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Abstract: The ability to invade communities in a variety of habitats (e.g., along a depth gradient) may
facilitate establishment and spread of invasive plants, but how multiple lineages of a species perform
under varying conditions is understudied. A series of greenhouse common garden experiments were
conducted in which six diploid and four triploid populations of the aquatic invasive plant Butomus
umbellatus L. (Butomaceae) were grown in submersed or emergent conditions, in monoculture or in a
multispecies community, to compare establishment and productivity of cytotypes under competition.
Diploid biomass overall was 12 times higher than triploids in the submersed experiment and three
times higher in the emergent experiment. Diploid shoot:root ratio was double that of triploid plants
in submersed conditions overall, and double in emergent conditions in monoculture. Relative
interaction intensities (RII) indicated that triploid plants were sixteen times more negatively impacted
by competition under submersed conditions but diploid plants were twice as impacted under
emergent conditions. Recipient communities were similarly negatively impacted by B. umbellatus
cytotypes. This study supports the idea that diploid and triploid B. umbellatus plants are equally
capable of invading emergent communities, but that diploid plants may be better adapted for invading
in submersed habitats. However, consistently lower shoot:root ratios in both monoculture and in
communities suggests that triploid plants may be better-adapted competitors in the long term due to
increased resource allocation to roots. This represents the first examination into the role of cytotype
and habitat on competitive interactions of B. umbellatus.

Keywords: phenotypic plasticity; interspecific competition; plant invasion; habitat heterogeneity;
genetic variation

1. Introduction

Aquatic invasive species generate environmental and economic harm through their negative
impacts on navigation [1], angling [2,3], water supply and alteration of historical hydrology [4],
increased sedimentation [5], reduced habitat quality for wildlife [6,7], property values [8], and
displacement of native species [1]. Furthermore, many of these impacts are expected to increase in
the future with climate change [9,10]. Given their negative impacts on economies and environments,
considerable and high-profile focus has been placed on quantifying such impacts [2,9,11,12], predicting
future invaders through development of trait-based frameworks [13–16], preventing establishment
and subsequent impacts through policy and regulatory actions [17–19], and developing effective
management to contain or reverse negative impacts in recipient communities [20–23].

The characteristics of introduced species and recipient communities that contribute to
establishment and spread of invaders has been an active area of research for a few decades, with
considerable effort put towards an understanding of the role of biotic resistance (i.e., negative
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effects of herbivory, disease, and/or competition from the receiving community on an invader) to
successful invasion [24–30]. Resident plant species can reduce the likelihood of plant invader success
through direct or indirect competition, or spillover of herbivores or disease [31,32]. Community
characteristics such as species composition, functional and/or phylogenetic similarity or difference,
diversity, productivity, and resident competitive traits may all be important in preventing or limiting
negative impacts by plant invaders [28,33–36]. In fact, this has been used in restoration projects to
prevent further invasion [27,37,38]. Spatial heterogeneity in biotic resistance may also be considerable if
the invader is phenotypically plastic in response to environmental conditions or potential competitors
or natural enemies vary at multiple spatial scales [24,39–42].

Increased plasticity to environmental gradients is a trait thought to benefit many invaders through
adaptation to a range of conditions they may experience in the new range [43–45]. Plasticity may
be particularly important if the invader displays greater plasticity than members of the invaded
community [30]. For example, in an examination of twelve salt marsh plant species plasticity to
environmental variation was important for success of plants, but that species varied in their responses
to the different environmental variables that were measured [43]. In freshwater systems, plasticity
of an invader to a range of inundation regimes may be beneficial in habitats that periodically flood
or dry out [46]. Ability to withstand periodic flooding or drought is a trait that will be increasingly
important under future climate regimes as variability of regional precipitation increases from historical
averages [47].

Often, plant invasions occur over a long time and over large areas, with multiple introductions
from various source populations. This can lead to genetic structure in the introduced range [48–50].
Additional genetic variation occurs through hybridization between introduced lineages or native and
introduced lineages, or post-introduction evolution (adaptive or neutral) [51–53]. The importance
of genetic variation in invasive plants has received considerable attention and has a number of
implications for effective prevention and management of nuisance species [54–56]. With regards to the
interaction between genetic variation and plasticity to environmental gradients such as water level,
there has been limited examination. Additionally, there are no examples in which plasticity to water
depth was paired with biotic resistance to investigate importance of genetic variation in a species for
successful invasion.

Establishment and productivity of an invader in response to interspecific competition in two
habitat types (submerged, emergent) was explored to better understand success of the wetland invasive
species, Butomus umbellatus L. (Butomaceae) (flowering rush) in North America. Previous observations
have indicated that diploid plants more commonly inhabit shallow, emergent habitats whereas triploid
plants are commonly found in deeper submerged habitats (Madsen et al. 2016; Appendix A) and also
that triploid plants were more efficient at resource (i.e., nutrients) use [57]. Therefore, expectations
of this work were that triploid plants would be better competitors than diploid plants when grown
submerged but, due to a lack of previous work in this system, the performance of cytotypes in emergent
conditions was not predicted.

2. Materials and Methods

Study System

Butomus umbellatus is a Eurasian wetland plant, introduced in North America over a century ago
from multiple source populations [58]. Genetic structure in North American B. umbellatus populations
reflects multiple introductions with two cytotypes (diploid, triploid) and several genotypes (G1, G3,
G4, G5) identified thus far (John Gaskin, unpublished data). Although there have been multiple
introductions into North America, the source areas for introduced genotypes has yet to be determined.
However, investigations into ecological differences between cytotypes have uncovered variation
in disease susceptibility [59] and nutrient response (Harms et al., in review), with implications for
cytotype-specific management strategies. Butomus umbellatus colonizes a variety of wetland and
aquatic habitats including shallow wetlands, slow-moving rivers, large reservoirs, ponds, and roadside
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ditches [60–62]. Dense infestations reduce water flow, obstruct navigation, and create habitat for
unwanted introduced predator fish species [63]. There is little information available on B. umbellatus
invasion success in native plant communities, but there are indications that diverse plant communities
may resist expansion of B. umbellatus populations [63]. A number of North American infestations that
occur in previously unvegetated littoral zones (e.g., Flathead Lake, MT and Lake Pend Oreille, ID) are
particularly severe.

Competition Experiments

Plants (all species) were propagated repeatedly for one and a half years before experiments in order
to reduce the lingering effects of the environments where they were collected (i.e., maternal effects; [64]).
Potential competitor species (hereafter termed ‘experimental community’ or ‘neighbors’) were all
field-collected from sites without B. umbellatus during summer 2017. Sites without B. umbellatus were
chosen in order to ensure plants were naïve and not pre-adapted to our focal species [65]. Heteranthera
dubia MacMill. (Pontederiaceae) was collected from the Yakima River (Benton County, WA, USA;
46.204, −119.778) on 11 September, 2017. Myriophyllum spicatum L. (Haloragaceae) was collected from
Bead Lake (Pend Oreille County, WA, USA; 48.303, −117.110) on 6 September, 2017. Typha latifolia L.
(Typhaceae) from Lavender Lake (Kittitas County, WA, USA; 47.219, −121.129) collected 29 August 2017.
Schoenoplectus acutus (Muhl. ex Bigelow) Á. Löve & D. Löve (Cyperaceae) from Salmon Lake (Okanogan
County, WA, USA; 48.565, −119.731) was collected on 24 August 2017. Butomus umbellatus plants were
collected in the field during the period 2014–2016 and subsequently cultured at the US Army Corps
Engineer Research and Development Center (ERDC), Vicksburg, MS, USA (32.308, −90.867). Plants
were collected from both triploid and diploid populations (Table 1).

Table 1. Populations used to test for differences between cytotypes in invasiveness under submersed
or emergent conditions.

Population Latitude Longitude Cytotype Genotype *

Kildeer Pond, OH, USA 40.710 −83.369 Diploid G4
Springbrook Pond, IL, USA 41.730 −88.205 Diploid G3
Point Rosa Marsh, MI, USA 42.576 −82.805 Diploid G4

Oswegatchie River, NY, USA 44.690 −75.495 Diploid G4
Kenduskeag River, ME, USA 44.818 −68.793 Diploid G4

Forest Lake, MN, USA 45.272 −92.937 Diploid G5
Mississippi River, IL, USA 42.343 −90.409 Triploid G1

Rose Pond, ID, USA 43.247 −112.315 Triploid G1
Mississquoi River, VT, USA 44.951 −73.162 Triploid G1

Flathead Lake, MT, USA 47.697 −114.071 Triploid G1

* Genotype designation from J. Gaskin (personal communication).

Experiments were conducted in temperature-controlled greenhouses at the ERDC. Prior to
experiments, neighbor species were collected from cultures, their rhizomes (emergent species) or apical
meristems (submersed species) were harvested from culture pots and floated in water for several
days, then planted and allowed to root for one week. Propagule size was standardized within species.
For emergent species, rhizome pieces were approximately 5–10 cm long and for submersed species,
10–15 cm apical stem cuttings were used. One week after planting the experimental communities,
B. umbellatus propagules were added to the containers. B. umbellatus plants were grown from rhizome
fragments (4–6 cm; triploid plants) or bulbils (diploid plants) to a similar size, and weighed before
planting. The difference in planting times (one week) between neighbor species and B. umbellatus
was enough to promote establishment of experimental community species, particularly in the warm
greenhouses. For the emergent experiment, plants were potted in 6 L nursery containers with 4 L
commercial topsoil amended with a 10 g fertilizer pellet (20–10–5; Scotts Agriform™, Marysville, OH,
USA). Pots were placed individually within 20 L plastic buckets, then placed in 1200 L fiberglass tanks
(interior dimensions: 1.5 m × 0.94 m × 0.92 m) within greenhouses. For the submersed experiment,
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plants were potted in 1 L plastic cups, in approximately 500 mL commercial topsoil, amended with
a 5 g fertilizer pellet (20–10–5; A.M. Leonard, Piqua, OH, USA). A 2 cm cap of masonry sand was
added over the topsoil to prevent resuspension of soil and loss of nutrients into the water column. Pots
were placed individually in 48 L aerated aquaria in greenhouse tanks. Prior to placing pots in aquaria,
a one-time dose of nutrient solution [66] was added to each aquarium and allowed to equilibrate for
several days. Aquaria were aerated prior to introducing plants and aeration was maintained for the
duration of the experiment. Diatom filters were used periodically to maintain clear water and remove
algae in aquaria. Air temperature was 28.3 ± 3.1 ◦C (Mean ± SE) in the emergent study (measured
in the center of the greenhouse) and water temperature in the submersed study (averaged between
three tanks, measured 1 m deep) was 21.0 ± 2.8 ◦C over the course of the experiments. Experimental
design for both experiments was a partial incomplete block design (Cochran and Cox 1968), following
Bose, et al. [67], with 21 treatment combinations, 6 replicates per treatment, and 18 blocks. Experimental
units (individual pots) were arranged with seven per tank (block), 18 tanks overall.

Plant biomass was harvested after 12 (emergent) and 16 (submersed) weeks. Harvests for both
studies were conducted identically. Aboveground (shoots), belowground (roots), and reproductive
tissue (bulbils or rhizome buds) biomass was separated for each species and washed of debris, then
placed individually in paper bags, dried at 70 ◦C for one week, then weighed to the nearest 0.01 g.
Biomass for all species (i.e., B. umbellatus and neighbors) was measured separately.

Statistical Approach

The same statistical approach was used to analyze data from both (emergent, submersed)
experiments. First, it was determined whether biomass variables (total biomass, reproductive tissue
biomass, shoot:root ratio) varied between B. umbellatus cytotypes and between growth in monoculture
or in a multispecies community. For this, we used mixed effects models with neighbor presence
(two levels: monoculture, multi-species) and cytotype (two levels: diploid, triploid) as fixed effects.
Additionally, population nested within cytotype was included as a random effect. Initially, tank
was included as a block effect (i.e., location within the greenhouses) in all models but was highly
insignificant (p > 0.6), so was ultimately removed from most analyses. Tank was retained as a random
variable in RII analyses only (see below). Additionally, initial propagule weight was included in all
models as a covariate. Submersed and emergent experiments were analyzed separately.

To quantify the effect of neighbor presence (a putative competitive interaction) on flowering rush
and neighbor biomass, relative interaction intensities (RII) were calculated [68]. RII has a value between
−1 and +1, with negative values indicating competition and positive values indicating facilitation. RII
is calculated as:

RII =
Bw − Bo

Bw + Bo
,

where Bw is the mass of a plant grown in the presence of other species and Bo is the mean mass of
plants of a single species grown alone [69]. Differences in RII between cytotypes were determined with
a mixed effects model, where cytotype was a fixed effect and population nested within cytotype and
tank (block) were random effects. RII was calculated both for flowering rush plants grown in recipient
communities and also for the recipient community (as summed biomass of neighbor species). All
statistical tests were performed with SAS ver. 9.4.

3. Results

Establishment and growth of Butomus umbellatus in experimental communities largely differed
by cytotype. Regardless of water depth, diploid plants outperformed triploid plants in biomass
production (both overall and reproductive biomass). However, the relative effect of competition on
plant growth varied by cytotype and by experiment.
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Submersed Interaction Experiment

In the submersed interaction experiment, we detected no significant effect of competition
(i.e., presence of neighbors) on biomass (total or reproductive) variables (Table 2, Figure 1). However,
diploid plants produced sixty times more total biomass than triploid plants across treatments. Likewise,
reproductive biomass in B. umbellatus was not negatively affected by neighbors, and the cytotype effect
was marginally significant, with triploid plants not producing any rhizome buds during the experiment.
Shoot:root ratio differed both by neighbor presence and cytotype identity; overall, shoot:root ratio for
diploid plants was seven times greater than triploid plants (diploid: 2.65 ± 0.51, triploid: 0.43 ± 0.62).

In contrast to the mixed model results above, there was a significant effect of competition on
triploid but not diploid plants, detected based on RII calculations (Figure 2A). Additionally, RII
for triploid (RII = −0.64 ± 0.11) plants was thirteen times stronger than for diploid (RII = −0.048 ±
0.09) plants in the submersed experiment. B. umbellatus did not have a significant effect on recipient
community RII, regardless of cytotype (Figure 2A).
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Figure 1. Biomass variables for the submersed interaction experiment. Black bars are mean values
for plants growing in monoculture and gray bars are mean values of plants growing in experimental
communities. Panels with population means (A,C,E) are presented to illustrate variation at the plant
level, but statistics are presented for cytotype means only (B,D,F). Letters above bars represent distinct
group means designated by Tukey post-hoc comparison.
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Table 2. ANOVA results for submersed and emergent competition experiments with B. umbellatus,
based on B. umbellatus biomass variables.

Factor Num df Den df F p

Submersed

Total biomass
Cytotype 1 13.4 8.74 0.011

Neighbor presence 1 98 1.49 0.225
Cytotype × Neighbor presence 1 98.8 0.77 0.383

Initial mass 1 103 1.21 0.275
Reproductive biomass

Cytotype 1 15.7 5.39 0.034
Neighbor presence 1 98.2 0.18 0.670

Cytotype × Neighbor presence 1 99.4 0.09 0.771
Initial mass 1 90.6 0.38 0.539

Shoot:root Ratio
Cytotype 1 11.8 6.7 0.024

Neighbor presence 1 97.3 12.81 <0.001
Cytotype × Neighbor presence 1 98.1 2.2 0.141

Initial mass 1 105 0.59 0.445

Emergent

Total biomass
Cytotype 1 10.4 20.93 <0.001

Neighbor presence 1 107 94.28 <0.001
Cytotype × Neighbor presence 1 107 34.64 <0.001

Initial mass 1 109 7.44 0.007
Reproductive biomass

Cytotype 1 11.5 23.81 <0.001
Neighbor presence 1 107 39.67 <0.001

Cytotype × Neighbor presence 1 107 23.6 <0.001
Initial mass 1 96.1 3.93 0.05

Shoot:root Ratio
Cytotype 1 11.9 4.86 0.048

Neighbor presence 1 106 124.8 <0.001
Cytotype × Neighbor presence 1 106 18.73 <0.001

Initial mass 1 94.1 4.78 0.031
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Figure 2. Mean (± 95% Confidence Interval) relative interaction intensities (RII) for flowering rush
cytotypes and neighbors grown in experimental communities under submersed (A) or emergent (B)
conditions. White circles are RII values of diploid plants (or neighbors grown with diploid plants) and
black circles are RII for triploid plants (or neighbors grown with triploid plants). The more negative
RII values correspond to a greater effect of competition. Significant differences (p < 0.05) between
cytotype means (i.e., their 95% CI do not overlap) are indicated by an asterisk. If confidence intervals of
a mean do not overlap zero (e.g., neighbor means in panel B), the interpretation is that of a significant
competitive effect for that treatment. For example, in panel (A), triploid and diploid RII means are
significantly different to each other, but diploid RII is not significantly different to zero (i.e., no effect).
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Emergent Interaction Experiment

Under emergent conditions, diploid plants produced five times more total biomass than
triploid plants overall but the impact of neighbor-presence on biomass differed between cytotypes
(i.e., a significant neighbor presence × cytotype interaction; Figure 3; Table 2). In monoculture and
with neighbors, diploid plants produced four and nearly seven times more total biomass, respectively.
Diploid plants produced twenty times more reproductive biomass when grown alone and nearly
three times as much under competition. Bulbil production in diploid plants was four times higher in
monoculture than under competition (9.2 ± 0.88 g vs. 2.3 ± 0.89 g). A significant neighbor presence
x cytotype interaction was detected for shoot:root ratio (Table 2), indicating differential effects of
competition on shoot:root ratio for diploid and triploid B. umbellatus plants. Shoot:root ratio was higher
in diploid plants in the monoculture treatment (1.16 ± 0.08 vs. 0.65 ± 0.1), whereas shoot:root ratio was
similar between cytotypes when grown under competition (0.14 ± 0.1 vs. 0.09 ± 0.08).

The competitive effect in the emergent experiment, calculated as RII, was significant for both
B. umbellatus and the recipient community (Figure 2B). Although mean relative interaction intensity
(RII) in diploid plants was nearly twice that calculated for triploid plants (−0.67 vs. −0.36), the cytotype
difference was marginally insignificant in the emergent experiment (p = 0.07). Although not as strong
as the effect on B. umbellatus from the recipient community, B. umbellatus did exert a significant negative
competitive effect (i.e., confidence intervals do not overlap zero) on the recipient community, regardless
of cytotype (Figure 2B).
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4. Discussion

Butomus umbellatus establishment and spread in North American aquatic habitats has generated
negative ecological and economic impacts, leading to increased interest in predicting invasiveness,
potential distribution (Banerjee et al., in prep), and development of effective management tools for
the species [59,70,71]. However, research on B. umbellatus management has largely failed to take
into account genetic variation and the implications of differences in ploidy in the invaded range
(but see Harms et al. 2019, Harms et al., in review). Genetic-based plasticity to environmental
variation has been uncovered in a number of invader systems, including the grass Phragmites australis
(Cav.) Steud. (Poaceae) (plasticity to herbivory, plant-soil feedbacks, competition), Ludwigia L.
(Onagraceae) (nutrients, light availability, climate), Spartina alterniflora Loisel. (Poaceae) (climate,
salinity), and Alternanthera philoxeroides (Mart.) Griseb. (Amaranthaceae) (competition, herbivory,
water level) [72–80]. However, it is rare that genetic identity of an invader is paired with plasticity to
environmental variables and interspecific competition in order to assess invasive potential. The results
from the current research demonstrate that genetic variation and habitat heterogeneity can interact to
influence plant invasion (e.g., biomass production) in experimental communities.

Similar to previous work (Harms et al. in review), diploid B. umbellatus plants outperformed
triploid plants under most experimental conditions. Diploid plants, when grown alone, produced
nearly 10 and 4 times more biomass in submersed and emergent experiments, respectively. However,
the effect of competition largely negated biomass differences between cytotypes, at least in the emergent
experiment. Diploid plants produced 17 times more biomass than triploid plants under competition
in submersed conditions but only 1.3 times more biomass in the emergent competition treatment.
The disparity between performance in monoculture and under competition for diploid plants signals
that superior competitive ability, at least in emergent habitats, is likely not driving invasion success
of diploid B. umbellatus in North America. This is also corroborated by RII calculations; diploid
plants, despite higher biomass production overall, are twice as impacted by competition than triploid
plants in the emergent experiment (−0.67 vs. −0.36.), whereas RIIs in the submersed experiment
indicate far more impact of competition to triploid than diploid plants (−0.64 vs. −0.048). In fact, the
effect of competition on diploid plants in the submersed experiment were essentially zero (Figure 2).
Implications of these findings (diploid superiority in monoculture and in submersed environments)
are that (1) diploid plants may be well suited for highly disturbed habitats with few other species,
(2) diploid plants may be better at invading submersed communities, and that (3) both cytotypes are
equally capable of establishing in emergent communities.
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One major phenotypic difference between cytotypes in the current study was in shoot:root ratio and
its variation in response to treatment conditions. Disproportionate biomass allocation to underground
tissues has been implicated as a trait common to successful competitors [81–85], and B. umbellatus,
in particular [86]. In a recent study [86], it was demonstrated that shoot:root ratio varied between
introduced B. umbellatus cytotypes and was further influenced by nutrients [72], but the pattern was
somewhat counterintuitive: plants increased root biomass allocation with increased availability of
nitrogen, and triploid plants had consistently lower shoot:root ratios regardless of nutrient treatment.
In the current study, B. umbellatus plants, regardless of cytotype, generally had three times larger
shoot:root ratios in the submersed versus the emergent experiment. Furthermore, shoot:root ratios were
higher in monoculture in both submersed and emergent experiments regardless of cytotype, indicating
increased allocation towards vegetative structures. In contrast, shoot:root ratios were lower across the
board in competition treatments, suggesting plasticity to competition in the form of biomass allocation
to roots. Differences between cytotypes in biomass allocation from aboveground to belowground
tissues may be critical to long-term persistence in a variety of habitats. Ren et al. (2019) found that
increased allocation to roots in response to increased nitrogen was a successful strategy for Solidago
canadensis L. (Asteraceae), whereas a native focal species did not respond similarly. The implications
of their work are that S. candensis is likely to perform better in low resource environments, especially
under elevated nutrient deposition. The different allocation patterns between B. umbellatus cytotypes
in this and other studies raises interesting questions about the types of habitats that may be invadible
by each and whether they are likely to invade similar habitats. Diploid plants tended to have larger
shoot:root ratios which may benefit them in environments in which competition for light is high.
In fact, the much larger shoot:root ratios of diploid plants in the submersed experiment, and reduced
impact (relative to the emergent experiment) on shoot:root ratios due to competition with the canopy
forming species M. spicatum and H. dubia, may further reflect adaptation to that environment.

Although the main objective of this work was to compare cytotype (i.e., between-cytotype) mean
biomass variables grown alone or with neighbors, within cytotype (i.e., between-population) variation
displayed an interesting pattern. Diploid populations were overall more variable when grown in
monoculture, but not in competition, than triploid populations. However, this pattern was evident
only in the submersed experiment (submersed experiment, coefficient of variation for total biomass in
monoculture: diploid = 69.5, triploid = 12.0; emergent experiment, coefficient of variation for total
biomass in monoculture: diploid = 30.4, triploid = 39.7). This may have been at least in part influenced
by an increased genetic diversity among diploid populations (i.e., three unique genotypes) relative
to triploid populations (one genotype). For instance, the Springbrook pond, IL (SB) population used
here is diploid but it is a unique multilocus genotype (G3; Gaskin, unpublished data), apart from the
common diploid genotype G4 (Table 1). In a previous study to examine differences in nutrient response
between cytotypes, this diploid G3 population responded more similarly to triploid than diploid plants
in most measured phenotypic responses, including biomass allocation and tissue chemistry [86]. In the
current study, SB plant biomass consistently mirrored triploid rather than diploid plants, producing the
least biomass of all diploid populations and also lowest shoot:root ratios when grown in monoculture
(e.g., Figure 1). Although the goal of this study was not to compare populations, but rather cytotypes,
this result demonstrates the value of presenting multiple genetic levels (i.e., population-level and
cytotype-level) of results.

Several limitations to this work are worth discussing. First, competition experiments took place
under relatively constant greenhouse conditions, whereas real-world interactions would certainly
occur in a fluctuating environment with myriad contrasting and interacting biotic and abiotic variables.
Furthermore, plant responses to changing conditions may vary in their magnitude or duration [87].
Future experiments might be conducted under realistic field conditions or at least in outdoor mesocosms.
In addition, the location of the experiments was considerably south of the most southern natural
population of B. umbellatus in North America [88]. However, most of the southeastern states have
suitable climates for B. umbellatus establishment (Banerjee et al., in review) and experiments were
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conducted early in the year (February through May) to more closely reflect northern locations during
summer months. Whether the location of this experiment (Mississippi) had any bearing on the results
of competition in different water depths is unknown, but future experiments could be conducted across
climate or other geographical gradients to further explore how invasion may succeed in different areas.

As demonstrated here and elsewhere, genetic variability in invasive species may be sufficient
to generate patterns where some areas are more prone to invasion than others. In North America,
B. umbellatus is represented by several genotypes within two cytotypes which vary in a number of
important traits, including pathogen susceptibility [59], nutrient response [86], and competitive ability
(this study). Future research into ecosystem impacts or to develop effective management strategies
for B. umbellatus should take this variability into account. At the very least, future research reporting
results should clearly state which genotype was used/observed in the study. If genotype determination
is not possible, experimental plant vouchers should be retained for future analyses. Because the genetic
variation present in populations of B. umbellatus can manifest to reflect important ecological variation
(i.e., competitive ability, nutrient response), it will be critical to consider in future management activities.
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Appendix A. Field Observations on Water Depth of B. umbellatus Populations

Populations of Butomus umbellatus were surveyed in the U.S. from 2014 until 2016 (Table A1).
Sites were selected through discussion with state or local personnel, online database searches (e.g.,
EDDMapS.org) or random encounters during transit. At each site, a number of site characteristics were
recorded. Of primary interest for the current research is the variable water depth. Water depth was
recorded in the middle of the infestation, the extent of which was determined through visual searching
at the surface and upper portion (0.5m) of the water column. Ploidy was subsequently determined
for populations (John Gaskin, USDA ARS; unpublished data). Least square means of water depth
for cytotypes are shown below (Figure A1). Mean water depths were determined by using a linear
mixed model with population nested in cytotype and year as random variables and cytotype as a
fixed variable.

Table A1. Locations where B. umbellatus water depth was measured during surveys from 2014 until 2016.

Location Year Cytotype Water Depth (cm)

Aberdeen Golf Course Canal, ID, USA 2014 Triploid 100
Columbia River @ Kennewick, WA, USA 2014 Triploid 200

Flathead Lake, MT, USA 2014 Triploid 100
Lake Pend Oreille, ID, USA 2014 Triploid 125

Lake Spokane, WA, USA 2014 Triploid 160
Pend Oreille River, WA, USA 2014 Triploid 100

Rose Pond, ID, USA 2014 Triploid 100
Yakima River, Horn Rapids Park, WA, USA 2014 Triploid 100

Forest Lake, MN, USA 2015 Diploid 115
Kildeer Pond 33, OH, USA 2015 Diploid 100
Olentangy River, OH, USA 2015 Diploid 0
Point Rosa Marsh, MI, USA 2015 Diploid 0
Sterling State Park, MI, USA 2015 Diploid 0

Bertram Lake, WI, USA 2015 Triploid 0
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Table A1. Cont.

Location Year Cytotype Water Depth (cm)

Lake Kawaguesaga, WI, USA 2015 Triploid 100
Lanes Lake, MI, USA 2015 Triploid 0

MS River near Galena, IL, USA 2015 Triploid 0
Oconto Falls, WI, USA 2015 Triploid 100

Village Park, Fremont, WI, USA 2015 Triploid 0
Cayuga Lake, NY, USA 2016 Diploid 10

East Bay Wildlife Management Area, NY, USA 2016 Diploid 0
Forest Lake, MN, USA 2016 Diploid 100

Kildeer Pond 33, OH, USA 2016 Diploid 0
Oswegatchie River, VT, USA 2016 Diploid 10
Point Rosa Marsh, MI, USA 2016 Diploid 10

Shelburne Bay, VT, USA 2016 Diploid 0
Springbrook Pond, IL, USA 2016 Diploid 0
Sterling State Park, MI, USA 2016 Diploid 0

Three Mile Bay, NY, USA 2016 Diploid 25
Unity Island, NY, USA 2016 Diploid 30

Aberdeen Golf Course Canal, ID, USA 2016 Triploid 40
Columbia River @ Kennewick, WA, USA 2016 Triploid 125

Flathead Lake, MT, USA 2016 Triploid 70
Lake Pend Oreille, ID, USA 2016 Triploid 80
Missisquoi River, VT, USA 2016 Triploid 0

Pend Oreille River, WA, USA 2016 Triploid 80
Rose Pond, ID, USA 2016 Triploid 70

Sabattus Creek, ME, USA 2016 Triploid 20
Yakima River @ Prosser, WA, USA 2016 Triploid 15
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