with a history of 2,4-D management.
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To test this hypothesis, I selected a priori eight lakes from the Menominee River
watershed where 2,4-D has been applied to control nuisance watermilfoil at least twice
within the past ten years and eight lakes that have watermilfoil present but have never
been treated (Table 1). I collected 8-32 plants from each of 1-8 plant beds distributed
throughout each lake in 2010 and 2011. I identified samples as EWM, NWM, or hybrid
using Amplified Fragment Length Polymorphisms (AFLPs) following the procedures
outlined in Zuellig and Thum (In press, see also Fig. 3). To test whether hybrids were
over-represented in 2,4-D treated vs. untreated lakes, I performed two different one-tailed
Fisher’s exact tests: “by lake”, and “by individual”. For the “by-lake” analysis I used
presence/absence data for each lake where the presence of a parent or hybrids was
counted as “1” and the absence was counted as “0”. Because several lakes contained
both parents and hybrids, the “by lake” test violates the assumption of mutual exclusivity
(i.e., four lakes could not be exclusively categorized as hybrid or parental). Therefore, I
performed a second Fisher’s exact test where I categorized each identified individual
plant as being in either a treated or untreated lake. While this method violates the
assumption of independent random sampling (the treated and untreated lakes are each
treated as a single population), it has the advantage of taking into account the relative
abundance of parents and hybrids in each lake.
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Figure 3. Genetic assignment results from Structure v 2.3.3 (1) at k=2 (top) and k=3
(bottom) for 51 unique clones (individual AFLP profile differs by at least one band) from
the Menominee River watershed in 2010. Identifications were conducted using the
method of Zuellig & Thum (In press) and led to reproducible genotypes consisting of 92
polymorphic AFLP loci with low scoring error rates (1.4% for 43 re-genotyped
individuals). There were a total of 89 Eurasian watermilfoil (EWM), 99 northern
watermilfoil (NWM), and 179 hybrid watermilfoil after accounting for the frequency of
each unique clone (Table 1). Each vertical line represents an individual and proportion of
membership to each genetic cluster is indicated by the different shading (NWM –
”northern watermilfoil”= light gray, EWM – “Eurasian watermilfoil” = black, hybrid =
medium gray)
25

Results

2,4-D Sensitivity Assays
Hybrids were less sensitive to 2,4-D than EWM. In both experiments, hybrid
populations had higher means for the proportion of growth in 2,4-D treatments relative to
controls (Table 3a and 4a, Fig. 4a and 5a). Furthermore, the effect of increasing 2,4-D
concentration was lower on hybrids compared to EWM (i.e., significant taxon x treatment
effect; Table 3a and 4a). However, the effect of increasing 2,4-D concentration was
similar among different populations of hybrids, and among different populations of EWM
(i.e., no significant population(taxon) x treatment interaction; Table 3a and 4a). Thus,
reduced sensitivity was common across hybrid populations, whereas no EWM
populations exhibited reduced 2,4-D sensitivity (see Table 5 and 6 for population means).
In addition to lower 2,4-D sensitivity, hybrids had higher absolute growth;
hybrids were longer than EWM in all treatments and the controls in both experiments
(Table 3 and 4; Fig. 4 and 5). Thus, hybrids grew faster than EWM regardless of whether
they were treated or not.
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Figure 4. Response of hybrid and Eurasian watermilfoil (EWM) from the Menominee
River watershed to four treatments of 2,4-D and a control after 22 days of growth with
mean a) proportional growth at a treatment of 2,4-D relative to growth at the control
(treatment / control) (N = 194), and b) length gained (N = 244). Error bars are ± SEM.
Trend line is included in a) for visual interpretation. Statistical significance was
determined with post hoc pairwise comparisons using Bonferroni corrections at a total α
= 0.05. Hybrids and EWM were significantly different at all treatment levels for every
variable except at 100 µg/L 2,4-D in a)
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Figure 5. Response of hybrid and Eurasian watermilfoil (EWM) from the Lower
Peninsula of MI to two treatments of 2,4-D and a control after 20 days of growth with
mean a) proportional growth at a treatment of 2,4-D relative to growth at the control
(treatment / control) (N = 118), and b) length gained (N = 176). Error bars are ± SEM.
Trend line is included in a) for visual interpretation. Statistical significance was
determined with post hoc pairwise comparisons using Bonferroni corrections at a total α
= 0.05. Hybrids and EWM were significantly different at all treatment levels
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Table 3. ANOVA results of the Menominee River watershed hybrids and Eurasian
watermilfoil (EWM) for 2,4-D sensitivity assay response variables a) proportional growth
at a treatment of 2,4-D relative to growth at the control (treatment / control), and b)
length gained. Data were square root transformed. Nesting variables appear inside
parentheses and × indicate interaction effects. SS = sum of squares, MS = mean sum of
squares. Significance was assessed at the α = 0.05 level
a) Proportional Treated Growth Relative to
Control
Taxon
Treatment
Population (Taxon)
Taxon × Treatment
Population (Taxon) × Treatment
Residuals
b) Length Gained
Taxon
Treatment
Population (Taxon)
Taxon × Treatment
Population (Taxon) × Treatment
Residuals
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Df
1
3
8
3
23
155

SS
2.07
3.21
0.47
0.44
0.79
4.5

MS
2.07
1.07
0.06
0.15
0.03
0.03

F
P (> F)
71.31 < 0.001
36.86 < 0.001
2.03 0.046
5.01 0.002
1.17 0.264

1
4
8
4
31
195

315.1 315.1 301.7 < 0.001
152.7 38.17 36.55 < 0.001
22.08 2.76 2.64 0.009
16.33 4.08 3.91 0.005
30.9 0.99 0.95 0.541
203.7 1.05

Table 4. ANOVA results of Lower Peninsula of MI, USA hybrids and Eurasian
watermilfoil for 2,4-D sensitivity response variables a) proportional growth at a treatment
of 2,4-D relative to growth at the control (treatment / control) , and b) length gained.
Data were square root transformed. Nesting variables appear inside parentheses and ×
indicate interaction effects. SS = sum of squares, MS = mean sum of squares.
Significance was assessed at the α = 0.05 level
a) Proportional Treated Growth Relative to
Control
Taxon
Treatment
Population (Taxon)
Taxon × Treatment
Population (Taxon) × Treatment
Residuals
b) Length Gained
Taxon
Treatment
Population (Taxon)
Taxon × Treatment
Population (Taxon) × Treatment
Residuals
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Df
1
1
13
1
13
88

SS
2.19
0.74
1.40
0.28
0.15
2.70

MS
2.19
0.74
0.11
0.28
0.01
0.03

F
71.52
24.26
3.52
9.22
0.37

P (> F)
< 0.001
< 0.001
< 0.001
0.003
0.976

1
2
13
2
26
131

210.43
80.46
33.81
32.25
32.09
163.50

210.43
40.23
2.60
16.13
1.23
1.25

168.60
32.23
2.08
12.92
0.99

< 0.001
< 0.001
0.019
< 0.001
0.487

Table 5. Response of individual hybrid and Eurasian watermilfoil (EWM) populations from the Menominee River watershed to four
treatments of 2,4-D and a control after 22 days of growth with a) proportional growth at a treatment of 2,4-D relative to growth at the
control (treatment / control), and b) length gained. Both the mean and ± SEM (in parentheses) for each treatment are shown. Sample
size is five individuals per treatment except N = 4 at 100 µg/L for MI196 and N = 0 at 500 µg/L for MI154
a) Proportional Treated Growth Relative to
Control
Population
100 µg/L
150 µg/L
200 µg/L
500 µg/L

MI196
0.79 (0.14)
0.34 (0.05)
0.34 (0.12)
0.19 (0.03)

MI152
0.92 (0.14)
0.56 (0.13)
0.54 (0.11)
0.09 (0.03)

Population
100 µg/L
150 µg/L
200 µg/L
500 µg/L
b) Length Gained (cm)
Population
Control
100 µg/L
150 µg/L
200 µg/L
500 µg/L

MI026
0.73 (0.12)
0.74 (0.10)
0.71 (0.12)
0.49 (0.09)

WI125
0.83 (0.07)
1.10 (0.11)
0.88 (0.13)
0.78 (0.14)

MI196
30.56 (4.36)
24.05 (4.15)
10.54 (1.59)
10.44 (3.73)
5.92 (0.91)

MI152
18.52 (1.92)
17.00 (2.57)
10.40 (2.32)
10.04 (2.10)
1.66 (0.60)

Population

MI026

WI125

Eurasian Watermilfoil
MI201
MI154
0.78 (0.13)
0.85 (0.18)
0.68 (0.13)
0.50 (0.09)
0.44 (0.13)
0.22 (0.07)
0.25 (0.06)
NA
Hybrid
MI184
MI179
0.95 (0.14)
1.09 (0.10)
0.84 (0.14)
0.86 (0.11)
0.79 (0.11)
0.72 (0.15)
0.38 (0.10)
0.61 (0.17)
Eurasian Watermilfoil
MI201
MI154
27.68 (4.32) 22.18 (3.59)
21.48 (3.68) 18.76 (4.09)
18.80 (3.46) 11.02 (2.06)
12.26 (3.52) 4.92 (1.45)
6.88 (1.76)
NA
Hybrid
MI184
MI179
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MI202
1.05 (0.13)
0.75 (0.15)
0.79 (0.07)
0.30 (0.04)

MI188
1.07 (0.07)
1.01 (0.12)
1.01 (0.15)
0.56 (0.14)

MI202

MI188

Control
100 µg/L
150 µg/L
200 µg/L
500 µg/L

51.24 (4.45)
37.3 (6.38)
37.76 (5.35)
36.38 (6.34)
25.08 (4.67)

49.94 (5.86)
35.54 (2.84)
47.06 (4.92)
37.58 (5.58)
33.46 (6.22)

46.46 (8.16) 47.84 (11.15) 41.6 (7.21)
44.16 (6.73) 52.06 (4.95) 43.78 (5.28)
39.00 ( 6.27) 41.06 (5.37) 31.3 (6.40)
36.66 (5.04) 34.62 (6.95) 32.86 (2.87)
17.62 (4.86) 29.24 (8.26) 12.46 (5.71)
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35.56 (3.52)
38.08 (2.57)
35.82 (4.18)
42.16 (6.21)
19.86 (4.87)

Table 6. Response of individual hybrid and Eurasian watermilfoil (EWM) populations from the Lower Peninsula of MI, USA to two
treatments of 2,4-D and a control after 20 days of growth with a) proportional growth at a treatment of 2,4-D relative to growth at the
control (treatment / control), and b) length gained (cm). Both the mean and ± SEM (in parentheses) for each treatment are shown.
Sample size is four individuals per treatment except N = 3 for MI133 at 0 g/L and MI233 at all treatments
a) Proportional Treated Growth Relative to
Control
Population
200 µg/L
500 µg/L
Population
200 µg/L
500 µg/L
b) Length Gained (cm)
Population
Control
200 µg/L
500 µg/L
Population
Control
200 µg/L
500 µg/L

MI137
0.46 (0.06)
0.19 (0.05)

MI101
0.75 (0.17)
0.41 (0.19)

MI173
0.73 (0.23)
0.43 (0.22)

MI128
0.79 (0.12)
0.79 (0.19)

MI133
0.89 (0.18)
0.74 (0.09)

MI240
1.48 (0.12)
1.12 (0.22)

MI137
30.13 (4.34)
13.88 (1.74)
5.83 (1.47)

MI101
MI173
21.70 (8.65) 25.60 (2.33)
16.23 (3.66) 18.63 (5.81)
8.90 (4.09) 11.03 (5.74)

MI128
MI133
MI240
45.43 (13.39) 61.03 (7.19) 54.73 (7.69)
36.05 (5.52) 54.33 (11.13) 60.55 (4.18)
36.08 (8.46) 45.00 (5.65) 45.90 (9.05)
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Eurasian Watermilfoil
MI140
MI147
MI156
0.55 (0.16)
0.55 (0.10) 0.94 (0.22)
0.21 (0.05)
0.17 (0.03) 0.41 (0.14)
Hybrid
MI233
MI204
MI102
0.86 (0.07)
0.80 (0.12) 0.84 (0.09)
0.90 (0.20)
1.02 (0.10) 0.82 (0.06)
Eurasian Watermilfoil
MI140
MI147
MI156
39.93 (3.13) 45.35 (4.95) 40.35 (7.81)
21.95 (6.52) 24.75 (4.42) 29.28 (7.60)
8.43 (1.95)
7.50 (1.18) 16.63 (5.52)
Hybrid
MI233
MI204
MI102
49.77 (7.02) 51.78 (10.56) 40.15 (5.63)
43.00 (3.68) 41.58 (6.42) 39.38 (7.02)
44.00 (12.51) 52.90 (5.39) 33.03 (2.50)

MI169
1.14 (0.21)
0.79 (0.12)

MI134
0.68 (0.17)
0.31 (0.10)

MI116
0.42 (0.04)
0.28 (0.07)

MI169
MI134
MI116
22.20 (7.39) 34.45 (2.51) 37.70 (6.77)
25.30 (4.62) 23.55 (5.78) 15.98 (1.48)
17.55 (2.61) 10.68 (3.44) 10.50 (2.62)

Distribution of Hybrid and Parental Watermilfoils in 2,4-D Treated Versus Untreated
Lakes
Hybrids occurred more frequently in 2,4-D treated lakes in the Menominee River
watershed (Table 1). The statistical significance of this pattern held whether I used “by
lake” or “by individual” Fisher’s exact tests (p=0.0359 and p<0.0001, respectively; see
methods for details). Distribution patterns for 2010 and 2011 were qualitatively the same
(only 2010 shown, Table 1).

Discussion
Hybridization has been hypothesized as an important mechanism stimulating the
evolution of invasiveness in human-disturbed habitats (Ellstrand and Schierenbeck 2000,
Vila et al. 2000). However, while numerous examples of hybrid-derived lineages
occurring in human-disturbed habitats have been identified (e.g. California wild radish),
very few studies have experimentally tested hybrid and parental fitness in humandisturbed habitats (but see Hovick et al. 2012). Our study provides compelling evidence
for the evolution of invasiveness via hybridization in lakes that are intentionally disturbed
with an herbicide to control nuisance populations of EWM. Specifically, I show that
hybrids exhibit reduced sensitivity to 2,4-D and occur more frequently than parental
watermilfoil species in lakes with a history of management with 2,4-D.

Hybrid Reduced 2,4-D Sensitivity
I have demonstrated that reduced sensitivity to the herbicide 2,4-D is associated
with hybridity in invasive watermilfoils. Reduced sensitivity is not restricted to one or a
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small number of closely-related hybrid genotypes that have extensively spread among
water bodies via asexual propagation, but instead occurs in multiple, genetically distinct
hybrid lineages that represent independent hybridization events among distinct parental
populations. This indicates that hybridization has repeatedly stimulated the rapid
evolution of decreased response to 2,4-D in divergent populations, which is widely used
to control nuisance populations of EWM.
Hybridization can stimulate the evolution of invasiveness through one or any
combination of several mechanisms, including fixed heterosis, increased genetic
variation, evolutionary novelty, and dumping of genetic load (Ellstrand and Schierenbeck
2000, Schierenbeck and Ellstrand 2009). It is unclear which of these mechanisms has led
to reduced 2,4-D sensitivity observed in our study. For example, reduced 2,4-D
sensitivity may result from genetic differences in key genes related to biochemical
processes directly associated with 2,4-D response or reduced sensitivity could reflect an
inherent property of hybridization in the form of a ‘side-effect’ of higher metabolic and
growth rates of hybrids relative to EWM. Direct studies of the former will be difficult in
the immediate future because the biochemical pathway(s) and target(s) of 2,4-D are not
well understood (Powles and Yu 2010). However, I found some support for the latter
because hybrids had higher growth rates than EWM in both the presence and absence of
2,4-D, and mean population growth rates in 2,4-D treatments were correlated with growth
rates in the control (Fig. 6). This correlation suggests that reduced 2,4-D sensitivity is
somehow linked mechanistically to increased metabolism and growth. Alternatively, it is
possible that resistance alleles have evolved in one parent and been transferred through
interspecific hybridization (e.g., Owen and Zelaya 2005, Trucco et al. 2005). However, I
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find it unlikely that reduced 2,4-D sensitivity occurs simply through transfer of resistance
alleles. If reduced sensitivity results from transfer of resistance alleles, the resistance
alleles should be relatively common in one or both parental species as our experiments
included a diverse set of hybrid genotypes from several independent hybridization events.
All of our EWM populations were sensitive to 2,4-D compared to hybrids, so transfer
from EWM is unlikely. Although I did not include NWM in our experiment, I also find it
unlikely that reduced 2,4-D sensitivity in hybrids is inherited from NWM. Previous
studies have shown populations of NWM to be sensitive to 2,4-D concentrations within
the range of our experiment (Forsynth et al. 1997, Roshon et al. 1999). Furthermore, if
NWM commonly exhibit reduced 2,4-D sensitivity, I would expect it to occur more
frequently in 2,4-D treated lakes in the Menominee River watershed. Regardless of the
mechanism(s) for reduced sensitivity, it is clear that hybrid genotypes can possess a
unique combination of traits relative to parental species that can be stabilized through
vegetative reproduction, and are therefore able to persist in habitats where they have high
relative fitness.
Although the reduced 2,4-D sensitivity observed in our experiments lead to the
prediction that hybrids will exhibit reduced sensitivity and increased invasiveness in
natural populations treated with 2,4-D, it is important to recognize some limitations in
doing so. In particular, plant responses to herbicides can be complicated functions of
both the concentration of herbicide experienced and the duration over which they are
exposed (Green and Westerdahl 1990). In my study, I had logistical limitations (space,
feasibility) on the number of treatments I was able to apply. I therefore judiciously chose
my experimental conditions to represent a range of what I believe are reflective of the
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2,4-D concentrations experienced by plants in the field. Furthermore, since I was
primarily interested in the effect of increasing concentrations, I chose a single exposure
time that reflects typical exposure times (2 days). In choosing our experimental
concentrations, I had to distinguish between target concentrations that represent the
desired concentration from actual concentrations experienced by plants following the
application of a specified amount of 2,4-D. Target concentrations are typically 1-2 mg/L
(Green and Westerdahl 1990), and preliminary studies indicated that these concentrations
would be lethal to the vast majority of genotypes. However, despite its widespread use,
2,4-D concentrations are not routinely measured in the field, and so the actual distribution
of concentrations experienced by plants that are treated is largely unknown.
Nevertheless, recent studies suggest that the actual concentrations experienced in natural
settings are frequently below the target concentration, and lie within the range of our
experiments, due to numerous factors that quickly dilute and dissipate the herbicide (see
Methods for details; Bugbee et al. 2003, WIDNR and USACE ERDC 2011). Thus, while
field studies are needed to determine the extent to which hybrids will exhibit reduced
response to 2,4-D, and to observe any genetic shifts from susceptible to resistant
watermilfoil genotypes, our experimental results are consistent with the hypothesis that
hybrids can exhibit reduced response to operational field applications of 2,4-D, which in
turn is consistent with two field observations: 1) recent reports from lake residents and
managers describing noticeable changes in EWM morphology (intermediate between
EWM and NWM) and herbicide response following their initial herbicide treatment(s) in
several lakes, and 2) that hybrid genotypes are over-represented in 2,4-D treated lakes in
comparison to parental watermilfoils (see below).
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Figure 6. Correlation of hybrid and Eurasian watermilfoil population means at a control
and mean population growth at 2,4-D treatments of a) 200 µg/L ae (adjusted R2 =
0.6989, t = 56.71, p = < 0.001 and b) 500 µg/L ae (adjusted R2 = 0.5780, t= 32.50, p =
<0.001). Line shown is trend line. Symbols and colors represent diamonds = EWM,
squares = hybrid, black = Menominee River watershed, white = Lower Peninsula of MI
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Hybrid Abundance in 2,4-D Managed Lakes
In the Menominee River watershed where 2,4-D is the only aquatic herbicide that
has been used for control of nuisance watermilfoils, hybrids occurred more frequently in
2,4-D treated lakes compared to parental species. This distribution pattern is consistent
with the hypothesis that hybrids displace parental species in herbicide-treated lakes,
because they have higher growth rates at a given level of 2,4-D and can maintain positive
growth rates at higher concentrations. In addition, the infrequent occurrence of hybrids
in untreated lakes where parental species occurred may indicate a fitness trade-off
between hybrids and parental species in disturbed versus undisturbed habitats. However,
I did not observe this trade-off in my laboratory experiments, as hybrids had higher
growth rates than EWM in our controls. If hybrids inherently grow faster than parental
species regardless of environmental conditions, then hybrids may ultimately displace
parental species in both managed and unmanaged habitats, and the occurrence of hybrids
in treated lakes may reflect a higher probability of targeting them for herbicide treatment
because they are more likely to exhibit nuisance growth. Or, it is possible that while
hybrids have a competitive advantage regardless of habitat, established parental species
exhibit competitive attributes that suppress the initial establishment of hybrid genotypes
in the absence of disturbance; following disturbance, hybrids may establish and
outcompete parental species due to faster growth rates. These alternative hypotheses
could be tested through field reciprocal transplant experiments and pre- versus posttreatment genetic monitoring of all future lakes where herbicide management regimes are
initiated. However, such studies were beyond the scope of this, which focused on using
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controlled experiments to test the hypothesis that hybrids exhibited reduced 2,4-D
sensitivity relative to invasive parental EWM.
Conclusions
My study provides a rare and compelling empirical example where hybridization
has stimulated the evolution of invasiveness in human-disturbed habitats. Specifically,
the combination of results from my laboratory experiments and analysis of distribution
patterns in treated/untreated natural populations suggest a model for the evolution of
invasiveness via hybridization in habitats that have been deliberately altered to control
the invasive taxon – in this case with herbicides. This may be especially important in
field applications when actual concentrations undershoot target concentrations, thus
facilitating the displacement of parental genotypes by hybrids, and the resulting hybriddominated populations exhibit reduced responses to subsequent 2,4-D treatments applied
at similar rates as the initial application(s). Furthermore, my study also supports the
hypothesis that hybridization can repeatedly lead to rapid evolution in a novel
environment, as genetically diverse hybrid populations, representing multiple
hybridization events, independently evolved reduced sensitivity to a specific and highly
replicated selection pressure. This study system therefore promises to be a model system
for studying the evolution of invasiveness via hybridization.
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CHAPTER 3

THE EVOLUTION OF INVASIVENESS CAN OCCUR IN A SINGLE GENERATION
IN HYBRID WATERMILFOILS

Introduction
Hybridization can stimulate the evolution of invasiveness (Ellstrand and
Shierenbeck 2000, Schierenbeck and Ellstrand 2009), which may occur in as quickly as a
single generation. Hybridization can create invasive genotypes in the first generation of
hybrids through mechanisms such as heterosis or evolutionary novelty. For example, the
presence of elevated growth levels in F1 hybrids may result in an aggressive, highly
successful invasive hybrid (see Carpobotus, Vila and D’Antonio 1998 for a compelling
example). Alternatively, increased genetic variation could provide the genetic substrate
necessary for hybrid genotypes to respond to selection and evolve invasiveness over
multiple generations. To gain insight into how quickly invasiveness may evolve via
hybridization, it is necessary to estimate whether invasive genotypes are first generation
or advanced generation hybrids.
Eurasian watermilfoil (Myriophyllum spicatum L.; EWM) is a widespread
invasive aquatic plant species in North America that has recently been discovered to
hybridize with its native sister species, northern watermilfoil (Myriophyllum sibiricum
Komarov; NWM) to produce many, widespread and genetically diverse hybrid
populations (Moody and Les 2002, 2007, Sturtevant et al. 2007, Zuellig and Thum In
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press). In addition to exhibiting invasive growth and spread, multiple hybrid watermilfoil
populations (hybrids) have been shown to have independently evolved reduced sensitivity
to the commonly used herbicide, 2,4-D via hybridization (See Chapter 2). It is unknown
how quickly these populations have evolved invasive traits and the mechanism by which
these traits have evolved.
Identifying whether invasive, 2,4-D resistant hybrid populations are composed of
first generation hybrids or a coalescent complex will allow me to estimate how quickly
these invasive traits have evolved. If invasive hybrids are composed of F1 hybrids, then
invasive traits evolved in only a single generation. Alternatively, if invasive hybrids are
composed of a coalescent complex, then invasiveness may have required several
generations to evolve. Estimating how quickly reduced herbicide sensitivity evolves in
hybrid populations would also give managers information on how quickly other hybrid
populations might evolve reduced 2,4-D sensitivity and allow them to develop realistic
resistant management strategies.
To estimate how quickly invasiveness may evolve in hybrid populations, I used a
Bayesian analysis of Amplified Fragment Length Polymorphisms (AFLPs) to identify
whether invasive traits are present in F1 or advanced generation hybrids (F2 and parental
backcrosses) in the Menominee River watershed of the Upper Peninsula, MI, USA.
Additionally, I assessed the reliability of the Bayesian analysis to identify different
classes of stimulated hybrids from wild caught parental AFLP data. This provides some
information on how accurately this method is in identifying wild caught hybrids in my
study system.
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Table 7. Sampling locations from the
Menominee River watershed (MRW), MI, USA
and additional northern watermilfoil samples
from across the USA. Number of unique clones
is equivalent to the number of unique AFLP
profiles found in each population
Population
Name
MI026
MI121
MI152
MI154
MI179
MI182
MI184
MI188
MI194
MI195
MI196
MI200
MI201
MI202
WI125
WI126
CA101
ID101
ID103
ID105
ME102
ME115
ME120
MI146
MI186
MI187
MI205
MT102
ONT102
OR104
OR108
OR113

Location
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
MRW
California
Idaho
Idaho
Idaho
Maine
Maine
Maine
Michigan
Michigan
Michigan
Michigan
Montana
Ontario
Oregon
Oregon
Oregon
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No. Unique
Clones
22
23
18
16
9
13
28
17
7
18
25
28
28
15
20
16
2
2
1
2
3
1
2
1
2
2
2
3
3
3
2
1

WA110
WA117
WI113
WI114
WI117
WI131
WI135
WI140
WI143
WI144
WI161
WI169

Washington
Washington
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
Wisconsin
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2
3
2
1
1
2
2
2
2
2
2
2

Methods

Sample Collection and AFLP Genotyping
Live plant samples were collected from 16 lakes in the Menominee River
Watershed, Western Upper Peninsula, MI, USA and adjacent Wisconsin (Table 7). A
range of 3-8 meristems were collected from 1-8 plant beds within each lake.
I collected AFLP data in the same manner as Zuellig & Thum (In press), but
included two additional primer combinations to increase the number of markers for
hybrid class identification (EcoRI-ACA/MseI-CAT, EcoRI-ACA/MseI-CAC primers,
EcoRI-ACA/MseI-CAG primers respectively. I restricted samples from the Menominee
River watershed to those collected in 2011. A total of 281 polymorphic AFLP loci were
produced with a genotyping error rate of 4.20%, 4.50% and 3.52% for 36, 30 and 34 regenotyped individuals respectively for each primer combination listed above.
Archived northern watermilfoil DNA samples from across North America were
also included in the identification of hybrid classes to account for the possibility that
hybrid parents may not originate from the Menominee River watershed (Table 7).

Taxonomic Identification
I used Structure v. 2.3.2 (Pritchard et al. 2000) to initially identify individuals as
EWM, NWM, or interspecific hybrid. I used unique individuals (N = 358) (unique
individuals differed by 1 or more AFLP bands) to avoid biasing allele frequency
estimates from an excess of any single genotype. I used an admixture model with no
priors, correlated allele frequencies, and an individual α for each population, with a
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recessive alleles model. For each analysis, I ran the MCMC for 250,000 generations with
a burn-in period of 50,000 generations with 3 iterations at k=3 (see Appendix 1 for
further detail on why k=3 was used). For each analysis, I assigned each individual to the
group for which its inferred ancestry was at least 90% for that that group, though
individuals that had more than 10% inferred ancestry for a second group were identified
as hybrid.

Hybrid Class Identification
I used a Bayesian analysis of AFLPs to distinguish F1 hybrids from other hybrid
classes (F2 and backcrosses to parents) to estimate how quickly invasiveness has evolved
in hybrids. I used the program NewHybrids v 1.1 beta (Anderson and Thompson 2002) to
calculate the posterior probability that an individual AFLP genotype belonged to one of
six posterior categories (EWM, NWM, F1 hybrid, F2 hybrid, backcross to EWM, or
backcross to NWM). I ran analyses (358 unique clones; AFLP profiles differed by at least
one band) with an MCMC of 250,000 generations with an equal burn-in period with 3
iterations with a uniform prior. A subset of individuals identified by Structure v 2.3.3
(using 281 AFLP loci) as either NWM or EWM was used as priors to establish the allele
frequencies of parental species; this helps the MCMC chain to converge. Additionally, I
ran analyses with an MCMC of 500,000 and 1 million generations and an equal burn-in
period to establish that results were consist across different chain lengths. An individual
was assigned to one of six hybrid classes with a posterior probability of at least 90%
(individuals with > 10% probability belonging to another group were considered hybrid).
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Anderson (2008) showed with simulated AFLP data, that as few as 10 diagnostic
loci were sufficient to accurately identify parental and F1 genotypes, though advanced
generation hybrid identifications were less accurate. Our initial analysis included all
polymorphic loci (281), many of which do not represent fixed band differences between
EWM and NWM. Therefore, in order to determine if results were dependent primarily on
non-diagnostic loci, I ran a separate analysis on a set of 28 loci that appeared to represent
fixed differences between EWM and NWM for parental individuals in this region,
including additional NWM samples.
Finally, to evaluate the accuracy of our hybrid class estimates based on fixed band
differences, I simulated genotypes for four hybrid classes (F1, EWM backcross, NWM
backcross, F2; N=80 for each) representing matings between 80 EWM and 80 NWM with
Hybrid Lab 1.0 (Nielsen et al. 2006). Because Hybrid Lab 1.0 simulates co-dominant
data whereas AFLP data are dominant, I made the assumption that fixed band differences
between the two species were homozygous, which would be expected for fixed
polymorphisms. Simulated co-dominant data were converted to dominant data, with the 1
allele always dominant to the 0 allele. I then used NewHybrids v. 1.1 beta to assign my
simulated genotypes to parental and hybrid classes.

Results
Genetic assignments (Fig. 7) for three taxonomic groups (EWM, NWM, and
hybrid) were consistent between Structure and NewHybrids with the exception of two
individuals. Two EWM were admixed between two genetic clusters, but their posterior
probability of membership to each respective group was >85%, just slightly less than the
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predetermined 90%. These individuals remained in the analysis, but were not used to
assign parental priors.
Our estimation of hybrid classes identified the vast majority of individuals as
either parental species or F1 hybrids (Fig. 8). Only six individuals identified as hybrids
were assigned to a hybrid class other than F1: four F2, one NWM backcross, and one
individual assigned to multiple classes (50% F1, 45% F2, 5% NWMbx).
Analyses run with 281 and 28 diagnostic loci were consistent with the exception
of 3 individuals, though there was a bias toward EWM specific loci (21 EWM, 7 NWM).
Two individuals that were identified as F2 with the full marker set were assigned to both
F1 and F2, and one individual identified as a NWM backcross with the full dataset was
assigned as parental NWM.
Furthermore, the simulations showed that the estimation of hybrid classes was
accurate for parental and F1 genotypes (Fig. 9). NewHybrids v. 1.1 beta correctly
assigned 100% and 95% of naturally occurring EWM and NWM individuals respectively
and 96.3% of simulated F1 hybrids. In contrast, a much lower percentage of F2, NWM
backcrosses, and EWM backcrosses were correctly assigned (75%, 88.8%, and 76.3%,
respectively). Only 1.2% of non-F1 individuals were incorrectly identified as being F1,
while 3.7% of F1 hybrids were incorrectly identified as another class, demonstrating that
our dataset would be more likely to underestimate F1 hybrids.

48

Figure 7. Genetic assignment results from Structure v 2.3.3 k = 3 for 358 unique clones
from the Menominee River watershed in 2011. There were a total of 132 NWM, 85
EWM, and 141 hybrid watermilfoil. Each vertical line represents an individual and
proportion of membership to each genetic cluster is indicated by the different shading
(NWM –”northern watermilfoil”= blue, EWM – “Eurasian watermilfoil” = red, hybrid =
green). Populations and sample size are shown at the bottom
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Figure 8. Genetic assignment results from NewHybrids v. 1.1 beta for six hybrid classes
for 358 unique watermilfoil clones. There were a total of 132 NWM, 87 EWM, 133 F1
hybrid, 4 F2 hybrid, 1 NWM backcross, 0 EWM backcross, and 1 F1/F2 admixed hybrid.
Each vertical line represents an individual and proportion of membership to each class is
indicated by the different shading (NWM = northern watermilfoil, EWM = Eurasian
watermilfoil, F1 = F1 hybrid, F2 = F2 hybrid, NWM backcross = backcross to northern
watermilfoil, EWM backcross = backcross to Eurasian watermilfoil). Populations and
sample size are shown at the bottom
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Figure 9. Genetic assignment results from NewHybrids v. 1.1 beta for 80 simulated
hybrid individuals for four hybrid classes across 3 iterations in New Hybrids v. 1.1 beta
with 28 diagnostic AFLP loci. Parent individuals originated from real data. Each vertical
line represents an individual and proportion of membership to each class is indicated by
the different shading (NWM = northern watermilfoil, EWM = Eurasian watermilfoil, F1 =
F1 hybrid, F2 = F2 hybrid, NWMbx = backcross to northern watermilfoil, EWMbx =
backcross to Eurasian watermilfoil). Simulated classes shown at bottom
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Discussion
This study shows that hybridization can lead to the evolution of invasiveness in as
little as one generation, as my analysis of hybrid classes suggests that hybrid populations
in the Menominee River watershed are not maintained as coalescent complexes, but
instead consist predominantly of F1 hybrids. This suggests that invasive traits can evolve
in as quickly as one generation in hybrids. The evolution of invasive genotypes via
hybridization may have become fixed within these populations by the stabilization of F1
genotypes that have not broken down via sexual reproduction.
The predominance of F1 genotypes might result from frequent asexual reproduction
(Aiken et al. 1979), reproductive isolation, a time lag after a relatively recent invasion, or
allopolyploidy. EWM is a more recent invader in the western Upper Peninsula of
Michigan (1990s) (Ann Hruska, personal communication), so there may not have been
sufficient time for back-crossing and subsequent dispersal. The identification of hybrid
classes in locations where EWM was introduced much earlier could help determine if the
predominance of F1s in the Menominee River watershed is an artifact of recent invasion.
Watermilfoil species are thought to reproduce predominately via clonal spread, so
hybridization events may be rare, increasing the time lag for advanced generation hybrids
to occur and disperse throughout the landscape. Hybrids may also show low fertility or
infertility, which would contribute to the high proportion of F1 genotypes, especially
when individuals can reproduce asexually even when they are infertile. In addition, if
hybrids in this system are composed of allopolyploids, then recombinant genotypes
(subsequent generations) could appear to be F1 hybrids in the Bayesian assignment
program I used. The ploidy levels of hybrids are unknown. Allopolyploidy was also
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suggested by Ellstrand and Schierenbeck (2000) as a way for invasiveness to become
fixed in hybrid populations. If the Menominee River watershed populations I studied are
indeed allopolyploids, then we would still expect them to exhibit heterotic genomes and
traits, but hybrid breakdown after sexual reproduction of homoploid hybrids would not be
expected. Identification of the ploidy level of hybrid and parental watermilfoil species
will help conclude if polyploidy could have contributed to the evolution of invasiveness
in hybrids. Regardless of the mechanism of F1 hybrid stabilization in the Menominee
River watershed, hybrids have evolved invasiveness in a single generation.
I recognize that the identification of hybrid classes has challenges, especially with
dominant markers like AFLPs. However, simulations by Anderson (2008) suggested that
as few as 10 diagnostic AFLP loci could be used to reliably distinguish F1 from other
hybrid classes, and I identified 28 AFLP loci that appeared to represent fixed differences
between NWM and EWM in my dataset. Furthermore, simulations based on these 28
diagnostic loci had high power to distinguish F1 hybrid genotypes from other hybrid
classes (96.3%). Using co-dominant data Kahilainen et al. (2011) also found that
NewHybrids correctly assigned parent species and F1 hybrids reliability, but more
advanced generation hybrids were less likely to be assigned correctly to an advanced
generation hybrid class. Thus, while it is true that it is difficult to distinguish latergeneration hybrids from each other, delimiting F1 hybrids from other hybrid classes
appears to be rather accurate (96.3%), and the robustness of this result leads to the
reliable estimation that invasiveness may evolve in as little as one generation in hybrid
watermilfoils.
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Conclusion
Hybridization can lead to the evolution of invasiveness so rapidly, that invasive
hybrids can evolve in the first generation, as seen by the predominance of F1 genotypes in
invasive hybrid watermilfoil populations in the Menominee River watershed. This
implies that hybridization can quickly lead to the formation of fit genotypes and allow for
the rapid spread of an invasive taxon across the landscape. The rapidity that hybridization
can contribute to the formation of invasive species has important implications for the
magnitude of problems that management will face in dealing with the formation and
spread of invasive species. Traits such as reduced herbicide sensitivity already present
major problems for managers, but rapid evolution of these traits can make control
extremely difficult.
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CHAPTER 4

WHAT DOES REDUCED 2,4-D SENSITIVITY IN HYBRID WATERMILFOILS
MEAN FOR AQUATIC PLANT MANAGEMENT?

Introduction
The recent identification of herbicide resistant populations of invasive aquatic
plant species (e.g., Hydrilla verticillata, Michel et al. 2004; Landoltia punctata,
Koschnick et al. 2006; and Myriophyllum spicatum x Myriophyllum sibiricum hybrids,
Thum et al. In press, Chapter 2) illustrates that reduced herbicide sensitivity is an
emerging issue in aquatic ecosystem management with potentially important ecological
and economic consequences. Indeed, costs associated with losses and control of invasive
aquatic plants in the United States are more than 110 million dollars annually (Pimentel
et al. 2005). Given the recent number of reduced herbicide sensitivity cases in aquatic
plant management and the potential for severe ecological and economic problems, the
development of practices that address solutions to prevent this problem from becoming
widespread is necessary.
Recently, genetically diverse populations of hybrid watermilfoils (hybrids) were
found to have reduced sensitivity to the systemic herbicide 2,4-D (Chapter 2 ). In
laboratory studies, 12 hybrid populations exhibited reduced 2,4-D sensitivity when
compared to 13 EWM populations at concentrations of 200 – 500 µg/L 2,4-D. These
results suggest that reduced 2,4-D sensitivity has evolved through hybridization and may
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be widespread and problematic for management. It is thus imperative that we determine
what this study means for aquatic plant management. Here I discuss the implications of
this study for aquatic plant management and possible misconceptions of lake managers. I
then identify some important questions that arise from this study and priority areas of
research needed to develop operational risk assessment and management strategies.

Immediate Implications and Possible Misconceptions
Based on the results of my study, we can likely expect reduced control of hybrids
at low use rates (on the order of 200-500 µg/L ae of 2,4-D over a two day exposure time).
Management practices at these ranges may selectively target EWM, but are not likely to
selectively control hybrid watermilfoils. Recent studies suggest that the actual
concentrations and exposure times experienced in natural settings are much lower than
target concentrations due to quick dilution and dissipation, and in the realm of the
concentrations I studied (Bugbee et al. 2003, WIDNR and USACE ERDC 2011). While
further field research is needed (see below), the laboratory results were consistent with
reports from lake residents and managers describing noticeable changes in plant
morphology following initial herbicide treatments in several lakes that were originally
identified as EWM, and the ensuing decreased response by these new populations to
subsequent treatments. We should thus expect that concentrations in this range are
probably not likely to selectively control hybrids at desired levels.
In addition, the potential for reduced 2,4-D sensitivity in natural populations is
likely to be geographically widespread as opposed to being restricted to a small number
of cases. Variation has been observed in hybrid sensitivity to fluridone, where one
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population was found to be resistant (Thum et al. In press) and three others have been
found to be sensitive (Slade et al. 2006, Berger 2011). It is possible that reduced 2,4-D
sensitivity is isolated to the Great Lakes, but reduced 2,4-D sensitivity was found to be
present in all the hybrid populations tested. Given the widespread reduced sensitivity of
hybrids to 2,4-D in the Great Lakes, it is likely that reduced sensitivity to this herbicide
will be geographically wide-ranging. Even if reduced sensitivity to 2,4-D is isolated then
it may spread to other lakes and regions, thus isolated instances are still of management
concern and precautions should be taken to prevent spread.
Despite the fact that hybrids generally exhibit reduced sensitivity to 2,4-D, and we
are confident that hybrid populations do occasionally have low levels of control with 2,4D in the field (especially at low concentrations), it is not true that 2,4-D is not a viable
management tool for controlling hybrids. One possible (mis)interpretation of this study is
that 2,4-D cannot control hybrids. I argue that these results do not demonstrate that 2,4-D
will not work on hybrids. For example, there is evidence that US Environmental
Protection Agency approved “label” rates for control of EWM (2-4 mg/L ae) can be
lethal to most if not all hybrid genotypes (Poovey et al. 2007, Glomski and Netherland
2010), but more research is needed to establish these lethal rates. It is still important to
keep in mind that hybrids could exhibit reduced 2,4-D sensitivity to higher
concentrations. It is also important to consider that the use of higher 2,4-D rates for
hybrid control may be less selective for hybrids as negative effects on native species
would likely increase. We cannot necessarily expect that 2,4-D can be selectively used to
control hybrids as it has been used with EWM.
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2,4-D still remains a valuable control option, because it can provide reasonably
good control and has a relatively small number of restrictions on its use. However, these
findings demonstrate that there are some potential downfalls to conducting ‘business as
usual’ with 2,4-D, since it is now clear that reduced 2,4-sensitivity can lead to poor
control at low concentration exposure times (CET). In order to determine the extent to
which reduced 2,4-D sensitivity poses a challenge for operational risk assessment and
best management practices, many questions need to be answered. In the next section, I
identify current knowledge gaps that define research priorities for controlling hybrid
watermilfoils with 2,4-D. Where possible, I make recommendations on what research
approach(es) could fill in these gaps.

Knowledge Gaps and Research Priorities

How often are 2,4-D applications within the range of concentrations and exposure times
employed by this study, and how often do those applications result in ‘poor’ control?
We can expect hybrids to exhibit reduced sensitivity to a low range of 2,4-D
concentrations, but the frequency that hybrids experience this range of concentrations in
the field is largely unknown. The measurement of 2,4-D concentrations are not routinely
required by state regulatory agencies and therefore there are very few data on the actual
concentration and exposure times of 2,4-D treatments despite its widespread use. Despite
this, there are recent studies that suggest that the actual concentrations and exposure
times experienced in natural settings are much lower than target concentrations due to
quick dilution and dissipation, especially in spot treatments of small areas in relatively
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large lakes (Bugbee et al. 2003, WIDNR and USACE ERDC 2011). In addition,
quantitative monitoring is rarely conducted or required to assess the success of 2,4-D
treatments. Any monitoring is typically conducted by the hired consultant or contracted
applicator, instead of an unbiased third party. Once we know the frequency that hybrids
experience specific 2,4-D concentrations (particularly lower concentrations), we will be
able to predict how often hybrids are likely to cause problems for management.
Studies are thus needed to determine the actual concentrations that plants
experience in the field, how long plants experience actual concentrations, and how often
they experience these concentrations. This can be achieved by monitoring 2,4-D residues
three to seven days after applications on a subset of all treated lakes. Quantitative
monitoring methods should also be used to measure the success of 2,4-D applications
(with known concentrations) on hybrid and EWM populations. These studies should be
conducted by state agencies or an unbiased third party with funding from state agencies,
to avoid any potential survey bias from transferring associated costs to lake managers and
lake associations.

Do hybrid populations exhibit reduced sensitivity to recommended concentrations and
exposure times?
While this study (Chapter 2) argued that CETs within the range of the
experimental conditions are not uncommon in field applications, I did not argue that 2,4D applications will never reach target CETs of 1-4 mg/L ae for 2-3 days. Indeed, in a
pilot study, I found that rates of 2-4 mg/L were lethal to the hybrid populations assayed.
However, that does not necessarily indicate that hybrids will never exhibit tolerance or
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resistance to recommended target CETs. Although hybrids always exhibited reduced
sensitivity relative to EWM, my study found significant variation among different
populations, demonstrating the potential for different hybrid populations to exhibit
different levels of 2,4-D sensitivity (see Chapter Two, Table 3 and 4). Thus, laboratory
studies should compare hybrid and EWM sensitivity to a wider range of 2,4-D
concentrations.
In addition to using laboratory studies to determine the range of hybrid 2,4-D
reduced sensitivity, field studies should be used to confirm hybrid response to 2,4-D
applications under a natural setting and frequent field monitoring to pinpoint problematic
populations. Laboratory studies cannot always replicate all the conditions in a natural
environment such as frequent herbicide dispersal, so field studies should be used to
confirm their results before management recommendations are made. This can be
achieved by monitoring the success of existing 2,4-D permits given out and will require
identifying managed hybrid and EWM populations with genetic testing and 2,4-D residue
monitoring. Monitoring of 2,4-D residues and treatment success would also distinguish
between failed applications that do not reach target concentrations and failed treatments
due to reduced herbicide sensitivity. Field monitoring of both residues and response will
also determine if certain types of treatments such as small spot treatment in larger lakes
cannot even achieve rates of 2,4-D high enough to avoid selecting for reduced herbicide
sensitivity in hybrids. Frequent field monitoring would also help to establish how often
reduced 2,4-D sensitivity is actually a problem for management and to pinpoint problem
populations before they spread to other lakes.
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What are the criteria for identifying reduced sensitivity, and can reduced sensitivity be
identified before a failed treatment?
While I advocate vigilant monitoring of 2,4-D applications to identify instances of
reduced efficacy, ultimately it is imperative that accurate and feasible risk assessment
tools be developed that can forecast poor control in natural populations to avoid costly
failed 2,4-D treatments and reinforce the persistence of reduced 2,4-D sensitivity in
populations. Currently, the only way to identify reduced 2,4-D sensitivity is through a
laboratory experiment, though this could be observed through field monitoring if residue
data is present, but this is rarely the case. The methods employed by this study (Chapter
2) and Poovey et al. 2007 offer a reliable and accurate method of identifying reduced 2,4D sensitivity, but it also has several limitations. Most importantly, the 2,4-D sensitivity
assay is time consuming because healthy cultures of wild caught plants must be
established for one to two months before conducting the herbicide exposure assay. Thus,
while a growth assay may be effective for determining management strategies for lateseason 2,4-D applications or for planning treatments for the next growing season, it
cannot be conducted in the short time frames that may be needed for making short term
decisions (e.g., problematic populations that need immediate attention) or for plants that
are treated early in the season for better control. Obtaining plants with sufficient time
before applications could present a real challenge, unless collected the previous year.
Further research should focus on developing a simpler and faster laboratory assay. For
example, if healthy and fast growing field-harvested plants could be shipped in good
condition, then sensitivity assays could begin immediately, thereby reducing the assay
time from several months to one month.
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A genetic assay was developed to identify fluridone resistance in Hydrilla by
genetically identifying the mutation that caused an amino acid substitution conferring
resistance (Puri e al. 2007). Genetic assays are appealing, because data can be collected
rapidly and directly from field-collected specimens. A similar genetic assay might be able
to be developed for watermilfoil, depending on the mechanism of reduced 2,4-D
sensitivity. Currently, there is no known genetic mechanism for reduced 2,4-D sensitivity
in hybrids. Indeed, despite 60 years of use, no one has identified an exact molecular
mechanism of 2,4-D resistance in any weedy species (Powles and Yu 2010), thus direct
studies determining the genetic mechanisms of reduced 2,4-D sensitivity might be
difficult in the immediate future. It is well known that 2,4-D mimics plant growth
hormones (auxins) causing death by uncontrolled plant growth, but the biochemical
target(s) and pathway(s) impacted by 2,4-D are not entirely understood (Holt 1993),
making it especially difficult to identify genetic mechanisms compared to other
herbicides. Past research has correlated 2,4-D resistance with non-site-target resistance
via reductions in herbicide uptake and translocation (Kohler et al. 2004), and increases in
herbicide metabolism and detoxification (P-450 monooxygenase superfamily, see
Siminszky 2006; Bayley et al. 1992). It is possible that reduced 2,4-D sensitivity in
hybrid watermilfoils also reflects genetic variation in genes involved in metabolism or
detoxification (See Chapter 2 for a discussion of a potential mechanism for reduced 2,4-D
sensitivity). In addition, DNA finger printing methods that do not provide information on
genes directly responsible for response could be used to identify populations with
reduced sensitivity. For example, certain genetic lineages of hybrids might have similar
levels of reduced sensitivity, while others may be very sensitive. My study did not
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support this though, as all hybrid population exhibited reduced 2,4-D sensitivity (Chapter
2). In general, a genetic assay would provide a rapid way of identifying hybrid
populations exhibiting reduced 2,4-D sensitivity.
Given the current evidence, it is a reasonable assumption for managers to treat all
hybrid populations as if they will exhibit reduced 2,4-D sensitivity in the range of 200500 µg/L until more research and tools become available. Lake managers could choose to
treat hybrids with rates of 2,4-D close to 1- 4 mg/L, even if they have successfully used
lower concentrations in the past. The measurement of 2,4-D residues could be used to
determine if an additional bump of 2,4-D is needed to reach the target concentration. This
general strategy should provide relatively good control until more information becomes
available.

Does reduced sensitivity reflect tolerance or resistance?
It is unclear whether reduced 2,4-D sensitivity represents herbicide resistance or
tolerance. Resistance results from an evolutionary response to selection imposed by
herbicide application(s), whereas tolerance is a natural reduced sensitivity that occurs
without a previous history of exposure to the herbicide (WSSA 1998). It is possible that
hybrid lineages exhibit bona fide resistance owing to a higher genetic diversity available
to respond to selection imposed by prior 2,4-D treatment(s) in comparison to EWM, as
herbicide resistance commonly evolves after repeated chemical exposure (Roux and
Reboud 2007, Roux et al. 2008, Hugh and Reboud 2009). Indeed, genetic diversity in
hybrid lineages as a group is higher than in introduced EWM, providing more material
for selection from herbicides to act upon (Zuellig and Thum In press). Alternatively, it is
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possible that reduced sensitivity represents an emergent property of hybridity that evolves
even in the absence of previous exposure to 2,4-D, especially considering all 12 hybrid
populations exhibited reduced 2,4-D sensitivity. We could establish whether hybrids are
naturally tolerant to 2,4-D by exposing the offspring of controlled crosses between
sensitive EWM and NWM to 2,4-D. If hybrid offspring with no previous exposure to
herbicides exhibit reduced sensitivity, then hybrid watermilfoil genotypes can be
naturally 2,4-D tolerant.
Distinguishing between herbicide resistance and tolerance can have important
implications for management, though it may not have any immediate effect on short term
operational management. It does have implications for long-term management decisions
and the development of resistance management plans. If reduced 2,4-D sensitivity results
from tolerance as a side-effect of hybridization, then we might expect that all hybrids
would exhibit this tolerance and all hybrid populations could be treated with similar
management strategies. Tolerance that is found in many or common to all hybrid
populations may result in more widespread and frequent problems with herbicides. If
reduced 2,4-D sensitivity represents an evolved response after herbicide application, then
we would expect to see differences in 2,4-D sensitivity among hybrid populations. This
would require unique management plans for individual hybrid populations and plans
would need to be implemented to delay or prevent herbicide resistance. Hybrid
populations might then also have the potential to evolve increasingly higher rates of
resistance with the use of higher herbicide rates. If reduced 2,4-D sensitivity does
represent resistance then management strategies commonly used in agriculture, such as
attempting to treat at target rates by combatting problems with herbicide dispersal and
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dissipation (Neve et al. 2009), rotating herbicides, and using herbicide mixtures (Hugh
and Reboud 2009) could be incorporated into resistance management plans to prevent the
evolution of herbicide resistance in watermilfoil populations.

Conclusions
It is clear that reduced 2,4-D sensitivity is a real factor in hybrid watermilfoil
management, but I do not believe that 2,4-D cannot be used to successfully control
nuisance populations. There are many unanswered questions regarding what reduced
2,4-D sensitivity in hybrids means for operational use rates and management decisions.
Indeed, it is very likely that many hybrid populations will exhibit some level of reduced
2,4-D sensitivity and that some will likely exhibit a higher level of tolerance/resistance,
but it is largely unknown the extent of these predictions. There is no doubt that there are
difficult challenges ahead in determining the most effective management strategies for
hybrids, but if the relevant questions are answered and all stakeholders are involved in
decision-making, then we can develop efficient and successful management practices.
I therefore suggest the following questions be addressed with the relevant
research in their in order of urgency.


How often are 2,4-D applications within the range of concentrations and exposure
times employed by this study (Chapter 2), and how often do those applications
result in ‘poor’ control?



Do hybrid populations exhibit reduced sensitivity to recommended concentrations
and exposure times?
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What are the criteria for identifying reduced sensitivity, and can it be identified
before a failed treatment?



Does reduced sensitivity reflect tolerance or resistance?
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APPENDIX A. AMPLIFIED FRAGMENT LENGTH POLYMORPHISMS METHODS
FOR GENETIC IDENTIFICATIONS AND VARIATION OF WATERMILFOILS

DNA Extraction
For chapters 2 and 3, one vegetative meristem from each plant specimen was
thoroughly washed to remove periphyton and debris. DNA was extracted from the
meristem using DNEasy Plant Mini Kits (Qiagen). Extracted DNA was stored at -20 C.

AFLP Genotyping
AFLP amplification was conducted in four steps (restriction, ligation, preselective amplification, and selective amplification) following the protocol of Vos et al.
(1995). I digested 100 ng of total genomic DNA with EcoRI and MseI restriction
enzymes. Restriction digest reactions contained 4.0 µL of 10x T4 buffer with ATP (New
England BioLabs), 4.0 µL of 0.5 M NaCl (Promega), 2.0 µL of 1 mg/ml BSA (New
England BioLabs), 0.05 µL EcoRI, 0.1 µL of MseI, template, and distilled, sterile,
deionized H2O filled to a final volume of 40 µl. The restriction digest reactions were
incubated at 37 °C for one hour, 95 °C for 5 min, and then room temperature for 15 min.
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I then ligated EcoRI and MseI adaptors onto the digested fragments. Ligation
reaction mixtures contained 20 uL of the restriction digest solution, 5.465 µL of distilled,
sterile deionized H2O, 1.0 µL of 10x T4 Buffer with AT, 1.0 µL of 0.5 M NaCl, 0.5 µL of
1 mg/ml BSA, 1.0 µL of 5 µM EcoRI adapter, 1.0 µL of 50 µM MseI adapter, and 0.035
µL of T4 DNA Ligase (New England BioLabs) for a total final volume of 30 µL. The
reactions were then incubated at 37°C for 3 hours.
Pre-selective PCR reactions used the EcoRI-A and MseI-C primers (Applied
Biosystems). PCR reaction mixtures contained 8.8µL of H2O, 4.0 µL of 5x Buffer (w/
MgCl2; Promega), 2.0 µL of 2mM dNTPs (Fisher Scientific), 1.0 µL of 5µM EcoR1-A
primer, 1.0 µL of 5µM Mse1-C primer, 0.2 µL of GoTaq (Promega), and 3.0 µL of
restriction/ligation template (diluted 1:3) for a total reaction volume of 20 µL. Preselective amplification was performed on an Eppendorf EPgradient S thermal cycler with
an initial denaturation at 72 °C (2 min); followed by 21 cycles of 94 °C for 30 s, 56 °C
for 1 min, and 72 °C for 1 min; followed by a final extension of 60 °C for 30 min.
Selective PCR reactions employed the EcoRI-ACA and MseI-CAT primers in
Chapter 2 and in Chapter 3 the EcoRI-ACA and MseI-CAT primers, EcoRI-ACA and
MseI-CAC primers, and EcoRI-ACA and MseI-CAG primers. PCR reaction mixtures
contained 8.8 µL of H2O, 4.0 µL of 5x Buffer (w/ MgCl2), 2.0 µL of 2mM dNTPs, 1.0
µL of 5µM florescent labeled A-EcoR1-AXX primer, 1.0 µL of 5µM Mse1-CXX primer,
0.2 µL of GoTaq, and 3 uL of pre-selection PCR template (diluted 1:20) for a total
reaction volume of 20 µL. Selective amplification was performed on an Eppendorf
EPgradient S thermal cycler with an initial denaturation at 94 °C (2 min); followed by 10
cycles of 94 °C for 20 s, 66 °C for 30 s, and 72 °C for 2 min; followed by 20 cycles of 94
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°C for 20 s, 56 °C for 30 s, and 72 °C for 2 min; followed by a final extension of 60 °C
for 30 min.
Selective amplification products were run on an ABI 3130xl automated DNA
sequencer at the Annis Water Resources Institute using the internal size standard
MapMarker1000 ROX (BioVentures, Inc.) for genotyping.
I scored the AFLP data with GeneMapper v 4.0 (Applied Biosystems). I
considered only fragments between 80 and 500 bp in length. In our initial analysis, we
determined allele bins using a peak height threshold (PHT) of 200 relative fluorescence
units (RFU) and a bin width of 1.0 bp to ensure only strong bands were included in the
bin-set. Bin-sets were hand checked for redundant bins. The data was scored using the
created bin-set with a PHT of 50 RFU, but I visually checked and edited all allele calls.
This scoring method led to highly reproducible genotypes consisting with low scoring
error rates ranging from 1.4 to 4.5% (see Chapter 2 and 3 for specific error rates).

Taxonomic Identification
I used Structure v. 2.3.2 (Pritchard et al. 2000) to identify individuals as EWM,
NWM, or hybrid watermilfoil. I used unique individuals (unique individuals differed by
1or more AFLP bands) to avoid biasing allele frequency estimates from an excess of any
single genotype. I used an admixture model with no priors, correlated allele frequencies,
and an individual α for each population. For each analysis, I ran the MCMC for 250,000
generations with a burn-in period of 50,000 generations with 3 iterations for each k. I
present k = 3 clusters to identify individuals as belonging to three taxonomic groups,
though I did run k = 1-10 to determine k = 3 as the most likely model explaining genetic
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variation in each dataset based on three taxonomic groups (data not shown). For each
analysis, I assigned each individual to the group for which its inferred ancestry was at
least 90% for that that group, though individuals that had more than 10% inferred
ancestry for a second group was identified as hybrid.
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