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Abstract
Invasive species are known to have negative ecological effects. However, few studies have evaluated
the impacts of invasive species relative to the effects of invasive species control, thereby limiting our
ability to make informed decisions considering the benefits and drawbacks of a given management
approach. To address this gap, we compared the ecological effects of the invasive aquatic plant
Eurasian watermilfoil (Myriophyllum spicatum L.) with the effects of lake-wide herbicide treatments
used for M. spicatum control using aquatic plant data collected from 173 lakes in Wisconsin, USA.
First, a pre–post analysis of aquatic plant communities found significant declines in native plant
species in response to lake-wide herbicide treatment. Second, multi-level modeling using a large data
set revealed a negative association between lake-wide herbicide treatments and native aquatic plants,
but no significant negative effect of invasive M. spicatum. Taken together, our results indicate that
lake-wide herbicide treatments aimed at controlling M. spicatum had larger effects on native aquatic
plants than did the target of control—invasive M. spicatum. Our comparison reveals an important
management tradeoff and encourages careful consideration of how we balance the real and perceived
impacts of invasive species and the methods used for their control.
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Introduction
Humans are transporting species faster, farther, and more frequently than ever before, thus providing
opportunities for species to establish populations far outside of their native range. These invasive
species can have adverse effects on native species and recipient ecosystems (Ricciardi 2007;
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Ehrenfeld 2010). In response, significant effort is directed toward suppressing or eradicating invasive
species using a variety of approaches such as pesticide application, mechanical removal, and biological
control.

Reducing invasive species populations can mitigate the adverse effects on native species and ecosys-
tems (Simberloff 2009); however, control actions also have the potential for unintended and harmful
effects on native species and ecosystems (Zavaleta et al. 2001; Bergstrom et al. 2009; Rinella et al. 2009;
Lu et al. 2015). Given that both invasive species and invasive species control can have negative effects
on native species and ecosystems, there is a clear need to compare their relative effects. Here, we
directly compare the ecological effects of an invasive species relative to those of herbicide treatments
often used for control. We ask: is the management “cure” for invasive species worse than the disease
it is intended to treat? The ability to make this direct comparison is of great value to natural resource
managers who often grapple with management trade-offs and are ultimately interested in minimizing
negative impacts on native species and ecosystems.

This study examines the nonnative aquatic plant Myriophyllum spicatum (Eurasian watermilfoil),
which in many parts of North America is a notorious nuisance. For example, lakefront property
values in the U.S. states of Wisconsin and Washington were 13%–19% lower on lakes invaded
by M. spicatum (Provencher et al. 2012; Olden and Tamayo 2014). Recreational impacts following
M. spicatum invasion have also been well documented (Horsch and Lewis 2009; Eiswerth et al.
2000). However, results contrast when it comes to M. spicatum’s ecological effects. Myriophyllum
spicatum , like many invaders, is often assumed to have adverse ecological impacts—and
this has been verified in a few studies that examine large or rapidly expanding populations
(Madsen et al. 1991; Boylen et al. 1999). Other studies stop short of declaring adverse
ecological effects, do not link M. spicatum invasion to reductions in native species across the
landscape, or reveal the abundance distributions are not remarkably different from those of
native species (Trebitz and Taylor 2007; Hansen et al. 2013b; Gräfe 2014; Muthukrishnan
et al. 2018).

Given the potential for undesirable consequences, herbicide treatments are often used as a manage-
ment tool to control M. spicatum populations. Lake-wide chemical treatments (frequently using one
of several different formulations of 2,4-dichlorophenoxyacetic (2,4-D) acid alone or in combination
with other herbicides) have been shown to produce short-term reductions inM. spicatum populations
(Kovalenko et al. 2010; Kujawa et al. 2017). Yet several studies have also found that large-scale
herbicide treatments can cause significant declines in native aquatic plants, in addition to the target
invasive species (Wagner et al. 2007; Nault et al. 2014, 2018).

While research suggests that both invasiveM. spicatum and lake-wide herbicide treatment can have
negative effects on native plant species, no documentation exists to compare the magnitude of these
negative effects. Here, we used a large observational data set for lakes in the state of Wisconsin,
USA, and statistically compared the effects of M. spicatum and lake-wide herbicide treatments on
native aquatic plant communities. First, we evaluated the impacts of lake-wide herbicide treatment
on native plant species using a pre–post comparison that assesses native species declines. Second,
we used a multi-level modeling framework to statistically compare the effects of herbicide treatment
and the effects of invasive M. spicatum on native aquatic plants. Taken together, we examine
whether the negative ecological effect of lake-wide herbicide treatments used to controlM. spicatum
exceeds the negative ecological effect of M. spicatum. Our results underscore the need for develop-
ing a better understanding of the relative impacts of invasive species and the methods that are being
used to control their populations.
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Methods

Aquatic plant surveys
We obtained aquatic plant survey data from 442 Wisconsin lakes sampled between 14 May and 12
October 2005–2012 under the aquatic plant management program administered by the Wisconsin
Department of Natural Resources (DNR). Some lakes were surveyed multiple times, resulting in a
final set of 634 aquatic plant surveys. A subset of the lakes in this larger data set was used in this
analysis (Fig. 1). Surveys employed a grid-based point-intercept sampling method to sample
submersed, emergent, floating leaf, and free-floating species presence from a boat at multiple points
per lake (Hauxwell et al. 2010). The number of points scaled with lake littoral area and shoreline
complexity (Mikulyuk et al. 2010) and, on average, there were 199 sampling points per lake littoral
zone, ranging from 10 to 1017. At each littoral sampling point, observers used a double-sided bow
rake attached to a 4.5-m pole to remove plants from a 0.3-m2 area. A similar rake attached to a rope
was used to collect plants from sampling points deeper than 4.5 m. All live plants detached by the rake
were identified to species (Crow and Hellquist 2000a, 2000b), except for macroalgae species
(i.e., Chara and Nitella), which were identified to genus. Species present in fewer than 5% of lakes
were excluded because we lacked sufficient data to describe their occurrence patterns. For each
aquatic plant species, we estimated the frequency of occurrence in the littoral zone as the proportion
of sampled points a species was detected. We use this as our metric of aquatic plant abundance
(hereafter abundance) as the response variable for all analyses.

We obtained lake environmental data from Papeş et al. (2011). Water clarity and alkalinity are known
to be important drivers of plant community composition; therefore, we used estimates of Secchi depth
(m) and alkalinity (mg CaCO3/L) as environmental variables (Vestergaard and Sand-Jensen 2000;
Mikulyuk et al. 2011). Missing values comprised 4% of the total number of observations and were
imputed via predictive mean matching (Little 1988).

Pre–post herbicide treatment analysis
To evaluate the effect of lake-wide herbicide treatment on aquatic plant communities, we performed a
pre–post treatment comparison, using untreated lakes sampled across time as a background against
which to compare observed patterns in species abundance. We used DNR treatment records to
identify lakes that experienced lake-wide herbicide treatment for M. spicatum that also had pre- and
post-treatment plant data. Lakes were only included if a pretreatment survey occurred fewer than
three years prior to treatment and the post-treatment survey occurred within a year of treatment
(N = 25 lakes; Table S1). Herbicide treatments took place in early spring (April–May) while plant
community surveys took place later in the growing season (late June to early September).
Treatments varied with respect to herbicide formulation and application rate, but all were designed
to attain lake-wide herbicide concentrations capable of effectively controlling M. spicatum and
employed liquid or granular formulations of 2,4-D acid (Table S1).

We asked whether aquatic plant species change more after a herbicide treatment compared with back-
ground rates of interannual change. For each species in each of the 25 treated lakes, we used Pearson’s
χ2 test of independence to assess whether there was a significant pre- to post-treatment change in the
population. For each lake, we counted the number of species with statistically significant increases or
decreases. To describe the background rate of interannual variation, we conducted the same analysis
using two randomly selected years for each untreated lake that had multiple plant surveys
(N = 46 lakes). We compared the observed patterns across treated and untreated systems as a measure
of the effect of lake-wide herbicide treatment on aquatic plant communities.
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Effect of herbicide treatment and M. spicatum effects on aquatic
plants
We employed the multilevel modeling framework described by Jackson et al. (2012) to simultaneously
evaluate the effects of environmental variables, including invasive M. spicatum and herbicide
treatment, on native aquatic plant species and community composition. For each predictor included
in the model, the fixed-effects coefficient (β) reflects the overall mean response of all aquatic plant
species to that predictor. The model also includes a set of random effects coefficients whereby

Fig. 1. Map showing treated (n = 25) and untreated (n = 148) lakes included in the pre–post and comparative
analysis. Untreated lakes in the larger dataset that were not included in either analysis are not shown. Map created
using ArcMap 10.6.1. Data sources: North American States and Provinces from Tele Atlas North America, Inc.
(ESRI). County Boundaries from U.S. Census Bureau’s 1990 TIGER/Line files.
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SD(u) reflects the variance in species-specific responses to each predictor. A random effects
coefficient that is high indicates a high degree of variability in species-specific response coefficients
to that predictor and thus implies an effect on community composition.

We specified a multi-level model to describe aquatic plant abundance as a function of a set of
predictors, selecting the form of the predictors using exploratory scatterplots. Because the number
of treated lakes was small (N = 25) relative to untreated lakes (N = 363), we balanced the data set using
a matched-set approach (Breslow and Day 1987). For each treated lake in the study, we matched five
untreated lakes that were most similar to the pretreatment plant community using the Bray–Curtis
dissimilarity measure computed on species presence–absence data (Bray and Curtis 1957). This
allowed us to increase data coverage for individual species so we could quantify species-specific
responses. The resulting set of 125 untreated control lakes matched on community similarity included
lakes with (N = 78) and without (N = 47) populations ofM. spicatum. Rather than select one untreated
lake for each treated lake, we matched multiple untreated cases. We combined this set of 125 matched
untreated lakes with the 25 treated lakes to produce a final set of 150 lakes.

Our multi-level model estimated the fixed effect ofM. spicatum abundance on native plant abundance
and community composition for all lakes, using pretreatment data when relevant. We also included a
factor for the occurrence of a lake-wide herbicide treatment. Our model also accounted for environ-
mental influences by estimating fixed effects for water clarity (Secchi depth) and its square as well
as alkalinity. We estimated species-specific random slopes and their correlations for each variable.
We also fit uncorrelated intercepts for species and lakes and included an observation-level random
effect to account for overdispersion (extra variability as expected with ecological data) (Browne
et al. 2005; Barr et al. 2013; Harrison 2015). Prior to analysis, we scaled all continuous predictors to
mean zero and unit variance. We assumed a binomial error distribution for the response variable
and employed a logit link function to linearize predictors. All models were fit by maximum likelihood
using zero Gauss–Hermite quadrature points with the function “glmer” in lme4 version 1.1-7 and
R version 3.1.2 (R Core Team 2014; Bates et al. 2015). We use likelihood ratio tests conducted on
nested models with and without the term in question to report the significance of fixed and random
effects. Significance tests for the random effects require testing parameters at the edge of their possible
range (σ = 0) which produces inflated p-values. We adjusted p-values for random effects test by
dividing by 2 (Bolker et al. 2009).

Results

Pre–post treatment analysis
Our comparison of aquatic plant communities before and after herbicide treatment revealed herbicide
treatments are, indeed, associated with native aquatic plant species declines (Fig. 2). In the 25 lakes
with pre- and post-treatment data, the mean number of species that significantly decreased per lake
was greater than the number of species that significantly increased (χ2 test, decreases: x̄ = 4.08,
SD = 3.1; increases: x̄ = 1.64, SD = 1.9). For our reference group of 46 untreated lakes, the mean num-
ber of species that significantly increased and decreased across years was similar (increase: x̄ = 0.96,
SD = 2.2; decrease: x̄ = 1.15, SD = 2.4). Overall, a generalized linear model fit to species counts using
a quasipoisson error structure revealed that herbicide treatment was a significant predictor of the
number of species decreases (t = −3.7, p< 0.001) but not species increases (t = −1.2, p = 0.23).

Effect of treatment and M. spicatum on aquatic plants
Our multi-level model revealed negative coefficients for Secchi2, alkalinity, and herbicide treatment
on overall native aquatic plant abundance, as indicated by significant fixed effects β parameters
(Table 1). While there was a negative effect of lake-wide herbicide treatment on native aquatic plants
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(β =−0.35, p = 0.047), there was no significant effect of invasive M. spicatum on native aquatic plants
(β = 0.11, p = 0.22; Table 1).

Random effects for all predictors were statistically significant, indicating that species-specific
responses to predictors were highly variable. The species-specific coefficients for herbicide treatment
were more variable than species-specific coefficients for M. spicatum (treatment: SD(u) = 0.68,
p = 0.007;M. spicatum: SD(u) = 0.34, p< 0.001; Table 1). The distribution of species-level coefficients
for herbicide treatment and for M. spicatum indicates that species-specific response to herbicide
treatment tends to vary widely and is typically negative (Fig. 3a). About 82% of native aquatic plant
species in the study set had a negative association with herbicide treatment (i.e., negative coefficient),
whereas only 33% had a negative association with M. spicatum. In contrast, 67% of native aquatic
plant species had a positive association with M. spicatum (i.e., positive coefficient; Fig. 3b).

Table 1. Coefficients describing the overall (fixed) and species-specific (random) responses to centered and
standardized predictors in aquatic plant communities estimated by a multilevel generalized linear model.

Predictor
Fixed effects

(β, overall coefficient)
Random effects (SD(u),
species-specific variation)

Intercept −5.98 2.18

Secchi 0.21 0.82

Secchi2 −0.32 0.27

Alkalinity −0.54 1.47

M. spicatum 0.11 0.33

Treatment −0.35 0.68

N 7350 —

Log likelihood −13 032 —

Note: Data includes aquatic plant surveys on a matched set of 150 lakes with similar communities.
Significant (p< 0.05) predictors in bold determined by likelihood ratio tests on nested models without
the indicated predictor.

Fig. 2. Number of aquatic plant species demonstrating statistically significant increases and decreases between
years in lakes that received a lake-wide herbicide treatment and those that did not.
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Consistent with the pre–post analysis, species with negative responses to herbicide treatment included
monocotyledons and dicotyledons of a variety of growth forms. Species that were negatively
associated with M. spicatum were often short in stature, whereas those that were associated positively
generally had taller growth forms or were free-floating.

Discussion
Our study used two complementary approaches to evaluate the ecological effects of the invasive
aquatic plant M. spicatum and the effects of lake-wide herbicide treatments. First, using an extensive
set of data on aquatic plant communities in Wisconsin lakes, a pre–post comparison revealed that
native aquatic plant species exhibited more significant declines following lake-wide herbicide treat-
ment relative to untreated lakes (Fig. 2). Pre–post comparisons are a direct and powerful approach
for making inferences about ecological effects. Unfortunately, a similar pre–post comparison was
not possible for M. spicatum invasions, since invasions are unplanned, and pre-invasion data are
exceedingly rare. Thus, to complement the pre–post analysis for herbicide treatment, we conducted
a second analysis using comparative multi-level modeling to statistically compare the effects of herbi-
cide treatment andM. spicatum on native aquatic plant species and communities (Jackson et al. 2012,
2014). We found that lake-wide herbicide treatment was negatively associated with native aquatic
plant abundance overall with the majority (82%) of individual native aquatic plant species exhibiting
a negative coefficient (i.e., negative responses; Fig. 3). The highly divergent species-specific responses
to herbicide treatment suggest that there is an association between lake-wide herbicide treatment and
aquatic plant community composition.

Myriophyllum spicatum appears to have a relatively minor effect on native plant species abundance
and community composition. In fact, for individual aquatic plant species, the association among
M. spicatum and native species abundance was usually positive: 67% of species-specific M. spicatum
coefficients in the multi-level model were positive. Our findings do not suggest that competitive
displacement of native species by M. spicatum is strong or ubiquitous, at least at a lake-wide,
cross-system scale. In communities where competition is a major structuring force, covariance among
population abundances is on average expected to be negative (Houlahan et al. 2007). On the contrary,

Fig. 3. (a) Frequency distribution of species-specific (random) coefficients for M. spicatum and herbicide
treatment estimated by a multilevel generalized linear model that also accounts for the fixed effects of alkalinity
and water clarity in 150 lakes. (b) Biplot of species-specific coefficients shows the individual species responses
to the two drivers. Species ID labels listed in Table S2.
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our findings suggest that factors other than interspecific competition, like facilitation or environmen-
tal filtering, may better explain broadscale aquatic plant community patterns. Native species and
M. spicatum may be responding in concert to environmental conditions, or M. spicatum and other
native plants may create conditions that are mutually supportive of aquatic plant establishment and
expansion.

At first glance, previous work on the effects of M. spicatum on native plant communities appears
contradictory; evidence exists for negative, neutral, and positive effects. Upon closer examination,
negative effects are often reported from local-scale studies on selected lakes or sites within lakes,
whereas reports of neutral or positive relationships come from studies conducted on a larger spatial
scale (Boylen et al. 1999; Trebitz and Taylor 2007; Gräfe 2014; Muthukrishnan et al. 2018). This latter
explanation is consistent with our study, which failed to discern negative effects of M. spicatum on
native aquatic plants at the lake-wide scale across the landscape.

In a meta-analysis of 199 studies on invasive plant impacts, Vilà et al. (2011) found that 86% of studies
used comparative data to quantify impact, but most of those compared uninvaded sites with sites that
were highly invaded. Such a comparison may not be realistic. Highly invaded sites are not necessarily
representative, as studies have found that aquatic invasive species are most often present at relatively
low densities (Hansen et al. 2013b). By exploring the association among the abundance of
M. spicatum and native plant species at the lake-wide scale and in many lakes, we present a more
realistic picture of the actual impact of the species on the landscape.

Quantifying invasive species effects is difficult for several reasons. Pre-invasion data are often lacking,
thus making direct pre–post comparisons nearly impossible. Experimental manipulations of invasive
species presence or abundance provide a solution, but these tightly controlled experiments are often
expensive, impractical, and offer only a limited perspective on the full community dynamics of a lake.
Comparative data sets involving multiple sites or waterbodies, such as those from governmental
monitoring programs, are more readily available. Statistical approaches like the one used here provide
a path toward rigorous evaluation of a comparative data set.

Quantification of recovery following invasive species control or eradication is another common
approach to assessing invasive species effects, but that approach can be problematic as well:
eradication is difficult to achieve, and the invaded community may never fully recover to pre-invasion
or pretreatment conditions (Hansen et al. 2013a). Different approaches to understanding both
invasive species effects and the effects of their management can yield conflicting results. This
underscores the importance of combining multiple lines of evidence, as we do here, when attempting
to evaluate or quantify invasive species impacts.

The ecological response metrics used in our assessment relate to native aquatic plant species and
communities. There are many other potential response variables that could be used for comparing
ecological effects of invasive species and invasive species control. For example, M. spicatum can
change the structural geometry and composition of lake littoral habitat, alter light regimes, and
influence lake biogeochemistry (Madsen et al. 1991; Barko et al. 1994). While there is little evidence
that M. spicatum directly affects fish abundance, there is support for a significant effect on
macroinvertebrates (Duffy and Baltz 1998; Kovalenko and Dibble 2011). While we failed to find
evidence for M. spicatum effects on native plant communities, it is important to recognize other
potential ecological effects of M. spicatum, though more work is needed to clarify magnitude and
mechanism.

In contrast to the patterns observed with M. spicatum, lake-wide chemical treatments that are used
to control this invasive aquatic plant are associated with significant negative effects on native
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aquatic plant species abundance and overall aquatic plant community composition. Previous
research on the ecological effects of herbicide treatments is variable: some studies report minimal
effects on native aquatic plants, whereas other studies observe species declines that can be
long-lasting (Kovalenko et al. 2010; Wersal et al. 2010; Nault et al. 2014). Contradictory findings
may be explained by the spatial scale of treatment, water chemistry, and differences in herbicide
products, rates, and exposure time (Frater et al. 2016; Nault et al. 2012, 2018). Our study uses data
from many aquatic plant communities to reveal evidence that lake-wide herbicide treatments may
be associated with ecological effects on nontarget species and aquatic plant communities. The
paired analyses do suggest a treatment-related effect, but it is important to realize that there may
be uncaptured factors that contribute to the patterns we observed. Accounting for environmental
variation and matching treated lakes to untreated control lakes that had similar plant communities
were two important steps that contribute to the strength of our inferences, but there may yet exist
underlying causal factors common to treated lakes that may not be directly related to the lake-wide
application of herbicide.

Our study associates lake-wide herbicide treatments with nontarget effects on native aquatic plants,
but the timing and longevity of these effects is unknown. We should track species abundance and
plant community change after lake-wide herbicide treatment for multiple years to identify whether
observed ecological effects last. Unfortunately, treated lakes in this study were typically subjected to
follow-up management actions after the initial treatment, which limited our ability to explore this
question. We conjecture that if native species fail to recover from lake-wide herbicide treatments
as quickly as M. spicatum, the invasive species may continue to present a management
problem despite ongoing investment in control, leading to synergistic negative effects on native
species (Rinella et al. 2009). In light of our findings, we recommend an adaptive, integrated,
pest-management approach that utilizes diverse strategies to achieve management goals, especially
given that some commonly utilized aquatic herbicides (i.e., 2,4-D, fluridone) have been associated
with milfoil hybridization events and increased herbicide resistance (Thum et al. 2012; Larue et al.
2013; Berger et al. 2015; Gill and Goyal 2016).

In conclusion, whether the lake-specific effects of the invasive species are adverse and severe enough
to justify the risk posed by herbicide treatment deserves much more careful consideration than has
occurred in the past. Lake management decisions must consider diverse stakeholder values and
ecological health, and our work provides insights that may be incorporated into aquatic plant
management decision-making frameworks (Kumschick et al. 2012). We conclude that unless there
is strong evidence of high ecological, social, or economic impact for an invasive aquatic plant,
aggressive chemical control at a lake-wide scale might do more harm than good.
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