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Integrating DNA fingerprinting of invasive
watermilfoil strains into aquatic vegetation

monitoring and assessment
KATHRYN A. GANNON, RAYMOND M. NEWMAN, AND RYAN A. THUM*

ABSTRACT

Eurasian watermilfoil (Myriophyllum spicatum L.) and its
hybrids with native northern watermilfoil (Myriophyllum
spicatum L. 3 Myriophyllum sibiricum Komarov) are among
the most heavily managed invasive aquatic plants in the
United States. Previous genetic studies have identified
numerous distinct Eurasian and hybrid strains that can
spread within and among waterbodies via clonal propaga-
tion. Strains can differ in their invasiveness (e.g., growth and
potential for spread) and response to herbicides. Charac-
terizing particularly problematic or invasive strains of
watermilfoil could help inform management decisions.
However, identifying strains for laboratory study (e.g.,
herbicide response) is a significant logistical challenge.
One promising tool to address this problem is strain-level
monitoring. In this study, we integrated genetic fingerprint-
ing that can distinguish different watermilfoil strains into
aquatic vegetation monitoring in eight Minnesota lakes over
the course of 3 yr. Specifically, we looked for changes in
strain composition of watermilfoil populations over time to
identify strains of specific interest for further characteriza-
tion of growth and herbicide response. Using a simulation-
based chi-square analysis, we documented significant
changes in strain composition in six of the eight water-
bodies monitored, and we identified three strains of invasive
watermilfoil and two strains of native northern watermilfoil
to prioritize for further investigation. Although more work
is needed to determine the best sampling strategies and
statistical analysis of spatiotemporal strain data, our study
suggests that integrating genetic fingerprinting into aquatic
vegetation management could help to more efficiently
identify and manage the most troublesome watermilfoil
strains.

Key words: genetic monitoring, herbicide resistance
evolution, Myriophyllum spicatum L., northern watermilfoil,
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INTRODUCTION

Eurasian watermilfoil (Myriophyllum spicatum L.) is one of
the most heavily managed invasive aquatic plants in the
United States (Bartodziej and Ludlow 1997). Eurasian
watermilfoil hybridizes with native northern watermilfoil
(Myriophyllum sibiricum Komarov), and hybrids are also
considered invasive to North America (Moody and Les
2002, Moody and Les 2007, Zuellig and Thum 2012). Invasive
watermilfoils cause environmental damage by decreasing
native plant and animal diversity, and they cause economic
damage by inhibiting water recreation (Smith and Barko
1990, Madsen 1999, Cheruvelil and Soranno 2002). As a
result, both Eurasian and hybrid watermilfoil are heavily
managed, primarily through the use of herbicides.

Within Eurasian, northern, and hybrid watermilfoil,
there are distinct genotypes or strains that are produced
through sexual reproduction but can be maintained
indefinitely by clonal propagation (Moody and Les 2002).
Strains can differ in their growth, potential for spread, and
response to herbicides used to control them (LaRue et al.
2013). For example, two strains have been documented as
fluridone resistant, whereas many other strains are suscep-
tible (Thum et al. 2012, Berger et al. 2015, Chorak and Thum
2020). Variation among strains in their growth rate and
response to other herbicides, such as 2,4-D, diquat, and
benzyl 4-amin-3-chloro-6-(4-chloro-2-fluoro-3-methoxy-
phenyl)-5-fluoropyridine-2-carboxylate (florpyrauxifen-
benzyl) has also been documented (LaRue et al. 2013,
Netherland and Willey 2017, Taylor et al. 2017, Beets et al.
2019, Hoff and Thum, personal communication).

Knowledge of strains’ growth, potential for spread, and
response to candidate herbicides used to control them
would be informative for local management planning. This
information exists for a few strains. However, a significant
challenge is how best to identify strains to prioritize them
for laboratory characterization because strain diversity is
high (Thum et al. 2020) and because logistical constraints
limit the number of strains and herbicides that can be tested
in a period of time in a single laboratory.

One promising approach to identify potentially prob-
lematic strains for further testing in the laboratory is to
monitor the strain composition of populations over time.
Some lakes can contain multiple strains (Thum et al. 2020).
In addition, if the strains within a lake differ in their growth,
potential for spread, or herbicide response, it stands to
reason that their relative abundances could shift over time,
e.g., a herbicide-resistant strain is expected to increase in
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relative frequency after management with that herbicide.
Therefore, changes in strain composition over time within a
lake could be used to identify strains that might be
particularly invasive or herbicide resistant, and such strains
could then be prioritized for laboratory testing of herbicide
response.

Although the potential for changes in genetic composi-
tion clearly exists and such changes, if documented, could
help to identify more problematic/invasive strains, strain
identification is not routinely integrated into management
planning or evaluation. Aquatic vegetation monitoring (e.g.,
mapping distribution and abundance before and after
control) is common for many operational watermilfoil
management projects, and minimal additional effort is
required to collect plants for genetic analysis during these
monitoring efforts. A previous study incorporated genetic
data into watermilfoil monitoring before, versus after,
herbicide treatments (Parks et al. 2016), but that study only
distinguished Eurasian from hybrid watermilfoil and did
not track individual strains over time. However, molecular
tools for genetic fingerprinting (the analysis of DNA to
identify and distinguish individuals, in this case, strains) are
readily available (e.g., Thum et al. 2020), and can, therefore,
be used to identify and track individual strains.

Therefore, in this study, we integrated genetic finger-
printing, which can distinguish different watermilfoil
strains, into aquatic vegetation monitoring in eight Minne-
sota lakes: five that received herbicide treatment and three
that did not. We used these data to determine whether the
strain composition in these invasive watermilfoil popula-
tions changed over time, and if so, to identify potentially
problematic strains to prioritize for future laboratory
characterization of growth and herbicide response.

MATERIALS AND METHODS

Field sampling

Between 2018 and 2020, field surveys and sample
collection were carried out in eight waterbodies in
Minnesota. Four of the waterbodies surveyed were separate
bays in Lake Minnetonka (Table 1). However, because Lake
Minnetonka is large (.5,700 ha) and because bays are the
operational management units for Lake Minnetonka, we
analyzed them separately (Table 1). Of the eight waterbodies
surveyed, five received herbicide treatments to control
watermilfoil in at least 1 of the 3 yr surveyed. Within the
waterbodies that were treated with herbicides, some

received whole-lake treatments, whereas others received
spot treatments, meaning that the herbicide was applied
only in priority areas, rather than to the waterbody as a
whole. The practice of spot treatments to manage invasive
watermilfoil is common in Minnesota. In four of those
waterbodies, the herbicides 2,4-D, florpyrauxifen-benzyl, or
diquat were applied as spot treatments. In one waterbody
(North Arm Bay of Lake Minnetonka), fluridone was applied
as a whole-bay treatment (see Table 2 and Supplemental
Maps).

Sampling sites in each waterbody were predetermined as
a point-intercept grid over the littoral zone (defined as a
depth of less than 4.6 m) (Mikulyuk et al. 2010, Eltawely et al.
2020), with grid spacing set to yield approximately 150
points in the littoral zone of each waterbody. At each
sampling point, a rake was thrown over each side of the boat
and drawn back in to collect plant material (rake toss)
(Mikulyuk et al. 2010, Thum et al. 2012, Parks et al. 2016). At
each point at which watermilfoil was observed, a represen-
tative meristem was collected for genetic analysis. Although,
at some survey sites, aquatic plant species other than
watermilfoil were observed, we did not collect data on the
presence of other species for this study. Each watermilfoil
sample was given a number and a character code corre-
sponding to the lake in which it was found and the point in
that waterbody (Eltawely et al. 2020). Each meristem was
placed in a sealed bag and placed on ice. Upon return to the
laboratory, each sample was placed in a labeled paper
envelope, which was then placed in a sealable plastic bag
with silica beads to dry the samples. Samples were then sent
to Montana State University.

Six waterbodies were sampled twice per year, early in the
growing season (June to July) and later in the growing
season (late August to September): Bald Eagle, Christmas,
and Grays Bay (Lake Minnetonka) and Ham, Independence,
and Phelps Bay (Lake Minnetonka). Smith’s Bay in Lake
Minnetonka was sampled once per year in July as a
reference (untreated lake). The North Arm of Lake
Minnetonka was surveyed twice in 2018 (prefluridone and
postfluridone treatment), and in subsequent years, it was
sampled only in August (see Table 2). Christmas Lake was
not sampled in late summer (August) 2020 because of
logistical constraints.

Genetic fingerprinting

Total genomic DNA was extracted from the collected
meristems using DNeasy Plant Mini Kits1 according to the

TABLE 1. LAKES SURVEYED: THE LOCATION OF ALL WATERBODIES INCLUDED IN THIS STUDY AND THE NUMBER OF SITES SAMPLED IN EACH WATERBODY. THE DOW NUMBER IS THE LAKE

IDENTIFICATION NUMBER GIVEN TO EACH WATERBODY BY THE DEPARTMENT OF NATURAL RESOURCES IN MINNESOTA.

Lake State County DOW Latitude Longitude Sites sampled

Christmas MN Hennepin 27013700 44853048.4794 00N 93832040.1994 00W 113
Bald Eagle MN Ramsey 62000200 4586057.24 00N 9380059.3994 00W 151
Grays Bay MN Hennepin 27013301 44857014.0394 00N 93829040.2 00W 125
Ham MN Anoka 02005300 45815025.56 00N 93813018.84 00W 147
Independence MN Hennepin 27017600 4581045.4794 00N 93838041.9994 00W 198
North Arm MN Hennepin 27013313 44857031.32 00N 93837012 00W 229
Phelps Bay MN Hennepin 27013301 44854056.1594 00N 93838056.4 00W 148
Smith’s Bay MN Hennepin 27013302 4485709.3594 00N 9383401.9194 00W 127
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manufacturer’s instructions. As in Thum et al. (2020), we
determined the taxon and strain for each sample by using
eight microsatellite loci (Myrsp 1, Myrsp 5, Myrsp 9, Myrsp
12, Myrsp 13, Myrsp 14, Myrsp 15, and Myrsp 16) from Wu et
al. (2013). Fragment analysis of the fluorescently labeled
microsatellite polymerase chain reaction (PCR) products
was carried out by the University of Illinois, Urbana-
Champaign, Core Sequencing Facility using an ABI 3730xl
sequencer.2 Scoring of microsatellites was carried out in
GeneMapper (version 5.0).3 Microsatellites were treated as
dominant, binary data, based on the presence or absence of
each possible allele at each locus. Distinct strains were
delineated using Lynch distances and a threshold of zero in
polysat software4 (Clark and Jasieniuk 2011).

Statistical analysis

Changes in the strain composition of watermilfoil
populations were analyzed at three distinct time scales:
within a single growing season (June to August), over 1 yr
(e.g., June in 1 yr to June in the next year), and over a 3-yr
period (June 2018 to June or August 2020). The incidence
for a given strain in a waterbody was interpreted as the total
number of points at which that strain was identified in each
year. For each strain, we also calculated the percentage of
sampled sites as strain incidence, divided by the total
number of sites at which watermilfoil was collected. We
refer to identified strains by a four-character code: the first
two letters indicate the waterbody in which the strain was
identified; the middle letter indicates whether the strain is
pure Eurasian watermilfoil (E), native northern watermilfoil
(N), or a hybrid (H); and the final number distinguishes
strains of the same taxa within the same waterbody. The
abbreviation ‘‘MC’’ stands for ‘‘Minnesota clones’’ and is
used to distinguish strains that are found in multiple
waterbodies included in this study. We excluded from
analysis any strain that was observed only once, because,
without multiple occurrences, it was unclear whether
singletons represent distinct strains or if they were the
result of sequencing errors.

To determine whether the strain composition of each
milfoil population changed over time, we used a simulated
chi-square test for homogeneity, based on 2,000 permuta-
tions, to compare each set of timepoints. Because each of
our data points represents a site on the lake that was visited
repeatedly, they may violate the assumption of indepen-
dence necessary to have full confidence in the results of the
chi-square test. However, the exact point visited on the lake
likely varied over time because of the variability in survey
conditions (wind and water movement, etc.) and the
accuracy of the global positioning system (GPS) used.
Therefore, we believe that the simulation-based chi-square
test is still useful for providing an indication of strain
dynamics, until more-robust sampling methods are imple-
mented. Furthermore, chi-square analysis has been used
previously in similar studies of aquatic vegetation using
point-intercept surveys (Mikulyuk et al. 2010, Nault et al.
2018). All statistical analysis was carried out in R software
(version 3.6.3)5 (RStudio Team 2018).

RESULTS AND DISCUSSION

Treated lakes

Bald Eagle Lake. In Bald Eagle Lake, in June 2018, the
most-abundant strain was hybrid BE-H-3 (present at 41
sites; 40% of all watermilfoil occurrences), followed closely
by a Eurasian strain MC-E-1 (present at 33 sites, 32% of all
watermilfoil occurrences) and northern strain BE-N-2
(present at 27 sites, 26% of all watermilfoil occurrences).
After 2,4-D treatment, in July 2018, all three strains (taxa)
decreased (Figure 1A; Supplemental Map 1). Then, as the
population recovered, there was a shift in its genetic
composition: BE-N-2 and BE-H-3 increased disproportion-
ately relative to MC-E-1 (Figure 1A). In June 2020, BE-N-2
was present at 40 sites, making up 68% of all watermilfoil
occurrences, and BE-H-3 was present at 16 sites, 27% of all
watermilfoil occurrences, whereas MC-E-1was not found
again after 2019. Interestingly, the relatively greater
increase of the northern strain BE-N-2 is counter to the

TABLE 2. SURVEY AND TREATMENT HISTORY: THE SAMPLING TIMES AND HERBICIDE TREATMENTS FOR EACH WATERBODY FOR EACH YEAR OF THE STUDY. SAMPLING TIMES INDICATE

WHEN THE WATERBODY WAS VISITED AND WHEN SAMPLES WERE COLLECTED. SOME WATERBODIES RECEIVED SPOT TREATMENTS, MEANING THAT ONLY CERTAIN PRIORITY AREAS OF THE

WATERBODY WERE TREATED WITH HERBICIDE. THE TOTAL TREATED AREA (SUM OF ALL SPOT TREATMENTS) IS GIVEN IN HECTARES/ACRES IN PARENTHESES AFTER THE NAME OF THE

HERBICIDE APPLIED.

Lake

2018 2019 2020

Sampling Treatment (ha/ac) Sampling Treatment (ha/ac) Sampling Treatment (ha/acres)

Christmas June and August None June and August None June None
Bald Eagle June and August 2,4-D (17.08/42.2) June and August None June and August None
Grays Bay June and August florpyrauxifen-benzyl

(17.08/42.2)
June and August florpyrauxifen-benzyl

(4.0/8.4)
June and August Diquat (6.31/15.6) and

florpyrauxifen-benzyl
(7.14/17.65)

Ham June and August florpyrauxifen-benzyl
(4.9/12)

June and August None June and August None

Independence June and August None June and August None June and August None
North Arm June and August Fluridone (whole lake) August None August None
Phelps Bay None None August None June and August Diquat and florpyrauxifen-benzyl

(8.62/21.3)
Smith’s Bay July None July None July None

Abbreviation: florpyrauxifen-benzyl, benzyl 4-amin-3-chloro-6-(4-chloro-2-fluoro-3-methoxyphenyl)-5-fluoropyridine-2-carboxylate
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general expectation that pure Eurasian and hybrid strains
will outcompete native northern strains.

We found strong evidence for a change in the strain
composition of the watermilfoil population in Bald Eagle
Lake from June of 2018 to June of 2019 and from June of
2018 to June of 2020 (simulated chi-square, P , 0.001), but
we did not find any strong evidence of a change within any
of the three separate growing seasons (P . 0.10) (Table 3).

Both BE-H-3 and MC-E-1 are also found in other lakes
around the Minneapolis metropolitan area. MC-E-1 is
widespread across Minnesota, and BE-H-3 is the most
commonly encountered hybrid strain in Minnesota thus
far (Eltawely et al. 2020, Thum et al. 2020). The dispropor-
tionate increase of BE-N-2 and BE-H-3, compared with MC-
E-1, in Bald Eagle Lake may indicate that they are relatively

more-invasive strains (Figure 1A). All three strains would,
therefore, be of interest for laboratory study to investigate
and compare their relative growth rate and 2,4-D response.

Grays Bay. Grays Bay was spot-treated with florpyraux-
ifen-benzyl in all 3 yr and was also spot-treated with diquat
in 2019 and 2020. Despite these repeated herbicide
treatments, the bay-wide milfoil incidence continued to
increase. Watermilfoil was found at 23 sites in June of 2018,
42 sites in June of 2019, and 66 sites in June of 2020. Bay-
wide watermilfoil incidence did not decrease until August of
2020, when watermilfoil was found at only 22 sites. We
identified five different strains of hybrid watermilfoil in
Grays Bay; of these, MC-H-12 was the most common, and
the other four were less common.

Figure 1. The strain composition of the watermilfoil population in each waterbody over time. Each panel represents a different waterbody. Point and line
colors indicate different strains within the waterbody. Dashed, vertical, red lines indicate herbicide treatments. The x-axis represents the sampling
timepoint, and the y-axis represents the percentage of sampled sites where each strain was found (number of sites where the strain was collected, divided
by the total number of surveyed sites). Note that, although the changes in frequency are not continuous between dates, we have included lines connecting
points of the same strain to make it easier to track individual strain occurrence over time. Strains are identified by a four-character code: the first two
letters indicate the waterbody in which the strain was identified; the middle letter indicates whether the strain is pure Eurasian watermilfoil (E), native
northern watermilfoil (N), or a hybrid (H); and the final number distinguishes strains of the same taxon within the same waterbody. The abbreviation ‘‘MC’’
stands for ‘‘Minnesota clones’’ and is used to distinguish strains that are found in multiple waterbodies included in this study.
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We did not detect a statistically significant change in
genetic composition (P . 0.10) (Table 3). Instead, hybrid
strain MC-H-12 remained the most-abundant strain across
all 3 yr (Figure 1B). In June 2018, hybrid strain MC-H-12 was
present at 13 sites, comprising 57% of all watermilfoil
occurrences; in June 2019, it was present at 30 sites,
comprising 71% of all watermilfoil occurrences, and in
June of 2020, it was present at 49 sites, comprising 74% of
all watermilfoil occurrences. It is notable that watermilfoil
occurrence, including MC-H-12, appeared to increase
primarily outside of treated areas (Supplemental Map 2).
However, MC-H-12 also made up more than 60% of all
watermilfoil occurrences in treated areas over all 3 yr, which
indicates that its persistence is unlikely to be an artifact of
simply escaping treatment. Instead, MC-H-12 may be either
relatively fast to recolonize or less sensitive to the
florpyrauxifen-benzyl and/or diquat, and therefore, further
laboratory study of MC-H-12 is warranted.

Ham Lake. In Ham Lake, hybrid strain HM-H-14 was, by
far, the most-abundant strain in June 2018 (present at 31
sites; 91% of all watermilfoil occurrences), whereas north-
ern watermilfoil strain HM-N-15 was comparatively rare
(present at three sites; 9% of all watermilfoil occurrences)
(Figure 1C). Following spot-treatments with florpyrauxifen-
benzyl in July 2018, hybrid strain HM-H-14 decreased from
present at 48 sites (98% of all watermilfoil occurrences) in
August 2018, to only six sites (50% of all watermilfoil
occurrences) in June 2019. On the other hand, northern-
strain HM-N-15 increased from present at a single site (2%
of watermilfoil occurrences) in August 2018, to present at
six sites (50% of all watermilfoil occurrences) in June 2019.
This was a statistically significant change in genetic
composition between 2018 and 2019 (P ¼ 0.006) (Table 3).
It is important to note that hybrid-strain HM-H-14 was
more prevalent in treated areas compared with northern-
strain HM-N-15 (areas treated in July 2018 contained eight
sites with hybrid-strain HM-H-14 present in June 2018,
whereas northern-strain HM-N-15 was not present in any
treated areas) (see Supplemental Maps). Therefore, the
disproportionate decrease of hybrid-strain HM-H-14 com-
pared with northern-strain HM-N-15 may reflect the fact
that it was disproportionately treated with herbicide.
Nevertheless, even after being disproportionately treated

with herbicides in 2018, in the absence of treatments in
2019 and 2020, hybrid-strain HM-H-14 rebounded to
pretreatment abundance by the end of 2020 (hybrid-strain
HM-H-14 was present at 42 sites in August 2020, accounting
for 82% of all watermilfoil occurrences; Figure 1C). We did
not find any statistical evidence for a change in composition
between June 2018 and August 2020 (P . 0.10) (Table 3). A
visual comparison of HM-H-14 incidence in treated versus
untreated areas indicates that the florpyrauxifen-benzyl
treatments appeared to be effective and that the persistence
and increase in HM-H-14 over time reflects recolonization
of treated areas from untreated areas (Supplemental Map
3). Therefore, there is no immediate concern regarding the
efficacy of florpyrauxifen-benzyl on this strain, but addi-
tional monitoring and careful evaluation of the size of
treated areas relative to recolonization ability of this strain
is warranted.

Phelps Bay. Phelps Bay was not treated in 2019 but was
treated with florpyrauxifen-benzyl in July 2020, resulting in
a substantial decrease in bay-wide milfoil incidence between
June 2020 (watermilfoil present at 63 sites) and August 2020
(watermilfoil present at only eight sites). We observed a
concomitant, significant change in genetic composition
between June and August 2020 (P , 0.001) (Table 3).
Specifically, three hybrid strains (PB-H-2, PB-H-3, and PB-
H-7), which were present before treatment, were not found
at any sites after treatment, and one hybrid strain, PB-H-8
was found at only one site after treatment. Therefore, none
of the hybrid strains in this bay raise any immediate
concern about resistance to florpyrauxifen. In contrast,
northern-watermilfoil strain PB-N-10 was present at seven
sites after treatment in August 2020 and made up 88% of all
watermilfoil occurrences (Figure 1D).

Of the watermilfoil identified within treated areas before
treatment, 83% were hybrid strains (PB-H-7 and PB-H-8),
whereas northern-strain PB-N-10 accounted for only 17%
of treated sites (Supplemental Map 4). This raises the
possibility that the disproportionate decrease in hybrid
strains compared with northern-strain PB-N-10 reflects the
formers’ disproportionate treatment with florpyrauxifen-
benzyl. Alternatively, the persistence of PB-N-10 (and the
concomitant change in genetic composition) raises the
possibility that PB-N-10 may be less susceptible to florpyr-

TABLE 3. CHANGE IN COMPOSITION: P VAUES INDICATE THE AMOUNT OF EVIDENCE FOR A CHANGE IN STRAIN COMPOSITION IN EACH WATERBODY AT EACH OF THREE TIMESCALES:
WITHIN THE GROWING SEASON OF EACH YEAR (JUNE TO SEPT OF THE SAME YEAR), BETWEEN YEARS SAMPLED (JUNE OF 1 YR TO JUNE OF THE SUBSEQUENT YEAR), AND OVER THE 3-YR
WINDOW (JUNE 2018 TO JUNE 2020). P VALUES ARE BASED ON A SIMULATED CHI-SQUARE TEST FOR HOMOGENEITY WITH 2,000 PERMUTATIONS. THE TREATMENT COLUMN INDICATES

THE YEARS THAT EACH WATERBODY RECEIVED A HERBICIDE TREATMENT (FOR THE SPECIFIC HERBICIDE USED AT EACH TIMEPOINT SEE TABLE 2).

Lake Treatment

P value

Growing season 1 yr

3 yr2018 2019 2020 2018 to 2019 2019 to 2020

Bald Eagle 2018 0.136 0.347 0.276 ,0.001 1 ,0.001
Grays Bay (Minnetonka) 2018, 2019, and 2020 0.793 0.94 0.222 0.584 0.969 0.18
Ham 2018 0.304 0.256 0.754 0.006 0.143 0.33
North Arm (Minnetonka) 2018 NA NA NA 0.009 0.642 0.28
Phelps Bay (Minnetonka) 2020 NA NA 0.008 NA ,0.001 ,0.001
Smith’s Bay (Minnetonka) — NA NA NA 0.061 0.054 0.36
Christmas — 0.199 0.036 NA 0.096 0.017 ,0.001
Independence — 0.678 1 0.302 0.335 0.279 0.35

Abbreviation: NA, not available.
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auxifen-benzyl compared with that of the hybrid strains
present in 2018. Further genetic monitoring in Phelps Bay is
warranted to determine whether the PB-N-10 will continue
to outcompete and displace hybrid strains in the absence of
herbicide.

North Arm. In North Arm, a bay-wide (‘‘whole lake’’)
fluridone treatment in 2018 virtually eliminated invasive
watermilfoil (watermilfoil was observed at 84 sites in June
2018 before treatment, and no watermilfoil was observer in
August 2018 after treatment). Therefore, there was no
evidence for fluridone resistance by any of the strains
present (Figure 1E). Further, there was no evidence for a
change in genetic composition between any time points
during the study period (P . 0.10) (Table 3). However, MC-
H-7 was the dominant strain in June 2018 before treatment
(of the 84 watermilfoil plants found in June 2018, 66 plants
[78%] were MC-H-7), and it was also the dominant strain in
2020, when a small number of plants were found (of the 14
watermilfoil plants found in August of 2020, 8 [57%] were
MC-H-7) (Figure 1E) (Supplemental Map 5). It is unclear
whether the recolonization of MC-H-7 in 2020 reflects
regrowth of a few plants that survived the 2018 treatment or
whether MC-H-7 reflects recolonization from other Minne-
tonka bays in which it is present (MC-H-7 is also found in
Smith’s and Grays bays). Although there are no immediate
concerns that MC-H-7 is fluridone resistant, further
monitoring of North Arm is warranted to determine
whether MC-H-7 is fast growing (more invasive), which
could explain its rapid appearance in North Arm Bay after
treatment.

Untreated waterbodies

Smith’s Bay. In Smith’s Bay, the overall milfoil abundance
increased from 49 sites in 2018 to 83 sites in 2019, but then
decreased to 65 sites in 2020 (Figure 1F; Supplemental Map
6). Hybrid strain MC-H-7 was the most-abundant strain in
all 3 yr (hybrid-strain MC-H-7 comprised 39% of all
watermilfoil occurrences in 2018, 53% in 2019, and 45%
in 2020). The changes in overall milfoil abundance
correspond to changes in the dominant MC-H-7 strain,
which increased from present at 19 sites in 2018 to present
at 44 sites in 2019 but, then, decreased to present at only 29
sites in 2020. As a result of these disproportionate changes,
we observed marginally significant changes in genetic
composition in Smith’s Bay from 2018 to 2019 (P ¼ 0.054)
and from 2019 to 2020 (P ¼ 0.051) (Table 2).

Lake Independence. In Lake Independence in 2018, Eur-
asian-strain MC-E-1 was slightly more abundant than
hybrid-strain IN-H-99 (in June 2018, MC-E-1 was found at
25 sites, whereas IN-H-99 was found at 22 sites). However,
IN-H-99 increased over the next 3 yr and became the more-
dominant strain; by June 2020, IN-H-99 was found at 31
sites, whereas strain MC-E-1 was found at only 11 sites
(Figure 1G; Supplemental Map 7). Although this change was
not statistically significant (P . 0.10; Table 3), the switch in
rank between IN-H-99 and MC-E-1 is interesting and is
worth additional monitoring to determine whether the
hybrid strain will outcompete MC-E-1 and displace it.

Christmas Lake. In Christmas Lake, the milfoil population
was initially dominated by Eurasian-strain MC-E-1 (Figure
1H). In 2018, Eurasian-strain MC-E-1 was present at 41 sites
and made up 67% of the watermilfoil occurrences, whereas
the second most-abundant strain, northern-strain CH-N-1,
was present at 18 sites and comprised 30% of watermilfoil
occurrences. However, over the course of our study, the
northern-watermilfoil strain CH-N-1 increased in inci-
dence, whereas the Eurasian-watermilfoil strain MC-E-1
decreased (Supplemental Map 8). By 2020, northern-strain
CH-N-1 was present at 36 sites and accounted for 69% of
watermilfoil occurrences, whereas Eurasian-strain MC-E-1
was present at 14 sites and accounted for 27% of water-
milfoil occurrences (Figure 1H). This increase in the relative
frequency of CH-N-1 represents a significant change in
strain composition from June to August 2019 (P¼0.036) and
between June 2019 and June 2020 (P¼0.017). This pattern is
surprising, because Eurasian-watermilfoil is typically as-
sumed to outcompete native northern watermilfoil and
because MC-E-1, in particular, is the widespread Eurasian
strain in Minnesota (Eltawely et al. 2020).

Overall

To our knowledge, this is the first published study to
document changes in strain composition of invasive water-
milfoil populations over time. Two previous studies have
documented changes in the relative frequency of pure
Eurasian versus hybrid watermilfoil (Parks et al. 2016, Nault
et al., 2018). However, none of these studies examined the
invasive watermilfoil population composition beyond dis-
tinguishing pure Eurasian from hybrid watermilfoil.

In six of the eight waterbodies, we found evidence for a
change in strain composition (meaning that strains in-
creased or decreased disproportionately to one another) in
a single year (June of 1 year to June of the following year):
Bald Eagle Lake, Christmas Lake, Ham Lake, the North Arm
of Lake Minnetonka, Smith’s Bay, and Phelps Bay in Lake
Minnetonka (Table 3: 1 yr). Additionally, in two water-
bodies, we detected strong evidence of a change in strain
composition within a single growing season: Christmas Lake
in 2019 and Phelps Bay (Lake Minnetonka) in 2020 (Table 3:
growing season). The fact that changes were observed
indicates that the genetic composition of invasive water-
milfoil populations can be dynamic over time, and the
number of lakes in which changes were observed (six of
eight in a 3-yr period) suggests that such changes are
common when multiple strains co-occur (Table 3: 1 yr).
Further, the fact that changes in composition were observed
in both treated lakes and untreated lakes indicates that such
changes may occur independent of management activities.

Throughout the course of this study, we identified three
strains of invasive watermilfoil that merit further investiga-
tion: BE-H-3 increased disproportionately compared with
other co-occurring strains in Bald Eagle Lake, MC-H-12
disproportionately increased despite repeated herbicide
treatment in Grays Bay, and MC-E-1 was widespread in Bald
Eagle, Christmas Lake, Independence Lake, and Smith’s Bay.
We, therefore, recommend that the growth rate and
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herbicide response of these strains should be investigated
via vegetative growth and herbicide assays.

Additionally, two strains, BE-H-3 and MC-E-1 (both
identified in Bald Eagle Lake) are widespread across
Minnesota (Thum et al. 2020), and BE-H-3 has been
identified in seven lakes, thus far, in Minnesota (Eltawely
et al. 2020). Interestingly, strain BE-H-3 has also been
documented as the most-abundant strain in Otter Lake,
MN. Previous studies have collected accessions from Otter
Lake hybrid watermilfoil and used them in herbicide assays
(Poovey et al. 2007, Berger et al. 2015). In one such study,
Poovey et al. (2007) found that the Otter Lake hybrid strain
response to 2,4-D was similar to that of the Eurasian strain
included in this study. Although we do not have historic
genetic identification to confirm whether the strain used in
Poovey et al. (2007) is the same BE-H-3 strain found in Bald
Eagle Lake in 2018 to 2020, it is reasonable to suspect that
they may be the same. However, in Bald Eagle Lake, after a
treatment with 2,4-D, strain BE-H-3 increased dispropor-
tionately compared with MC-E-1, which indicates that BE-
H-3 could be more invasive (faster growing and/or more
resistant) compared with at least one Eurasian strain.
Because both of these strains are found in a number of
other lakes in the region (Thum et al. 2020), including them
in further laboratory assays could reveal insights about their
relative invasiveness, which could be applied to the
management of multiple lakes.

Interestingly, in three lakes, we observed native north-
ern-watermilfoil strains that appeared to be outcompeting
their invasive counterparts by disproportionately increasing
or by decreasing less after treatment). In two of those lakes,
the pattern may be linked to herbicide response. In Bald
Eagle Lake, after 2,4-D treatment in 2018, native-strain BE-
N-2 decreased less than its invasive hybrid and pure
Eurasian counterparts. Additionally, over the next 2 yr,
BE-N-2 continued to increase and remained the most-
common strain. Similarly, in Phelps Bay, native strain PB-N-
10 persisted, despite florpyrauxifen-benzyl treatment,
whereas its hybrid counterparts perished. It is possible that
these patterns can be explained by a disproportionate
treatment of Eurasian and hybrid watermilfoil compared
with the native northern strains in these lakes. However, it is
also possible that the northern strains in these lakes may
exhibit a decreased susceptibility to the herbicides applied,
and this warrants further consideration, especially given the
possibility that hybridization of resistant northern-water-
milfoil strains with Eurasian watermilfoil might generate
resistant hybrid strains.

In addition, in Christmas Lake, the native northern-
watermilfoil strain appears to be outcompeting its invasive
counter parts in the absence of herbicide treatment.
Between 2018 and 2020, the native northern-watermilfoil
strain CH-N-1 displaced the pure Eurasian-strain MC-E-1 as
the most-common strain in the population. This pattern is
surprising because long-term field observation suggests that
both hybrid and pure Eurasian watermilfoil are generally
more invasive and outcompete native northern watermilfoil
(Aiken 1979, Nichols 1994; but see Valley and Newman
1998). In the absence of herbicide treatment, one possible
explanation for the disproportionate increase of native

northern watermilfoil over pure Eurasian watermilfoil may
be the presence of the native milfoil weevil (Euhrychiopsis
lecontei) because weevils prefer Eurasian watermilfoil over
the native northern strain (Newman 2004). Our observa-
tions suggest that the interactions between native and
invasive watermilfoils may warrant further investigation.

The herbicide response of the rest of the strains detected
in this study did not raise immediate concerns. However,
where feasible, we recommend continued genetic monitor-
ing to identify potentially problematic strains before they
become management concerns.

Recommendations

We advocate for more-widespread integration of genetic
monitoring into invasive watermilfoil management because
it can be used to detect changes in strain composition that
might signify the presence of strains of watermilfoil that are
particularly problematic or invasive. Additionally, genetic
monitoring efforts may confirm the presence in the lake of
strains that have been previously characterized from other
waterbodies. We recognize that incorporating genetic
monitoring into watermilfoil management programs in-
cludes additional cost and effort, and incorporating genetic
monitoring for every lake is not feasible. However, aquatic
vegetation mapping is common for many operational
watermilfoil management projects, and for those projects,
we argue that minimal additional effort is required to
collect milfoil plants for genetic analysis. Because the
financial cost of genetic monitoring may be prohibitive,
we recommend that an initial sample of approximately 20 to
50 plants be analyzed from any given lake before undertak-
ing any extensive genetic monitoring to determine whether
monitoring might be informative. For example, genetic
monitoring of lakes with only one strain is unlikely to be
worth the cost investment, whereas genetic monitoring will
be more informative for lakes with multiple strains.
Therefore, we encourage managers to consider incorporat-
ing genetic monitoring into management projects where it
is feasible for them to do so.

However, although integrating genetic fingerprinting
into aquatic vegetation surveys may allow researchers to
prioritize certain strains for laboratory characterization,
observation of a change in composition alone is insufficient
to confirm herbicide resistance, and laboratory assays for
growth rate and herbicide response are still necessary. It
should also be noted that, in some cases, there may be no
observable change in population composition, even when
problematic or invasive strains of watermilfoil are present.
Here, we identify potentially confounding factors that
should be accounted for when interpreting the results of
genetic monitoring efforts, and we offer suggestions for
further research to address these challenges.

First, control efficacy will be a function of the herbicide
concentration and exposure time (CET), which may differ
intentionally or unintentionally. In this study—as for most
watermilfoil management—we do not have data on the
herbicide concentration and exposure times achieved.
Therefore, it is possible that some of the effects we
observed are a function of differences in CET achieved
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rather than differences between strains in their growth
rate or herbicide response. Further, the same strain may
exhibit better or worse control in one lake compared with
another because of differences in CET achieved. Never-
theless, and because most watermilfoil management in-
cludes vegetation monitoring anyway, we feel that
monitoring strain dynamics can help identify strains for
further study in the laboratory.

Second, when interpreting lake-wide dynamics in spot-
treated lakes, it is important to consider the spatial
structure of milfoil strains and whether there is any
relationship between where each strain is found and where
spot treatments were applied. For example, if one strain
happens to disproportionately occur inside or outside
treated areas, then it may disproportionately decrease or
increase, which could confound inferences about its relative
sensitivity to the herbicide application. This may have been
the case in Ham Lake with hybrid-strain HM-H-14
compared with northern-strain HM-N-15. We, therefore,
recommend further investigation into the spatial structure
of milfoil strains within lakes, and genetic monitoring
efforts on whole-lake treatments may avoid some of the
confounding factors associated with spot treatments.
Alternatively, future studies should carry out more-concen-
trated sampling within treated areas to evaluate spot
treatments.

Third, it is important to recognize that genetic
monitoring cannot necessarily distinguish among plants
that recolonized treated areas from untreated areas versus
plants that survived herbicide treatment because they
exhibit some level of resistance per se. For example, fast-
growing strains may not exhibit resistance but may
effectively recolonize treated areas over short periods,
giving the appearance of resistance. This may have been
the case in the North Arm Bay with hybrid-strain MC-H-7.
Nevertheless, we argue that strains that occur within
treated areas relatively quickly after treatment should be
prioritized for laboratory study to specifically test whether
they are resistant and/or fast growing (i.e., relatively more
invasive).

Finally, it is important to distinguish between statistical
significance and biological significance when interpreting
genetic monitoring data. Logistical restrictions in sample
size (time and effort) present a challenge in acquiring
adequate statistical power to detect biologically significant
changes. For example, rare strains will have low counts and
concomitantly low statistical power to detect changes.
Similarly, when herbicide treatments are efficacious overall,
the number of survey points with milfoil after treatment will
be low, and therefore, the power to detect changes in
composition may be low, unless and until milfoil occurrence
increases to pretreatment levels. With spot treatments, the
number of intercept points that fall within treated areas
may be low, which will limit the power to detect changes in
treated areas. To address the challenge of statistical power,
we recommend in silica power analyses and simulations to
determine the amount of sampling necessary to detect
changes of different magnitudes under different initial
frequency scenarios.

Conclusion

We have shown that integrating genetic fingerprinting
into aquatic vegetation management and evaluation can be
used to track changes in strain composition and to identify
strains that are of specific interest for further characteriza-
tion of growth and herbicide response. We also provide
sampling and interpretation recommendations for genetic
monitoring strategies in the future. Although further
research is still needed to determine the best sampling
strategies and statistical analysis of spatiotemporal strain
data, our study provides proof of concept that integrating
genetic fingerprinting into aquatic vegetation management
could facilitate efficient identification and management of
the most troublesome watermilfoil strains.
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