Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

4-30-2021

Phenology and management of triploid flowering rush (Butomus
umbellatus L.)
Lee Gray Turnage Jr.
grayturnage@gmail.com

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Turnage, Lee Gray Jr., "Phenology and management of triploid flowering rush (Butomus umbellatus L.)"
(2021). Theses and Dissertations. 5158.
https://scholarsjunction.msstate.edu/td/5158

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v4.3 (beta): Created by T. Robinson 01/2021

Phenology and management of triploid flowering rush (Butomus umbellatus L.)
By
TITLE PAGE
Lee Gray Turnage Jr.

Approved by:
John D. Byrd (Major Professor)
Gary N. Ervin
Kurt D. Getsinger
John D. Madsen
Robert J. Moorhead
Michael S. Cox (Graduate Coordinator)
Scott T. Willard (Interim Dean, College of Agriculture and Life Sciences)

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Weed Science
in the Department of Plant and Soil Sciences
Mississippi State, Mississippi
April 2021

Copyright by
COPYRIGHT PAGE
Lee Gray Turnage Jr.
2021

Name: Lee Gray Turnage Jr.
ABSTRACT
Date of Degree: April 30, 2021
Institution: Mississippi State University
Major Field: Weed Science
Major Professor: John D. Byrd
Title of Study: Phenology and management of triploid flowering rush (Butomus umbellatus L.)
Pages in Study: 92
Candidate for Degree of Doctor of Philosophy
Flowering rush (Butomus umbellatus L.) is a perennial wetland/aquatic plant that is
native to Eurasia but has invaded North America and spread across Southern Canada and the
Northern U.S. where it thrives along wetlands, shallow shorelines, and in submersed habitats of
lakes, ponds, streams, rivers, and reservoirs. Little is known about the life cycle of flowering
rush in its invaded range as only one study has investigated flowering rush phenology in
Minnesota, USA. As flowering rush continues to expand its range southward in the U.S. it is
imperative that resource managers 1) better understand the plants life cycle, 2) identify more
aggressive and 3) selective herbicide strategies, and 4) utilize adaptive management protocols. In
a mesocosm experiment, flowering rush grown in southern climates produced less overall
biomass but produced more buds than recorded in northern populations. A second mesocosm
study using one to four biweekly sequential diquat (0.37 mg L-1) treatments reduced flowering
rush biomass and rhizome bud density by 62 to 100% one year after treatment. Additionally,
there were no differences among diquat treatments suggesting that more aggressive diquat
protocols may not be useful. In field trials, flowering rush was selectively reduced 92 to 99% by
diquat treatments over two years, while hardstem bulrush was not affected. In mesocosms,
flowering rush and hardstem bulrush were exposed to the contact herbicides diquat, endothall,

copper, carfentrazone-ethyl, and flumioxazin; endothall (3.0 mg L-1) selectively reduced
aboveground biomass of flowering rush by 69% and diquat (0.19 mg L-1) selectively reduced
belowground biomass by 77%. None of the other herbicides affected flowering rush. In a
Minnesota field project to identify adaptive control strategies, treatment sites were designated as
having very-low, low, or high flowering rush prevalence with each receiving no, one, or two
diquat treatments (0.37 mg L-1), respectively. Flowering rush did not increase after single diquat
applications in low prevalence sites while prevalence declined in high prevalence sites. This
suggests that single diquat applications are suitable to maintain control of sites with low
flowering rush prevalence allowing resource managers to allocate unused resources elsewhere.
Key words: Aquatic invasive species, herbicide, adaptive management.
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CHAPTER I
INTRODUCTION
Freshwater ecosystems are continuously degraded by factors like aquatic invasive species
(AIS) in such a way (e.g., increased sedimentation, impaired water quality) that these systems are
less likely to provide human or native flora and fauna needs (Allendorf and Lundquist 2003;
Lovell and Stone 2005; Pimental et al. 2005). One such AIS in North America is flowering rush
(Butomus umbellatus L.). Flowering rush is a perennial wetland/aquatic plant that is native to
Eurasia (Core 1941; Countryman 1970) and was likely introduced as a garden plant or in
shipping ballast as it was first identified along the St. Lawrence River in Quebec in 1897.
Flowering rush has since spread across Southern Canada and the Northern U.S. (Washington to
Maine) where it is considered an invasive species (Core 1941; Countryman 1970; Anderson et al.
1974; Kliber and Eckert 2005) that thrives along wetlands, shallow shorelines, and in submersed
habitats of lakes, ponds, streams, rivers, and reservoirs (Hroudova & Zakravsky 1993a, 1993b;
Hroudova et al. 1996). Throughout most of its introduced range, flowering rush forms large
monotypic stands from the shoreline up to water depths of 6.5 meters (21 feet; Parsons et al.
2019) that compete with native species and displace more desirable plants (Madsen et al. 2016a,
2016c). Displacement of native plants can alter wildlife habitats, thus, making flowering rush a
species of concern. The impacts of flowering rush to water use are significant as it has colonized
and inhibited recreational, agricultural, industrial, and commercial use of water bodies (Anderson
et al. 1974; Madsen et al. 2016a, 2016c, 2017; Parsons et al. 2019). Anecdotal evidence suggests
1

flowering rush can alter fish communities by reducing available fish spawning habitat for
salmonids and providing ambush habitat for piscivorous fish species (i.e., northern pike);
however, this information has not been documented in scientific literature.
Flowering rush was likely introduced to North America multiple times as it is found in
diploid and triploid populations, with the triploid being more common in the native and invaded
ranges (Hroudova & Zakravsky 1993a, 1993b; Hroudova et al. 1996; Kliber and Eckert 2005).
Populations of flowering rush west of the Great Lakes are believed to be predominantly triploid,
whereas populations in the St. Lawrence River area are thought to be mostly diploid (Kliber and
Eckert 2005). Flowering rush is a generalist species that is able to adapt to many environmental
conditions as it can survive in a wide variety of substrate types and water depths (Gunderson et
al. 2016, Carter et al. 2018; Madsen et al. 2016c). Flowering rush is an aggressive invader
capable of outcompeting many native aquatic plants for resources while simultaneously
disrupting ecosystem processes (Countryman 1970; Jacobs et al. 2011). In waters shallower than
1.2 m (4 ft), emergent growth increases as the water depth decreases (Madsen et al. 2016c;
Carter et al. 2018). However, in waters deeper than 1.2 m, emergent growth is usually on the
order of a few centimeters above the water surface if present at all (Madsen et al. 2016c).
Flowering rush is the only species in its taxonomic family (Butomaceae) and its closest
plant relatives are the arrowheads and water-poppy families (Alismataceae and
Limnocharitaceae, respectively; USDA 2020). Flowering rush is a perennial monocot that starts
to grow in the spring and emergent foliage is usually observed in shallow water a few days after
initial sprouting (Gunderson et al. 2016). Flowering rush shows some degree of phenotypic
plasticity depending on the environment (emergent vs. submersed) in which it is found
(Countryman 1970; Roberts 1972; Sarbu et al. 2009) and can survive in a wide variety of
2

riparian and wetland habitats (Hroudova et al. 1996). Emergent foliage has thicker cuticles and
cell walls yielding erect leaves that are triangular in cross section (Sarbu et al. 2009). Emergent
foliage may produce a single inflorescence atop a flowering stalk, although this is more common
in diploid populations than triploid (Krahulcova and Jarolimova 1993; Kliber and Eckert 2005).
Inflorescences are umbellate with flowers arrayed in a radially symmetrical fashion (Core 1941).
Flowers are usually pink in color (they can also be white or purple in color) and have three sepals
and petals (each), six carpels, and nine stamens (Core 1941; Crow and Hellquist 2000).
Submersed foliage is thinner with a ribbon-like appearance and does not produce an
inflorescence (Hroudova et al. 1996). Flowering rush forms a dense belowground network of
rhizomatous material (rhizomes are underground stems that produce shoots and roots) that will
produce foliage from rhizome buds each year (Hroudova and Zakravsky 1993a, 1993b; Marko et
al. 2015).
Leaves of flowering rush can sometimes be mistaken for native bulrush species; however,
the cross section of a bulrush leaf is circular while that of flowering rush is triangular (Crow and
Hellquist 2000). Submersed leaves remain limp or float on the surface of the water, whereas
emergent leaves can reach 0.6 to 0.9 m (2 to 3 ft) in height and may have tips that are twisted in a
spiral manner (Turnage, personal observation). Flowering rush is easiest to identify when it is in
flower; however, this rarely occurs in diploid or triploid populations and usually occurs along
shorelines and very shallow habitats.
In North America, flowering rush is dispersed in four ways: seeds, vegetative bulbils
produced on the inflorescence at the base of flower stalks, rhizome buds that form along
rhizomes, and rhizome fragmentation; viable seed is only produced in diploid populations and in
both cytotypes vegetative reproduction dominates (Hroudova and Zakravsky 1993a, 1993b;
3

Hroudova et al. 1996). Once established, flowering rush expands its population size and spreads
locally by rhizome elongation and rhizome bud recruitment. Seeds, bulbils, rhizome buds, and
rhizome fragments (rhizome buds and fragments are the dominant dispersal structures) can be
transported by water currents and human activities like boating (Hroudova et al. 1996; Madsen et
al. 2016c).
Little is known about the life cycle of flowering rush in its invaded range as only one
study has investigated flowering rush phenology in Minnesota, USA (Marko et al. 2015).
However, in recent years flowering rush has expanded its range further south in the United
States, specifically in the Mississippi and Missouri rivers (EDDMaps 2020). A need to
understand flowering rush phenology in the southern states exists as other aquatic plant species
(e.g., curlyleaf pondweed – Potamogeton crispus) can have vastly different life cycles in
different geographic locations within their invaded ranges (Kunii 1989; Turnage et al. 2018)
which can affect management options available to resource managers.
Phenology
Understanding the effects of environmental factors (i.e., water temperature, air
temperature, and photoperiod) on the flowering rush lifecycle will help resource managers more
effectively implement control strategies to targeted populations as flowering rush expands its
invaded range southward. Immediately after plant emergence (i.e., sprouting), plants are
typically more susceptible to control measures as nutrient storages have been, or are being,
depleted and plants are less able to mitigate or survive stresses induced by control measures
(Madsen 1993; Woolf and Madsen 2003). Relative growth rate (RGR), biomass allocation, and
correlation of plant metrics with environmental metrics can be used to determine weak points in
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a plant’s life cycle (Ziegler et al. 2014; Marko et al. 2015; Turnage et al. 2018; Wersal and
Madsen 2018).
Relative growth rate has been used as a metric of biomass accumulation (measured as
grams of dry weight) over time (Koyama and Kira 1956; Radford 1967; Weiner and Thomas
1986; Biere 1987; Shipley and Peters 1990; Poorter and Garnier 1996; Hoffman and Poorter
2002; Ziegler et al. 2014). Analyzing changes in belowground and aboveground biomass and
rhizome bud number will further help resource managers refine planning decisions when
targeting flowering rush with management options.
Control Methods
The best management option of flowering rush is prevention. The ‘Stop Aquatic
Hitchhiker,’ ‘Habitattitude,’ and ‘Clean, Drain, Dry’ programs are educational and marketing
tools that resource managers can utilize to educate constituents regarding the dangers of aquatic
invasive species and how to prevent their introduction or slow their spread (Anonymous 2020a,
2020b). By preventing introduction of invasive species, future management costs are reduced.
Flowering rush was successfully prevented from establishing in New Zealand when resource
managers recognized the species in a plant nursery and confiscated all flowering rush plants
before they could be sold (P. Champion, personal communication).
When flowering rush does colonize a new site, early detection and rapid response
protocols should be a part of any management strategy. Because flowering rush spreads
primarily through rhizome buds and fragments (Marko et al. 2015; Madsen et al. 2016c), it is
imperative that any management technique used reduce these structures. Many control
techniques (physical, mechanical, and chemical) have been analyzed for control of flowering
rush (Tables 1.1 through 1.4); chemical is by far the most studied and most effective but may not
5

be appropriate for every scenario. A collaboration between the Flowering Rush Biocontrol
Consortium in the U.S. and the Center for Agriculture and Bioscience International is currently
investigating potential insect and pathogen biocontrol agents for flowering rush, but to date none
have been released in the U.S. (CABI 2020). No physical control techniques have been shown to
be effective against flowering rush as stand-alone treatments (Table 1.1); however, drawdown (a
form of physical control) may be useful as part of an integrated control strategy (Madsen et al.
2017; Table 1.2). Turnage et al. (2019a) showed that mechanical control efforts (i.e., harvesting)
can reduce flowering rush if done every 2 to 4 weeks over a 3-month period (Table 1.1).
However, prior to implementation, it is important to analyze labor costs of non-chemical control
techniques as Madsen et al. (2017) provided evidence that it could take 21 to 50 times as long to
implement a non-chemical method compared to chemical.
Many chemical control techniques have been screened against flowering rush (Poovey et
al. 2012, 2013; Wersal et al. 2014; Madsen et al. 2016a, 2016b, 2017; Turnage et al. 2017,
2019a, 2019b; Parsons et al. 2019) but not all of them are effective as stand-alone treatments
(Shaner 2014; Table 1.3) or as tank mixtures (Table 1.4). To date, only submersed injections of
diquat have been documented in peer review literature to control flowering rush biomass and
propagules in field sites (Madsen et al. 2016a; Parsons et al. 2019). Madsen et al. (2016a) in a
series of field trials in the Detroit Lakes, MN, found that two submersed applications of diquat
per growing season (applications occurred one month apart) provided >80% control of rhizome
buds and biomass over three years of treatments in flowering rush beds less than 1.2 m in depth.
However, because flowering rush is able to persist in some previously treated sites it would be
beneficial to study more aggressive chemical control options to reduce flowering rush in sites
that may be acting as sources of propagules to infest other sites. Additionally, resource managers
6

may be hesitant to apply multiple diquat applications to previously treated sites as diquat
treatments may inhibit native plant growth (i.e., non-selective control) or may not provide
enhanced control of flowering rush in low density sites and therefore be a waste of resources.
Summary
Flowering rush will likely continue to expand its invaded range southward in the United
States. Therefore, a better understanding of (1) flowering rush phenology in southern climates is
needed. Additionally, more (2) aggressive control measures need to be determined for flowering
rush sites that continue to persist after repeated management efforts. Lastly, (3) selective and (4)
adaptive management strategies should be developed for areas that have reduced flowering rush
presence to the point of maintenance management to assist the recolonization of native species
into previously managed sites while simultaneously reducing costs for resource managers.
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Tables
Table 1.1

Non-chemical control strategies that have been tested for the control of flowering
rush.

Strategy

Method

Flowering Rush Control (Y or N)

Citation

Biological

-

-

-

Mechanical

Harvesting

Y

Turnage et al. 2019a

Physical

Drawdown

N

Madsen et al. 2017

Table 1.2

Integrated control strategies tested for control of flowering rush (Madsen et al.
2017).

Flowering
Strategy
Method*
Rush Control
Notes
(Y or N)
Chem + Phys
AA + DD
N
Chem + Phys
AP + DD
N
Chem + Phys
FM + DD
N
Chem + Phys
FR + DD
Y
Control seen in mesocosms, not field sites
Chem + Phys
IX + DD
Y
Control seen in mesocosms, not field sites
Chem + Phys
IR + DD
Y
Control seen in mesocosms, not field sites
Chem + Phys
PN + DD
Y
Control seen in mesocosms, not field sites
Chem + Phys
TI + DD
Y
Control seen in mesocosms, not field sites
Phys + Phys
BB + DD
N
Most labor of non-chemical strategies
Mech + Phys
DG + DD
N
Least labor of non-chemical strategies
Mech + Phys
HP + DD
N
2nd most labor of non-chemical strategies
*In the Method column: AA is acetic acid (i.e., vinegar), DD is drawdown, AP is aminopyralid,
FM is flumioxazin, FR is fluridone, IX is imazamox, IR is imazapyr, PN is penoxsulam, TI is
triclopyr, BB is benthic barrier, DG is digging, and HP is hand pulling; all methods with a
chemical component were less laborious than those without.

8

Table 1.3

Herbicides labeled for use in aquatic environments that have been screened for the
reduction of flowering rush.

2,4-D
Bispyribacsodium
Carfentrazoneethyl
Copper

AUX

Flowering Rush
Control (Y or
N)
N, Y

ALS

N

Poovey et al. 2013

PPO

N, N

Turnage et al. 2020

UNK

N, N

Diquat

PSI

N, Y, Y, Y, Y,
Y, Y

Endothall

PPI

Y, N, Y

Turnage et al. 2017; Turnage et al. 2020
Poovey et al. 2012; Madsen et al. 2016a,
2016b; Turnage et al. 2019a, 2019b;
Parsons et al. 2019; Turnage et al. 2020
Poovey et al. 2012, 2013; Turnage et al.
2020

Florpyrauxifenbenzyl

AUX

-

Herbicide

Mode of
Action*

Citation
Poovey et al. 2012; Wersal et al. 2014

-

Poovey et al. 2012, 2013; Turnage et al.
2020
Fluridone
PDS
N, Y
Poovey et al. 2013; Madsen et al. 2016b
Glyphosate
EPSPS
Y
Wersal et al. 2014
Imazamox
ALS
N, N
Poovey et al. 2013; Wersal et al. 2014
Imazapyr
ALS
Y
Wersal et al. 2014
Penoxsulam
ALS
Topramezone
HPPD
Poovey et al. 2013; Wersal et al. 2014;
Triclopyr
AUX
N, Y, N, Y
Madsen et al. 2016b; Turnage et al. 2017
*In the Mode of Action column: AUX is synthetic auxin mimics, ALS is acetolactate synthase
inhibitors, PPO is protoporphyrinogen oxidase inhibitors, UNK is unknown mode of action, PSI
is photosystem 1 electron diversion, PPI is serine-threonine protein phosphatase inhibition (Bajsa
et al. 2012), PDS is phytoene desaturase inhibitors, EPSPS is enolpyruvyl-shikimate-3-phosphate
synthase inhibitor, and HPPD is 4-hydroxyhenyl-pyruvatedioxygenase inhibitor (Shaner 2014).
In the Citation column, citations follow the order of control in the previous column.
Flumioxazin

PPO

Y, N, N
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Table 1.4

Mixtures of herbicides labeled for use in aquatic environments that have been
screened for the reduction of flowering rush.
Application Technique
(F, G, S) *

Flowering Rush
Control (Y or N)

Citation

Poovey et al. 2013;
Wersal et al. 2014
Copper + Triclopyr
G
Y
Turnage et al. 2017
Diquat + Fluridone
S
Y
Madsen et al. 2016b
Endothall + Triclopyr
S
N
Poovey et al. 2013
Flumioxazin + Triclopyr
S
N
Poovey et al. 2013
Fluridone + Triclopyr
S
Y
Madsen et al. 2016b
Glyphosate + Imazamox
F
N
Wersal et al. 2014
Glyphosate + Imazapyr
F
Y
Wersal et al. 2014
*In the application technique column: F is foliar spray, G is granular, and S is submersed
injection. In the Citation column, citations follow the order of control in the previous column.
2,4-D + Triclopyr

S

N, Y
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CHAPTER II
PHENOLOGY OF FLOWERING RUSH GROWN IN MESOCOSMS IN MISSISSIPPI
Abstract
Flowering rush is an aquatic plant species native to Eurasia that was introduced to North
America in the late 1800’s and has aggressively invaded aquatic and wetland habitats. Since
introduction, it has primarily spread east and west across the northern U.S. and the southern
provinces of Canada. In recent years, flowering rush has expanded its invaded range southward
in the U.S. into the Mississippi and Missouri rivers. Understanding the phenology (life cycle) of
invasive plants can assist resource managers when developing management strategies for
nuisance populations. Only one phenological study has been conducted on triploid flowering
rush in the state of Minnesota. However, some invasive aquatic plants (i.e., curlyleaf pondweed)
can have vastly different phenological patterns across their invaded ranges. Therefore, a two-year
mesocosm experiment was conducted in Mississippi to better understand flowering rush
phenology in the southern U.S. Aboveground biomass of flowering rush never fully senesced in
mesocosms. Flowering rush belowground biomass was always greater than aboveground
biomass and both were less than biomass levels recorded in Minnesota field populations.
However, flowering rush rhizome bud density was higher in Mississippi populations when
compared to Minnesota populations (630 vs. 393 buds m-2). Southern flowering rush exhibited
aboveground growth three months longer than northern populations. The differences between
phenology of northern and southern populations of flowering rush suggest that plants grown in
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southern climates may exhibit an evergreen perennial life cycle rather than an herbaceous
perennial life cycle like northern populations, produce less overall biomass, but put more energy
into bud production. Therefore, as flowering rush continues to expand south in the United States,
resource managers in those areas will likely need to utilize control strategies that focus on
reduction of the rhizome bud bank in order to attain successful control of flowering rush but will
have a longer growing season to implement control strategies.
Key Words: Butomus umbellatus, invasive aquatic plant species, management
implications, life cycle
Introduction
Flowering rush (Butomus umbellatus L.) was introduced to North America in the late
1800’s and has since spread across Southern Canada and the Northern US (Core 1941;
Countryman 1970; Anderson et al. 1974; Kliber & Eckert 2005). It is found in diploid and
triploid populations in the native and invaded ranges with the triploid being more common
(Hroudova and Zakravsky 1993a, 1993b; Hroudova et al. 1996; Kliber & Eckert 2005).
Flowering rush is an aggressive invader capable of outcompeting many native aquatic plants for
resources (Countryman 1970; Jacobs et al. 2011). Throughout most of its introduced range it
forms large monotypic stands from the shoreline to water depths of 6 m (Hroudova et al. 1996).
Once established, flowering rush readily invades habitat used by native emergent aquatic plant
species (Hroudova and Zakravsky 1993a, 1993b; Hroudova et al. 1996). In triploid flowering
rush populations, invasion is done through colonization by root material and rhizome buds, the
main propagule for these populations (Hroudova and Zakravsky 1993b).
Because flowering rush grows so quickly (Carter et al. 2018) there is a need to implement
control options as soon as possible each year to slow its spread. However, flowering rush
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phenology is poorly understood in its introduced range (Marko et al. 2015). Understanding how
environmental factors (i.e. photoperiod, water temperature, and air temperature) affect flowering
rush throughout its lifecycle will help resource managers better time the implementation of
control strategies to targeted plant populations. After plant emergence (i.e., sprouting), plants are
typically more susceptible to control measures as nutrient stores have been, or are being,
depleted and plants are less able to mitigate or survive stresses induced by control measures
(Madsen 1993; Woolf and Madsen 2003). Metrics that can be used to determine weak points in a
plant’s life cycle are relative growth rate (RGR; Wersal and Madsen 2013), biomass allocation
(Wersal and Madsen 2018), and correlation of plant metrics (height, biomass, and propagule
density) to environmental metrics (photoperiod, water temperature, and air temperature; Turnage
et al. 2018; Wersal and Madsen 2018).
Relative growth rate is a metric of biomass accumulation (measured as grams of dry
weight) over time (Koyama and Kira 1956; Radford 1967; Weiner and Thomas 1986; Biere
1987; Shipley and Peters 1990; Poorter and Garnier 1996; Hoffman and Poorter 2002; Wersal
and Madsen 2011a, 2011b, 2013; Ziegler et al. 2014). RGR is useful for determining which plant
tissues are acting as sources and sinks of resources within plants over time (Wersal and Madsen
2013). Understanding resource allocation within plants can help resource managers pinpoint
weak points in a plant’s life cycle (i.e., low starch reserves) when the plant is already stressed by
the surrounding environment. Additionally, analyzing changes in belowground and aboveground
biomass and rhizome bud number can identify trends in the plant life cycle over time (Wersal
and Madsen 2018) which can help resource managers further refine management decisions
regarding invasive species control options. Lastly, correlation of plant metrics to environmental
metrics can help researchers and resource managers determine which environmental factors are
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driving plant growth (Turnage et al. 2018). By understanding phenology of flowering rush,
resource managers can take advantage of susceptibilities in the plant life cycle with and target
management strategies (i.e., herbicides) to occur at the same time; this will allow resource
managers to compound environmental and anthropogenic stressors (i.e., herbicides) to increase
the probability of successful control.
After introduction, flowering rush initially expanded east and west across North America
with the Detroit Lakes, MN representing a somewhat central location in the flowering rush
invaded range (EDDMaps 2020). Only one study has investigated flowering rush phenology in
its invaded North American range and was conducted in the Detroit Lakes (Marko et al. 2015).
Marko et al. (2015) harvested flowering rush monthly from field plots over two summers (2010
and 2011) to determine the phenology of flowering rush in the northern tier of the U.S. Work by
Marko et al. (2015) helped to guide management decisions in the Northern U.S. and Southern
Canada (Madsen et al. 2016a). However, in recent years flowering rush has expanded its range
further south in the United States, specifically in the Mississippi and Missouri rivers (EDDMaps
2020). A need to understand flowering rush phenology in the southern states exists as other
aquatic plant species (e.g., curlyleaf pondweed – Potamogeton crispus) can have vastly different
life cycles in different geographic locations within their invaded ranges (Kunii 1989; Turnage et
al. 2018) which can affect management options available to resource managers.
The theoretical southern limit of flowering rush in the U.S. has not been determined but a
research population that was originally harvested in the Detroit Lakes, MN has been maintained
at Mississippi State University for over a decade which is approximately 900 km (560 mi) south
of the southernmost known flowering rush population (near Moline, IL) on the Mississippi river
(EDDMaps 2020). This suggests that flowering rush is quite capable of surviving in the southern
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U.S. which would greatly increase the invaded range of the species on the North American
continent and would likely mean that new management strategies would need to be determined
for southern populations should they become established. The purpose of this work is to
determine flowering rush phenology in the southern U.S.; specifically biomass allocation,
rhizome bud production, and their correlation to environmental factors.
Materials and Methods
Triploid flowering rush has been established in a stock culture at the R. R. Foil Research
Unit at Mississippi State University. This study was conducted in six 5,678 L (1,500 gal)
mesocosms with 72 potted containers of flowering rush placed into each of the mesocosms, for a
total of 432 pots. Flowering rush plants were established in a sand medium (amended with
Osmocote fertilizer1) in 3.8 L (1 gal) pots by placing two 3-cm rhizome fragments in each pot.
Pots were placed in mesocosms filled with water to a depth of 0.4 m (16 in) and given six
months to establish. HOBO data sondes2 were deployed to record photoperiod, air temperature,
and water temperature for the duration of the study.
After establishment three pots were randomly selected and harvested every month for two
years from each tank to record plant height above sediment, above and below ground biomass,
and rhizome bud number. Harvested plant material was separated into above and belowground
biomass, placed in labeled paper bags, and dried in a forced air oven at 70oC for five days. After
drying, biomass was weighed and weights recorded. Relative growth rate of flowering rush
above and belowground biomass was calculated between each harvest event in each year.
Radford (1967) gives a brief but thorough explanation of RGR and defines it with the equation
RGR = (log 𝑊2 − log 𝑊1) /(t2 − t1) , where w is weight or biomass and t is time.
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Statistical analysis
Prior to testing, the distribution of plant metrics (plant height, above and belowground
biomass, and rhizome bud density) and RGR of above and belowground biomass was tested for
normality using a Shapiro-Wilkes Test; all were non-normal and log-transformed to a normal
distribution for parametric analysis. Plant metrics were tested for correlation to environmental
metrics (photoperiod, water temperature, and air temperature) using Pearson’s r (R Core Team
2020). Pearson’s r was also used to correlate RGR of above and belowground biomass to
environmental metrics (Turnage et al. 2018). Strength of correlation was quantified as: 0.9-1 was
considered perfect correlation, 0.6-0.9 was strong correlation, 0.4-0.6 was moderate correlation,
0.1-0.4 was weak correlation, and 0-0.1 was considered no correlation (Dancy and Reidy 2004).
Plant metrics were analyzed for differences from month to month using a mixed model Analysis
of Variance (ANOVA) using Year as a random variable and Month as a fixed variable (R Core
Team 2020). Similarly, RGR of above and belowground biomass were analyzed for differences
from month to month using a mixed model ANOVA using Year as a random variable and
Monthly intervals as a fixed variable (R Core Team 2020). Any differences detected in plant
metrics or RGR were further separated using a Fishers Least Significant Difference test (R Core
Team 2020). All statistical tests were conducted at the alpha=0.05 significance level (R Core
Team 2020).
Results and Discussion
Flowering rush plant height and aboveground biomass had moderate positive correlations
to photoperiod (p<0.0001) and strong positive correlations with water and air temperatures
(p<0.0001 for each; Table 2.1). Flowering rush belowground biomass was not correlated to
photoperiod (p=0.7183) or water temperature (p=0.0972); however, it had a weak positive
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correlation to air temperature (p=0.0442; Table 2.1). Flowering rush bud density had a weak
positive correlation to photoperiod (p=0.0006) and moderate positive correlations to water and
air temperatures (p<0.0001; Table 2.1). Positive correlation between plant and environmental
metrics suggests that flowering rush height, biomass, and rhizome bud density increase and
decrease as photoperiod and temperature increase and decrease.
Peak flowering rush plant height occurred from June to November and ranged from 40.6
to 55.0 cm. Plants senesced in December, and started to regrow in April (p<0.0001; Table 2.2).
Aboveground biomass of flowering rush was lowest in January (1.7 g DW m-2), remained low
through May, then increased by 363% from 20.3 g DW m-2 in May to 73.8 g DW m-2 in June
(p<0.0001; Table 2.2). Peak aboveground biomass occurred from June to November ranging
from 51.9 (November) to 148.4 g DW m-2 (August), and started to senesce in December
(p<0.0001; Table 2.2). Flowering rush belowground biomass was lowest in May (264.1 g DW m2

) but increased by 288% to peak biomass in September (759.8 g DW m-2; p=0.0003; Table 2.2).

Rhizome bud density was low from January to May ranging from 273.2 (January) to 448.8
(April) buds m-2, peak bud density occurred from June to November ranging from 769.3 (June)
to 1140 buds m-2 (July), and then declined in December (245.8 buds m-2; p<0.0001; Table 2.2).
Flowering rush above and belowground RGR had weak positive correlations to
photoperiod (p=0.0120 and 0.0199, respectively) and no correlation to water (p=0.1533 and
0.0700, respectively) or air temperature (p=0.1804 and 0.0689, respectively; Table 2.3). These
data suggest that flowering rush has a very broad range of temperature requirements in which it
can survive and grow, which increases the likelihood that it will continue to expand its invaded
range on the North American continent. Flowering rush aboveground RGR was lowest from
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November to December and was highest from March to April (p<0.0001; Table 2.4). There was
no change in belowground RGR of flowering rush at any time (p=0.1420; Table 2.4).
The coinciding increase in aboveground biomass from May to June and lowest
belowground biomass levels in May (Table 2) suggests that carbohydrate reserves in flowering
rush rhizomes are being depleted at this time in order for leaves to grow. Simultaneously, the
flowering rush rhizome bud bank is depleted from December to May but reaches a peak in July
suggesting that rhizome nutrient reserves may also be used to stimulate bud production from
May to July. Therefore, May and June represent a weak point in the flowering rush life cycle that
resource managers can take advantage of to reduce infestations early in the growing season.
This work showed that flowering rush belowground biomass was always greater than
aboveground biomass; Marko et al. (2015) noted a similar pattern. However, Marko et al. (2015)
recorded a complete senescence of aboveground biomass while plants grown in Mississippi
maintained some aboveground biomass even in the coldest months (Table 2.2). Marko et al.
(2015) also recorded higher aboveground (349% higher; 519 g DW m-2) and belowground
biomass values (159%; 1,052 g DW m-2) for field populations in the Detroit Lakes compared to
above and belowground biomass of plants grown in Mississippi (148.4 and 660.9 g DW m-2,
respectively; Table 2.2). Marko et al. (2015) found no changes in belowground biomass of
northern field populations while Mississippi plants differed between early growing season (April
and May) and peak growing season (September); belowground biomass of plants grown in
Mississippi did not differ for other months (Table 2.2). Marko et al. (2015) recorded an average
flowering rush rhizome bud density of 393 buds m-2 which was 62% of bud production of
Mississippi plants (630 buds m-2).
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Northern flowering rush populations had visible growth from June through October
which is a shorter growing season than that observed in Mississippi (April to November). The
differences between phenology of northern (herbaceous perennial) and southern populations
(evergreen perennial) of flowering rush suggest that plants grown in southern climates produce
less overall biomass but put more energy into bud production. Therefore, as flowering rush
continues to expand south in the United States, resource managers in those areas will likely need
to utilize control strategies that focus on reduction of the rhizome bud bank in order to attain
successful control of flowering rush, but resource managers in southern states will have a longer
growing season to implement control strategies. Lastly, because Mississippi flowering rush
maintained some above ground biomass in winter months, resource managers in southern states
may be able to implement control strategies during winter to further reduce flowering rush
populations if they establish.
Sources of Materials
1

Osmocote 19-6-12 fertilizer, Scotts-Sierra Horticultural Products Company, 14111

Scottslawn Rd., Marysville, OH 43041.
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HOBO pendant® temperature/light data logger, Onset Computer Corporation, 470

MacArthur Blvd., Bourne, MA 02532.
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Tables
Table 2.1

Pearson’s correlation (r) of flowering rush plant metrics (plant height, above and
below ground biomass, and rhizome bud density) to environmental metrics
(photoperiod, water temperature, and air temperature).

METRIC*

PHOTOPERIOD

WATER TEMP

AIR TEMP

PLANT HEIGHT

0.4949*

0.6619*

0.6727*

AG BIOMASS

0.3904*

0.6402*

0.6574*

BG BIOMASS

0.0306

0.1402

0.1697*

BUD DENSITY

0.2823*

0.4110*

0.4256*

*Numbers in each cell are Pearson correlation coefficients; numbers with an asterisk behind
them are significant at the alpha=0.05 significance level.
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Table 2.2

Changes in flowering rush plant height (cm), above (AG) and belowground (BG)
biomass (g DW m-2), and rhizome bud density (N m-2) from month to month.

MONTH

HEIGHT*

AG

BG

BUD

JAN

7.3 (1.6)E

1.7 (0.6)D

309.6 (104.5)ABC

273.2 (80.1)C

FEB

9.1 (2.5)E

5.0 (1.6)C

309.4 (87.5)ABC

366.3 (107.4)C

MAR

15.3 (1.7)DE

6.2 (1.6)C

355.7 (100.7)ABC

349.5 (81.7)C

APR

26.4 (2.7)CD

22.9 (5.2)BC

460.0 (135.6)BC

448.8 (99.9)BC

MAY

35.2 (4.4)BC

20.3 (4.4)C

264.1 (62.0)C

323.6 (78.8)C

JUNE

42.3 (3.0)AB

73.8 (11.5)A

388.6 (75.8)ABC

769.3 (181.0)ABC

JULY

54.1 (3.4)A

111.8 (18.6)A

510.1 (78.7)ABC

1140.2 (233.6)A

AUG

55.0 (3.2)A

148.4 (21.6)A

660.9 (116.1)ABC

1070 (143.7)A

SEPT

40.6 (4.8)ABC

123.1 (11.3)A

759.8 (83.4)A

984.5 (160.9)AB

OCT

45.1 (3.0)AB

76.4 (8.5)A

728.0 (92.1)AB

780.0 (65.9)ABC

NOV

40.9 (3.3)AB

51.9 (7.9)AB

593.4 (80.8)ABC

807.5 (69.8)ABC

DEC

13.3 (1.2)DE

8.9 (1.3)C

335.1 (83.1)ABC

245.8 (44.1)C

*The first number in each cell is the mean monthly value for the corresponding metric followed
by one standard error of the mean in parentheses; numbers in each column that share the same
letter are not different at the alpha=0.05 significance level.
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Table 2.3

Pearson’s correlation (r) of flowering rush above (AG RGR) and belowground
biomass relative growth rate (BG RGR) to environmental metrics (photoperiodPHOTO, water temperature-WATER, and air temperature-AIR).
METRIC*

PHOTO

WATER

AIR

AG RGR

0.2295*

0.1317

0.1236

BG RGR

0.2017*

0.1576

0.1582

*Numbers in each cell are Pearson correlation coefficients; numbers with an asterisk behind
them are significant at the alpha=0.05 significance level.
Table 2.4

Relative Growth Rate (log g DW m-2 month-1) from month to month for flowering
rush above (AG) and belowground (BG) biomass.
MONTH

AG*

BG

JAN-FEB

0.23 (0.38)A

-0.01 (0.04)A

FEB-MAR

0.11 (0.07)A

0.02 (0.02)A

MAR-APR

0.25 (0.1)A

-0.06 (0.05)A

APR-MAY

-0.01 (0.03)AB

0.04 (0.07)A

MAY-JUNE

0.16 (0.04)A

0.09 (0.05)A

JUNE-JULY

0.04 (0.01)A

0.02 (0.01)A

JULY-AUG

0.03 (0.02)A

0.02 (0.01)A

AUG-SEPT

-0.01 (0.01)AB

0.02 (0.01)A

SEPT-OCT

-0.05 (0.01)AB

0.00 (0.01)A

OCT-NOV

-0.05 (0.02)AB

-0.02 (0.01)A

NOV-DEC

-0.29 (0.05)B

-0.05 (0.01)A

*Numbers in each cell are mean relative growth rate followed by one standard error of the mean
in parentheses; cells sharing the same letter in a column are not different at the alpha=0.05
significance level.
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CHAPTER III
SEQUENTIAL APPLICATIONS OF DIQUAT TO CONTROL FLOWERING RUSH
(BUTOMUS UMBELLATUS L.) IN MESOCOSMS
Abstract
Flowering rush (Butomus umbellatus L.) is an aggressive invasive aquatic plant spreading
throughout water bodies in the northern U.S. and southern Canada. Flowering rush can displace
many native aquatic/wetland plants which disrupts ecosystem processes and can impact human
uses of waterbodies. Flowering rush grows as a wetland plant in moist soil areas along the
margins of waterbodies, an emergent plant in shallow waters (depth < 1.2 m), and fully
submersed in deeper waters (depth > 1.2 m). Operational management in Detroit Lakes, MN has
been successful reducing flowering rush above and belowground biomass and propagule density
(reduction > 80% of biomass and propagules) utilizing two sequential submersed applications of
diquat (0.37 mg L-1) per growing season (four weeks apart). However, at some local sites within
the Detroit Lakes system, it has taken multiple years for this use pattern to achieve long term
control of flowering rush. In areas of high density, a more aggressive treatment regime may be
necessary. Therefore, a mesocosm study was initiated to further investigate diquat (0.37 mg L-1)
efficacy using one to four biweekly sequential herbicide applications to improve flowering rush
control. All treatments reduced flowering rush above and belowground biomass and propagule
(rhizome buds) density compared to non-treated reference plants (p < 0.001). Additionally, there
were no differences among diquat treatments regardless of the number of applications. This
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research suggests a more aggressive treatment protocol will not benefit resource managers;
however, these results need to be field verified before existing treatment protocols are altered.
Key Words: Nuisance species, invasive species, chemical control, submersed
application, herbicide timing
Introduction
Flowering rush (Butomus umbellatus L.), a perennial aquatic/wetland plant native to
Eurasia, is becoming a widespread pest across the northern U.S. and Canada (Core 1941,
Countryman 1970, Anderson et al. 1974, Kliber and Eckert 2005). Flowering rush can thrive on
the wetland margins of waterbodies, as an emergent plant in shallow littoral areas (depth < 1.4
m), and/or as a fully submersed plant in deeper waters (depth > 1.4 m; Hroudova et al. 1996,
Marko et al. 2015, Madsen et al. 2016c). Also, flowering rush can rapidly outcompete native
plants and decrease biodiversity of native flora and fauna (Core 1941, Countryman 1970,
Bellaud 2009). Flowering rush primarily reproduces and colonizes new sites via vegetative
means, most notably rhizome fragments and rhizome bud production and dispersal (Hroudova et
al. 1996). Control of flowering rush propagules should be a key focus of management efforts as
the primary propagules (rhizome buds) easily separate from other plant structures and sprout
within the parent colony, which can increase plant density within the parent colony, or
propagules may float away with potential to colonize new sites. Flowering rush densities can
exceed hundreds of ramets m-2 and can negatively impact water use for humans (Marko et al.
2015, Madsen et al. 2016c).
Currently, there are limited submersed chemical control options available to resource
managers that provide adequate control of flowering rush biomass and propagules (Madsen et al.
2012, 2013, 2014, 2016a, 2016b, Poovey et al. 2012, 2013, Turnage and Madsen 2015, Wersal et
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al. 2014). To date, most research on chemical control of flowering rush that has been
documented in peer review journals has been conducted as small scale field trials in the Detroit
Lakes, MN (Madsen et al. 2016a) or as growth chamber or mesocosm studies at research
facilities in Mississippi (Poovey et al. 2012, 2013, Madsen et al. 2016b, Wersal et al. 2014).
Most of these studies investigated the efficacy of systemic and contact herbicides for control of
flowering rush; however, only contact herbicides were tested in field sites (Madsen et al. 2016a).
Contact herbicides typically have short concentration exposure time (CET) requirements to
control nuisance vegetation (Netherland 2009). Little information exists regarding calculated
exposure times in aquatic systems known to contain flowering rush (Skogerboe 2010, Wersal
and Madsen 2011, Getsinger et al. 2013). Skogerboe (2010) reported half-lives of four to 78 hrs
in the Detroit Lakes. Wersal and Madsen (2011) reported herbicide half-lives of eight to 22 hrs
in Noxon Rapids Reservoir, MT. Also in Noxon Rapids Reservoir, Getsinger et al. (2013)
reported whole plot half-lives of two to 33 hrs. Most field, mesocosm, and growth chamber
research regarding flowering rush control with short CET herbicides has focused on exposure
times (ET) between six and 72 hrs (Madsen et al. 2016a, 2016b, Poovey et al. 2012, 2013);
however, results of these trials have varied regarding control of flowering rush biomass and
propagule density.
Poovey et al. (2012) conducted growth chamber experiments on populations of flowering
rush from Idaho (Lake Pend O’Reille) and Minnesota (Detroit Lakes) using the contact
herbicides diquat, flumioxazin, and endothall at multiple CET’s. Poovey et al. (2012) found that
Minnesota plants treated once with submersed applications of diquat (0.37 mg L-1) reduced
flowering rush shoot biomass four weeks after treatment (WAT) at six and 12 hr ET’s. Similarly,
one endothall (lipid and protein biosynthesis inhibitor) treatment (1.5 and 3.0 mg L-1) at 12 and
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24 hr ET’s, respectively, also reduced flowering rush shoot biomass. However, neither herbicide
reduced root (includes rhizome) biomass, which is essential for long term control of flowering
rush. One submersed flumioxazin (protoporphyrinogen oxidase inhibitor, PPO) treatment (0.2
mg L-1) did not reduce shoot nor root biomass of Minnesota plants at 12 or 24 hr ET’s (Poovey et
al. 2012). Flowering rush shoots from Idaho were reduced six WAT by flumioxazin (0.4 mg L-1)
and endothall (3.0 mg L-1) at a 24 hr ET, while root biomass was reduced only by the endothall
treatment (Poovey et al. 2012). Lesser CET’s of flumioxazin had no effect on flowering rush
shoot or root biomass from Idaho (Poovey et al. 2012).
Poovey et al. (2013), in growth chamber experiments on Minnesota and Idaho
populations of flowering rush, found that endothall (1.5 mg L-1) and flumioxazin (0.4 mg L-1) at
a 24 hr ET controlled roots and shoots of Minnesota populations. Endothall also controlled
shoots and roots of Idaho populations, while flumioxazin only controlled shoots (Poovey et al.
2013). Additionally, Poovey et al. (2013) showed that by eight WAT, flowering rush shoots
produced by plants from Idaho recovered and were equal to reference plant levels from these
herbicide treatments, whereas plants from Minnesota did not. Neither herbicide controlled
rhizomes, which are the main carbohydrate storage structure used for overwintering and
propagule production of flowering rush (Marko et al. 2015), of either population (Poovey et al.
2013).
Madsen et al. (2016b) conducted a mesocosm trial in which diquat (0.19 mg L-1) was
applied once as a subsurface injection with an ET of 72 hrs. This resulted in control of above and
belowground biomass as well as propagule density at eight WAT (Madsen et al. 2016b).
Addition of fluridone (0.03 mg L-1) as a static treatment did not enhance efficacy of flowering
rush control (Madsen et al. 2016b).
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Field trials in the Detroit Lakes showed that two submersed applications of diquat (0.37
mg L-1) herbicide (four weeks apart) per growing season provided >80% control of rhizome buds
and plant biomass in flowering rush beds (Madsen et al. 2016a). Furthermore, this protocol did
not appear to affect native plant biodiversity at treatment sites (Madsen et al. 2016a). Madsen et
al. (2016a) is the only documented field study pertaining to flowering rush control, that shows
control of flowering rush biomass and propagule density using a short CET herbicide.
Currently, a low abundance of flowering rush propagules (< 30 per m2) still remain in the
sediments of treatment plots of the Detroit Lakes compared to reference plots (100’s per m2;
Turnage et al. 2018). This persistence is likely attributed to a number of factors (i.e. shallow
water depth, dock placement and shape/design, flowering rush intermixed with desirable plant
species) that make it difficult to treat the entire system uniformly, thus creating a spatial refugia
allowing flowering rush to remain long after herbicide treatment (Turnage, personal
observation). In addition, all rhizome buds do not sprout at the same time; therefore, some
rhizome buds may start to grow after the herbicide has been applied, which creates a temporal
refugia that facilitates flowering rush persistence. Spatial and temporal refugia permits flowering
rush plants time to grow and produce more rhizome buds before the next herbicide treatment,
thus complicating control of this species.
Increasing the number of diquat treatments per growing season and shortening the time
interval between treatments to two weeks is a more aggressive treatment protocol than that
currently recommended/deployed. Thus, we expect this modified protocol may increase the level
of plant control by reducing the availability of temporal refugia. Therefore, a mesocosm trial was
initiated to determine if shortened interval from four to two weeks between sequential diquat
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treatments combined with increased number of treatments would improve flowering rush control
as measured by decreased above and belowground biomass and rhizome bud density.
Materials and Methods
This study was conducted at the Aquatic Plant Research Facility at Mississippi State
University’s R. R. Foil Plant Research Center. The study was initiated early June 2015 and
repeated in 2016. Flowering rush was grown in 1,140 L (300 gal) outdoor mesocosms filled with
pond water to a volume of 216 L (41 cm or 16 inch depth). Flowering rush was established by
placing two 7.6 cm (three-inch) rhizome fragments, with at least one attached bud, in 3.78 L (one
gal) pots filled with sand and amended with a slow release fertilizer1 to stimulate growth. Nine
pots of flowering rush were placed in each of the 20 mesocosms and plants were allowed to
acclimate for one month prior to herbicide application.
Prior to the first herbicide application, one pot per mesocosm was harvested to establish a
pre-treatment baseline of plant growth. Harvesting consisted of separating plant tissue into above
and belowground biomass and recording rhizome bud number per pot. Harvested biomass was
placed in labeled paper bags and dried in a forced air oven for five days at 70OC. After drying
was complete, plant biomass was weighed and weights recorded.
After the pre-treatment harvest was completed, diquat2 (0.37 mg L-1) was applied via
submersed injection to 16 mesocosms that contained flowering rush; the majority (greater than
half) of the plant biomass was underwater in all mesocosms. A 12 hr ET was utilized as it falls
within ET ranges found in field settings of waterbodies containing flowering rush (Skogerboe
2010, Wersal and Madsen 2011, Getsinger et al. 2013) and matches ET’s used in other small
scale chemical control studies (Poovey et al. 2012, 2013, Madsen et al. 2016b). Diquat was
applied (early July) to all treatment mesocosms (16 mesocosms). After the 12 hr ET was
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completed, mesocosms were drained and refilled with herbicide-free water (Table 3.1). Two
weeks after initial treatment (WAIT), a second submersed injection was applied to those
mesocosms (12 mesocosms) designated to receive two, three, or four diquat applications (Table
3.1) for a 12 hr ET. Four WAIT, a third diquat treatment was applied to those mesocosms (eight
mesocosms) to receive three and four sequential applications (Table 1) for a 12 hr ET. At six
WAIT, a fourth diquat treatment was administered to those mesocosms (four mesocosms) that
received four herbicide applications (Table 3.1) for a 12 hr ET. In addition, a non-treated
reference was included (Table 3.1). Each treatment was replicated four times for a total of 20
mesocosms. At eight WAIT (late August), four pots of flowering rush were randomly selected
and harvested from each mesocosm to assess short-term effects of sequential diquat applications
on treated plants. At 52 WAIT, the remaining four pots in each mesocosm were harvested to
assess long-term effects of sequential diquat applications on flowering rush. Plants were
harvested and processed in the same manner as pretreatment specimens.
Response variables were analyzed statistically via an analysis of variance (ANOVA).
Due to a year effect, data were not pooled. Differences detected in treatment means by ANOVA
were further separated by a Fisher’s Least Significant Difference Test at the 0.05 significance
level (Analytical Software 2009).
Results and Discussion
All diquat applications significantly reduced flowering rush biomass and rhizome bud
density over short- and long-term periods when compared to the non-treated reference (Figures
3.1 and 3.2). Furthermore, all diquat treatments had the same level of control within a given year
(Figures 3.1 and 3.2), which suggests one application of diquat was equally efficacious as
multiple applications for controlling flowering rush in mesocosms. In the 2015 study, no
37

flowering rush tissues were detected 52 WAIT for any treatment, while in 2016, flowering rush
recovered from all herbicide treatments by 52 WAIT.
In 2015, flowering rush aboveground biomass were reduced 88 to 99% by diquat
treatments at eight WAT and 100% at 52 WAIT (Figure 3.1). Also in 2015, flowering rush
belowground biomass was reduced 76 to 90% by diquat treatments at eight WAIT and 100% by
52 WAIT (Figure 3.1). Flowering rush rhizome bud density was reduced 91 to 95% and 100% by
diquat treatments at eight and 52 WAIT, respectively in 2015 (Figure 3.1). In 2016, diquat
treatments reduced flowering rush aboveground biomass 57 to 96% at eight WAIT and 62 to
92% at 52 WAIT (Figure 3.2). Belowground biomass was reduced 73 to 92% at eight WAIT and
71 to 98% at 52 WAIT by subsurface diquat treatments in the 2016 trial (Figure 3.2). In 2016,
flowering rush rhizome bud density was reduced 65 to 97% at eight WAIT and 67 to 94% at 52
WAIT (Figure 3.2).
Madsen et al. (2016a) conducted field trials for the management of flowering rush in the
Detroit Lakes, MN using two diquat treatments (0.38 mg L-1) applied one month apart (June and
July) and found that flowering rush aboveground biomass, belowground biomass, and rhizome
bud densities were reduced 99%, 82%, and 83% respectively, during the growing season which
was similar to our findings. Additionally, flowering rush biomass and rhizome buds were
reduced after one application of diquat when compared to non-treated reference plants and
remained suppressed after the second diquat application (Madsen et al. 2016a). Data from the
current study suggest that subsequent (second, third, and fourth) diquat applications every two
weeks may be unnecessary as they did not provide further biomass reductions of flowering rush
after diquat was applied at 0.37 mg L-1 and plants exposed for 12 hrs (Figures 3.1 and 3.2).
Similar to our findings, Poovey et al. (2012) showed that one diquat (0.37 mg L-1) application
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with ET’s of six and 12 hrs reduced aboveground flowering rush biomass. In contrast to our
findings, Poovey et al. (2012) showed a single diquat application did not reduce belowground
flowering rush biomass.
Herbicide application timing can be a critical factor in successful reduction of nuisance
vegetation. The early part of the growth cycle of some perennial plants is typically considered a
weak point as carbohydrate reserves in belowground structures have been depleted to produce
emergent plant growth; and energy production in foliage has not yet reached a point where
reserves have been replenished by photosynthesis (Aldous 1935, Madsen 1997, Madsen and
Owens 1998). Flowering rush usually reaches peak height less than a month after sprouting, but
peak rhizome bud density occurs a few months later (Marko et al. 2015). This would suggest
flowering rush energy reserves in rhizomes are depleted to initiate emergent growth during early
summer until photosynthesis in leaves is able to support both growth and rhizome bud
production for overwintering. Sequential diquat treatments in this and previous research (Madsen
et al. 2016a) applied diquat early in the growth cycle (one month after planting and June,
respectively) of flowering rush, which likely coincided with a weak point in the plant’s life
cycle. Surprisingly, these data suggest diquat applications utilized during a weak point in the
growth cycle of flowering rush induces stress from which plants are unable to recover.
Furthermore, the present work shows that a single diquat application at maximum labeled rate
under 12 hr exposure periods early in the flowering rush life cycle is sufficient for short- and
long-term control. However, concentration exposure time (CET) in field sites may differ from
those in mesocosms due to herbicide dissipation and/or water movement, which may necessitate
the need for follow up diquat applications to control flowering rush in field settings.
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The fact that diquat was observed to reduce flowering rush over both the short- and longterm (Figures 3.1 and 3.2) is beneficial to resource managers. Marko et al. (2015) showed that
flowering rush belowground tissues had a higher starch content than aboveground tissues
throughout the growing season suggesting that control of flowering rush should focus on
reduction of belowground tissues. Diquat is not typically utilized for control of belowground
plant tissues since it is a contact herbicide with limited translocation (Shaner 2014). It lacks root
absorption in the sediment, and is active on aboveground tissues that are capable of
photosynthesis (Shaner 2014). However, use of diquat to reduce emergent flowering rush at a
site may force plants to deplete energy reserves in belowground tissues to survive herbicide
induced stress by depleting carbohydrates to regrow emergent tissues (i.e., leaves). This in turn,
could reduce belowground plant structures without the herbicide actually contacting those
structures, in a fashion similar to repeated mechanical control events (Armellina et al. 1996,
Seiger and Merchant 1997, Zaller 2004). If stored plant carbohydrates in flowering rush
rhizomes are allocated to survival of individual plants after an herbicide treatment, they are
likely not available for rhizome bud production, which in turn can decrease the number of
rhizome buds available to sprout at a later date. This could reduce the overall density of
individual flowering rush colonies.
Since diquat typically reduces emergent nuisance vegetation within days after
application, public perception of management activities is generally positive. Additionally,
because diquat can reduce flowering rush propagules below pretreatment levels with just one
application, resource managers may be able to reallocate resources to other issues in their
management areas. Resource managers should also periodically rotate herbicide modes of action
(i.e., PPO inhibitors, inhibitor of lipid and protein biosynthesis) to reduce the potential for
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development of herbicide resistance to diquat (Koschnick et al. 2006). Resource managers also
need alternative herbicide treatment options, tank mixtures, or application methods (i.e., foliar
applications) in areas where diquat applications are restricted or in areas where sediment
resuspension (i.e., shorelines) occurs via wave and/or wind activity. Suspended sediments and
organic matter negatively impact diquat by irreversibly binding diquat molecules (Shaner 2014).
Flumioxazin and endothall would be excellent candidates to rotate with diquat due to their
relatively short ET requirements. Careful consideration of waterbody characteristics (i.e., pH,
water exchange) is necessary when selecting these (or any) herbicides for controlling flowering
rush as both will likely need a longer ET than diquat to control flowering rush (Poovey et al.
2012), and flumioxazin can only be used in waterbodies with lower pH as it rapidly breaks down
in high pH (pH > 9) waters (Shaner 2014).
Future studies should focus on timing of single diquat applications (late vs. early season
relative to plant phenology) as limited evidence suggests late season herbicide applications can
effectively control flowering rush (Wersal et al. 2014). Future studies should also focus on
control with alternative non-chemical and integrated control techniques for flowering rush as
well as multiple diquat CET use protocols in flowing aquatic systems where a 12 hr ET may not
be feasible.
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Tables and Figures
Table 3.1

Treatment timing of diquat applications in 2015 and 2016.
TREATMENT TIMING

TREATMENT
0 WAIT

2 WAIT

4 WAIT

6 WAIT

Reference

NA

NA

NA

NA

Single

X

Double

X

X

Triple

X

X

X

Quadruple

X

X

X

X

In the TREATMENT column, ‘single’ are those mesocosms receiving one diquat application
(0.37 mg L-1), ‘double’ are those mesocosms receiving two applications, ‘triple’ are those
mesocosms receiving three applications, and ‘quadruple’ are those mesocosms that receive four
applications. Herbicide treated water remained in mesocosms for 12 hours. Under
TREATMENT TIMING, ‘WAIT’ is weeks after initial treatment, an ‘X’ means that an herbicide
treatment was applied to those mesocosms.
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Figure 3.1

Year 1 (2015) flowering rush aboveground biomass (top panel), belowground
biomass (middle panel), and rhizome bud density (bottom panel) response to a
single or sequential (double, triple, or quadruple application) subsurface diquat
applications every two weeks.

The horizontal lines represent pre-treatment biomass. Error bars are one standard error of the
mean. Bars sharing the same letter within a particular harvest date at eight and 52 weeks after
initial treatment are not significantly different according to Fisher’s Protected LSD (p = 0.05); n
= 4.
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Figure 3.2

Year 2 (2016) flowering rush aboveground biomass (top panel), belowground
biomass (middle panel), and rhizome bud density (bottom panel) response to a
single or sequential (double, triple, or quadruple application) subsurface diquat
applications every two weeks.

The horizontal lines represent pre-treatment biomass. Error bars are one standard error of the
mean. Bars sharing the same letter within a particular harvest date at eight and 52 weeks after
initial treatment are not significantly different according to Fisher’s Protected LSD (p = 0.05); n
= 4.
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CHAPTER IV
SELECTIVE CONTROL OF FLOWERING RUSH IN MESOCOSMS AND FIELD SITES
Abstract
Flowering rush is an invasive aquatic plant species that is spreading across the northern
U.S. and southern Canada. Flowering rush can displace many native aquatic plant species such
as hardstem bulrush, an emergent aquatic plant that is used as spawning habitat by many native
fish species. Previous studies show that repeated applications of contact herbicides can control
flowering rush; however, it is unknown if these herbicides can be used to selectively control
flowering rush co-occuring with hardstem bulrush. The purpose of this study was to determine if
selective control of flowering rush was possible with repeat contact herbicide applications in
field and mesocosms trials. In field trials, flowering rush leaf density was reduced 99% and 92%
at eight weeks after initial treatment (WAIT) in years one and two, respectively, while hardstem
bulrush leaf density was not affected. In mesocosms, flowering rush and hardstem bulrush were
exposed to repeat submersed injections of the contact herbicides diquat, endothall, copper,
carfentrazone-ethyl, and flumioxazin. Endothall reduced aboveground biomass of flowering rush
by 69% compared to reference plants at eight WAIT; no other herbicides affected aboveground
biomass of flowering rush. Diquat reduced belowground biomass by 77% compared to reference
plants at eight WAIT, while the other herbicides had no effect. None of the herbicides tested in
mesocosms affected above or belowground biomass of hardstem bulrush when compared to non-
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treated reference plants at eight WAIT. Future studies should investigate concentration exposure
time requirements of endothall and diquat for flowering rush control.
Key Words: Butomus umbellatus, diquat, endothall, invasive species, chemical control
Introduction
Flowering rush (Butomus umbellatus L.) is an invasive aquatic plant that is spreading
across the northern U.S. and southern Canada (Core 1941, Countryman 1970, Anderson et al.
1974, Kliber and Eckert 2005). Flowering rush is native to Eurasia, but was introduced to North
America in the late 1800’s, probably in shipping ballast (Bellaud 2009). In the native and
introduced ranges, two biotypes of flowering rush (diploid and triploid) exist suggesting multiple
introductions to North America (Kliber and Eckert 2005). Both biotypes are capable of
aggressive growth and rely primarily on vegetative reproduction to expand within a site and to
colonize new areas (Hroudova et al. 1996). Flowering rush can grow submersed or emergent
plants and thrives as either a marginal species on the edge of waterbodies, as an emergent in
shallow water, or fully submersed in deeper aquatic sites (Hroudova et al. 1996, Marko et al.
2015, Madsen et al. 2016b).
Flowering rush leaves arise from underground rhizomes and grow vertically through the
water column at high densities (Crow and Hellquist 2000); this can negatively impact access to
aquatic resources for human recreational (i.e., skiing, boating, fishing), agricultural (irrigation
canals), and drainage purposes (Marko et al. 2015, Madsen et al. 2016b). Additionally, flowering
rush displaces native plants, thereby, disrupting ecosystem processes in infested sites (Marko et
al. 2015, Madsen et al. 2016b).
Hardstem bulrush (Schoenoplectus acutus (Muhl. Ex Bigelow) A. Love & D. Love) is an
emergent plant species that has been displaced by flowering rush in the Detroit Lakes chain of
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lakes (major basins are Big and Little Detroit Lakes, Lake Melissa, and Lake Sallie) on the
Pelican River near the city of Detroit Lakes, MN (Latitude 46.812330, Longitude -95.843273;
decimal degrees). Similar to flowering rush, hardstem bulrush leaves arise from rhizomes under
the sediment surface and extend up into the water column (Crow and Hellquist 2000). Hardstem
bulrush is highly valued by the Minnesota Department of Natural Resources to reduce shoreline
erosion and as habitat for spawning and young-of-the-year fish (Radomski and Goeman 2001,
Reed and Pereira 2009). A permit from the Minnesota Department of Natural Resources is
required for any management of emergent vegetation in public waters, including hardstem
bulrush (MDNR 2019). Flowering rush has been in the Pelican River system for decades (Marko
et al. 2015). Resource managers have attempted to control flowering rush in the Detroit Lakes
via mechanical and chemical control options. Turnage et al. (2019b) showed that mechanical
control of flowering rush is possible if frequently repeated. However, harvesting of nuisance
aquatic vegetation has also been shown to have negative aspects, namely the release and spread
of vegetative propagules (Culpepper and Decell 1978, Haller 2009b). The extent of flowering
rush infestation was such in the Detroit Lakes system that mechanical control options were
abandoned for chemical control measures to maximize financial resources for management
activities and to reduce the spread of flowering rush propagules within the system. Since 2011,
resource managers in the Detroit Lakes have been managing flowering rush with submersed
herbicide applications (Madsen et al. 2016a). However, permits for herbicide applications were
not issued in areas that contain hardstem bulrush due to the plants value as spawning habitat for
native fish (Reed and Pereira 2009). Mixed stands of hardstem bulrush and flowering rush that
are not treated can act as source populations for flowering rush propagules that can be dislodged
and colonize new areas or recolonize managed sites in the Detroit Lakes system. Selective
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control of flowering rush in mixed stands with bulrush is desirable as it would lessen the
potential sources of flowering rush for re-infestation in this system.
Currently, resource managers in the Detroit Lakes are using two applications of diquat
(0.37 mg L-1) administered one month apart for operational control of monotypic flowering rush
stands (Madsen et al. 2016a; Turnage et al. 2018). Due to the prohibition of treating mixed
stands of flowering rush and hardstem bulrush with diquat, it is unknown if selective control with
submersed diquat applications is possible; however, Madsen et al. (2016a) documented that
native plant and macroalgae species in the Detroit Lakes persisted or recolonized diquat treated
sites within weeks of diquat applications. Similarly, Parsons et al. (2019) showed that both
macroalgae and some pondweeds (Potamogeton spp.) in Silver Lake, WA were capable of
persisting in sites treated with diquat.
There are currently five contact herbicides registered for general use in aquatic sites in
the U.S.: diquat, endothall, copper, flumioxazin, and carfentrazone-ethyl (Anonymous 2016a,
2016b, 2016c, Shaner 2014), although endothall has been documented as having some systemic
properties (Ortiz et al. 2019). Dye studies conducted in the Detroit Lakes, MN determined that
water exchange rates would be more favorable to the use of contact herbicides than systemic for
controlling flowering rush (Madsen et al. 2012). Diquat (0.37 mg L-1) at six and 12 hour
exposure times (ET) controlled aboveground biomass of flowering rush from Minnesota (MN)
populations but not belowground biomass (Poovey et al. 2012). Similarly, endothall (1.5 mg L-1
and 3.0 mg L-1 a.i.; dipotassium salt) for 12 and 24 ET’s controlled aboveground but not
belowground biomass of flowering rush from MN, while endothall (3.0 mg L-1) with a 24 hr ET
controlled above and belowground biomass from ID flowering rush populations (Poovey et al.
2012). Flumioxazin (0.4 mg L-1) with a 24 hr ET controlled aboveground but not belowground
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biomass of flowering rush from ID, while flumioxazin (0.2 mg L-1) at 12 and 24 hr ET’s did not
affect plants from ID or MN (Poovey et al. 2012). However, these earlier studies did not consider
how selective these applications could be on non-target vegetation.
Therefore, the objectives of these studies were to 1) determine if diquat could selectively
control flowering rush in field trials using the current operational control pattern for the Detroit
Lakes system and 2) determine if other contact herbicides could selectively control flowering
rush when grown with hardstem bulrush in mesocosms.
Materials and Methods
Field Trials
Permitting by the MN Department of Natural Resources limited field test sites; therefore,
two five-acre sites with flowering rush and hardstem bulrush in Lake Sallie, MN were selected to
test for selective control of flowering rush using repeated diquat applications in 2015 and 2016.
One site was a reference site and the other was a treatment site. The reference site was located
immediately north (upstream) of where the Pelican River entered Lake Sallie. The treatment site
was located 0.8 km (0.5 mi) south (downstream) of the reference site and the Pelican River
entrance in order to prevent cross contamination of herbicide into the reference site. Diquat2
(0.37 mg L-1) was applied as a submersed injection twice (June 30 and August 10 in 2015 and
June 29 and August 2 in 2016) each year to the treatment site; average depth was approximately
0.9 m (three feet) in each site. The permit did not allow destructive sampling within hardstem
bulrush sites; therefore, presence/absence was recorded and leaf number of each species was
counted at multiple points across the sites (26 points for the treatment site and 19 for the
reference) to measure diquat control. Presence/absence data allowed for the calculation of
percent occurrence of each species in each plot. Leaves were counted in June prior to treatment
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and again eight weeks after initial treatment (WAIT). A PVC frame (0.1 m2) was placed on the
water surface at each point and leaves within the frame were counted for each species.
Paired t-tests were used to analyze leaf densities within sites for each species pre- and
post-treatment each year. Two-by-two contingency table analysis were used to detect differences
in the percent occurrence of infested points within a site for each year. All statistics were
conducted at the p=0.05 significance level (Analytical Software 2009, R Core Team 2018).
Mesocosm Trials
This study was conducted in 2016 and again in 2017 at the Aquatic Plant Research
Facility (APRF) at Mississippi State University (MSU). Flowering rush and hardstem bulrush
were grown in 20 outdoor 378 L (100 gal) mesocosms. Six 3.78 L (1 gal) pots of sand amended
with a slow release fertilizer1 were placed in each mesocosm. Three pots per mesocosm were
planted with flowering rush rhizomes (eight cm long) and three were planted with hardstem
bulrush rhizomes (eight cm long). Mesocosms were filled to a volume of 216 L (16 inch depth).
Plants were allowed to establish for two months prior to exposure to herbicides. Prior to
herbicide treatments, plants in two mesocosms were harvested to establish a plant growth
baseline. Harvesting consisted of removing plants from pots and separating plant structures into
above and belowground biomass. Biomass was placed in labeled paper bags then placed in a
forced air oven for five days at 70OC to remove moisture from plant tissues. After drying,
biomass was weighed and weights recorded.
After the pre-treatment harvest, the remaining mesocosms were buffered to a pH of 6.57.0 prior to herbicide application to prevent rapid breakdown of some herbicides (PPO
inhibitors). In total, there was a non-treated reference and five herbicide application rates: diquat3
(0.19 mg L-1), endothall4 (3.0 mg L-1), copper-ethylenediamine5 (1.0 mg L-1), carfentrazone54

ethyl6 (0.2 mg L-1), and flumioxazin7 (0.4 mg L-1). Four WAIT, herbicides were applied again.
Twelve hours after each application, mesocosms were drained and refilled with non-treated
water. At eight WAIT, plants were harvested in the same manner as pre-treatment specimens.
Normality was confirmed prior to running a mixed analysis of variance (ANOVA)
procedure using year as a random effect and biomass as a fixed effect (R Core Team 2018). Any
differences detected in treatment means were further separated using a Tukey’s post-hoc test at
the p=0.05 significance level (R Core Team 2018).
Results and Discussion
Field Trials
Diquat applications reduced flowering rush mean leaf density eight WAIT by 99% in
2015 (p=0.0068) and 93% in 2016 (p=0.0149) when compared to pre-treatment leaf densities
(Figure 4.1A). Mean leaf density prior to diquat applications was 189 and 27 leaves m-2 in 2015
and 2016, respectively. Post-treatment density was 1.5 and 1.9 leaves m-2 in 2015 and 2016,
respectively. Diquat applications did not affect hardstem bulrush leaf densities eight WAIT
either year when compared to pre-treatment leaf densities (Figure 4.1A). Leaf densities within
the reference plot did not change for either species (Figure 4.1B). Hardstem bulrush leaf density
ranged from 19 to 61 leaves m-2 across both plots and years.
The percent occurrence (presence or absence) of flowering rush in the treatment site
declined from 42% to 12% occurrence (71% decrease; p=0.0124) in 2015 and from 39% to 12%
occurrence (69% decrease; p=0.0250) in 2016 at eight WAIT. Hardstem bulrush percent
occurrence in the treatment site did not change in either year and ranged from 46% to 62%
occurrence over both years (p<0.05). In the reference site, neither flowering rush nor hardstem
bulrush percent occurrence changed either year (p<0.05). Flowering rush ranged from 46% to
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79% occurrence while hardstem bulrush ranged from 39% to 47% occurrence in the reference
site over both years.
This work shows similar results to other studies: repeated diquat applications reduced
aboveground flowering rush and percent occurrence in field sites (Madsen et al. 2016a, Parsons
et al. 2019). This is the first work to show that diquat selectively controls flowering rush growing
in mixed stands with hardstem bulrush in field sites (Figure 4.1A). Madsen et al. (2016a)
reported a 99% reduction in aboveground flowering rush biomass and 60% reduction in infested
survey points in a single growing season following two submersed applications of diquat with
minimal impacts to native species. Parsons et al. (2019) showed a 96% reduction of flowering
rush aboveground biomass in one growing season using the same protocol as Madsen et al.
(2016a); however, the percent occurrence of flowering rush in their treatment site did not decline
until the third year of treatments. Parsons et al. (2019) also did not detect any negative impacts to
the percent occurrence of native plant species growing in their treatment site.
Mesocosm Trials
There were no statistical differences between herbicide treatments (diquat, endothall,
copper, carfentrazone-ethyl, and flumioxazin) for flowering rush aboveground biomass;
however, endothall reduced aboveground biomass (68.7% reduction) when compared to nontreated reference plants eight WAIT while the other herbicides did not (Table 4.1). Similarly,
there were no statistical differences between herbicide treatments (diquat, endothall, copper,
carfentrazone-ethyl, and flumioxazin) for flowering rush belowground biomass (Table 4.1);
although, diquat was the only herbicide to significantly reduce belowground biomass (77.2%
reduction) compared to non-treated reference plants at eight WAIT. None of the herbicide
treatments (diquat, endothall, copper, carfentrazone-ethyl, and flumioxazin) affected hardstem
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bulrush above or belowground biomass at eight WAIT when compared to reference plants (Table
4.1).
Poovey et al. (2012) found that one application of endothall (1.5 and 3.0 mg L-1) at 12
and 24 hr ET’s controlled aboveground, but not belowground flowering rush biomass from MN
four weeks after treatment (WAT); however, they found that endothall (3.0 mg L-1) with a 24 hr
ET controlled both above and belowground biomass of flowering rush from Idaho (ID) six
WAT. Both flowering rush populations were found to be triploid suggesting that even within
biotypes some populations may respond differently than others to chemical control measures.
Flowering rush stock cultures at the MSU APRF were originally collected in the Detroit Lakes,
MN which are the same populations as the MN plants used by Poovey et al. (2012).
Interestingly, we found that two sequential endothall treatments controlled aboveground but not
belowground flowering rush biomass eight WAIT, which taken with the findings of Poovey et al.
(2012) suggest the second endothall application may not enhance control MN flowering rush. In
contrast to Poovey et al. (2012), we did not observe flowering rush belowground biomass control
by endothall (Table 4.1). Poovey et al. (2012) found that diquat (0.37 mg L-1) at six and 12 hr
ET’s controlled aboveground flowering rush biomass, while we found that a reduced diquat rate
(0.19 mg L-1) with a 12 hr ET only controlled belowground biomass (Table 4.1). Our findings
matched those of Poovey et al. (2012) with no flowering rush biomass reduction using
flumioxazin (0.4 mg L-1) with a 12 hr ET.
Diquat (0.37 mg L-1) with a 12 hr ET controlled both above and belowground flowering
rush biomass eight WAIT (Turnage et al. 2019a), while the present research found that only
belowground biomass was controlled with the reduced rate (Table 4.1). Higher diquat rates (0.37
mg L-1) sustained control to 52 WAIT (Turnage et al. 2019a). Interestingly, one maximum rate
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diquat application (0.37 mg L-1) provided the same level of flowering rush biomass control as
four maximum rate applications (Turnage et al. 2019a), whereas this work found that two
applications at a reduced rate did not control aboveground biomass (Table 4.1) suggesting that
research investigating the CET relationship of diquat and flowering rush control should be
conducted.
In another study, two applications of diquat (0.19 mg L-1) with a 12 hr ET controlled both
above and belowground biomass 16 WAIT; however, by 52 WAIT biomass was no different
from reference plants (Turnage et al. 2019b). The present research found that only belowground
flowering rush biomass was controlled with this protocol eight WAIT (Table 4.1). The findings
of Turnage et al. (2019b) and this work suggest that while in-season belowground flowering rush
biomass control is possible with reduced diquat rates, another study suggests higher diquat rates
and/or longer ET’s are needed to attain long-term control (Turnage et al. 2019a).
Care should be taken to assess environmental variables in aquatic environments (water
pH, water temperature, turbidity, depth, etc.) prior to using any herbicide labeled for use in these
environments as these variables can impact herbicide efficacy on target plants. For example,
hydrolysis of flumioxazin and carfentrazone-ethyl (PPO inhibitors) increased as water pH
increased (Koschnick et al. 2004, Mudge et al. 2010, Ngim and Crosby 2001). Mudge et al.
(2010) showed that flumioxazin efficacy against hydrilla (Hydrilla verticillata (L.f.) Royle)
decreased as water pH increased. In another example, endothall was readily metabolized by
aquatic microbes as a source of carbon (Sikka and Saxena 1973). This metabolism likely
increases as water temperatures rise and microbial metabolism increases. Diquat rapidly binds to
sediment particles and organic matter (Shaner 2014) and was shown to decrease in efficacy
against Brazilian elodea (Egeria densa Planch.) as turbidity increased (Poovey and Getsinger
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2002). Lastly, depth can affect herbicide efficacy as liquid herbicides typically do not move
through thermoclines that develop in lakes that stratify; thus, herbicide applicators may need to
inject herbicide at multiple depths or use granular herbicides in order to control target vegetation
growing through a thermocline (Haller 2009a).
No negative impacts of submersed herbicide applications to hardstem bulrush biomass
were detected in field sites (Figure 4.1A) or mesocosms (Table 4.1) suggesting that the contact
herbicides utilized in this study could be beneficial for selective control of other susceptible
nuisance vegetation that may grow in mixed stands with this species. The results of our field and
mesocosm trials suggest diquat can be used operationally for selective flowering rush control
when intermixed with hardstem bulrush. Future studies should determine if the selective control
of flowering rush by endothall holds in field settings prior to recommendation for operational use
in intermixed stands with hardstem bulrush. Future studies should also investigate concentration
exposure time relationships of diquat and endothall for flowering rush control as these two
contact herbicides have shown the most activity on flowering rush in this and other work
(Madsen et al. 2016a, Parsons et al. 2019, Poovey et al. 2012, Turnage et al. 2019a, b); such a
study would also be beneficial to resource managers with flowering rush infestations in flowing
waters.
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Tables and Figures
Table 4.1

Percent reduction of flowering rush and hardstem bulrush aboveground (AG) and
belowground (BG) biomass by contact herbicides when compared to a non-treated
reference.
Flowering Rush

Flowering Rush

Hardstem

Hardstem

AG

BG

Bulrush AG

Bulrush BG

NA*A

NA*A

NA*A

NA*A

-58.5AB

-77.2B

-23.0A

-19.5A

-68.7B

-68.5AB

-39.2A

-43.4A

-33.6AB

-57.6AB

-20.6A

-4.15A

-30.4AB

-32.8AB

-26.5A

-15.5A

-61.3AB

-53.9AB

-62.4A

-41.6A

Treatment
Reference
Diquat 0.19
mg/L
Endothall 3.0
mg/L
Copper 1.0 mg/L
Carfentrazoneethyl 0.2 mg/L
Flumioxazin 0.4
mg/L
*

Superscript letters denote level of significance; within a column, treatments with the same
letters are not significantly different from one another at the p=0.05 significance level using a
mixed model ANOVA followed by a Tukey’s post hoc test. Biomass units are grams dry weight
per square meter (g DW/m-1). The mean reference value for flowering rush AG was 207.2 g
DW/m-1 with a standard error of 56.15; for flowering rush BG was 1295.1 g DW/m-1 with a
standard error of 490.01; for hardstem bulrush AG was 1179.36 g DW/m-1 with a standard error
of 177.62; and for hardstem bulrush BG was 3584.22 g DW/m-1 with a standard error of 348.79.
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Figure 4.1

Leaf density of flowering rush and hardstem bulrush in treatment (A) and
reference plots (B) pre-and post-treatment with diquat (0.37 mg L-1) in June and
July of 2015 and 2016 at a five acre field site in Lake Sallie, MN.

Species were analyzed separately within sites and years. Error bars are one standard error of the
mean. Shaded bars that share a letter within a species and year are not different from one another
using a paired t-test at the p=0.05 significance level.
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CHAPTER V
ADAPTIVE MANAGEMENT OF FLOWERING RUSH IN THE DETROIT LAKES, MN
Abstract
Aquatic resource managers have limited resources to combat aquatic invasive plant
species (AIS) infestations. Methodologies that control AIS with minimum resources should help
managers allocate resources to other issues they face. Flowering rush (Butomus umbellatus L.) is
spreading across the northern U.S. and southern Canada. Flowering rush relies on vegetative
reproduction (primarily through rhizome buds) to colonize new sites and revegetate managed
sites. Therefore, rhizome bud reduction should be a key goal in flowering rush management
decisions. Management of flowering rush in Detroit Lakes, MN has shown that two diquat
applications per growing season can reduce flowering rush biomass and bud density; however, in
recent years, as new invaders arrived in the system (i.e. Zebra mussels) there were limited
resources to address both AIS. Research was undertaken to determine if flowering rush could be
controlled by single diquat applications (rather than two) in sites of low flowering rush
prevalence. Treatment sites were designated as having very low, low, or high flowering rush
prevalence (measured as percent frequency) with each receiving no, one, or two diquat
treatments (0.37 mg L-1), respectively. When compared to non-treated reference sites, flowering
rush prevalence, biomass, and bud density in low prevalence sites did not increase after two
years of single diquat applications while prevalence declined and biomass and bud density
remained constant in high prevalence sites. Total area infested by high prevalence levels of
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flowering rush declined over time even though total area infested increased during this study
suggesting that adaptive management was sufficient to convert high prevalence sites to low
prevalence sites. At peak infestation (2016), over 128 ha (316 ac) of flowering rush were being
managed annually while in 2020 only 8 ha (20 ac) of flowering rush needed herbicide treatment
in the Detroit Lakes. This adaptive management strategy suggests that single diquat applications
are suitable to maintain control of sites with low flowering rush prevalence allowing resource
managers to allocate resources elsewhere.
Key Words: Nuisance species, invasive species, Butomus umbellatus, diquat
Introduction
Flowering rush (Butomus umbellatus L.) is a rooted aquatic invasive plant in North
America that is native to Eurasia. It was introduced to the Detroit Lakes, MN through the water
garden industry in the early 1970’s. After introduction, it had infested every major basin of the
Detroit Lakes system by the 1990’s (PRWD 2020a); predominantly in water less than four feet in
depth (Marko et al. 2015; Madsen et al. 2016b). Flowering rush impaired the ecology of the
Detroit Lakes by infesting fish spawning areas and displacing native vegetation, and reduced
recreational use areas for humans by infesting areas used for swimming, fishing, water skiing,
and boating (Madsen et al. 2016b). Vegetative propagules called rhizome buds were likely the
main vector of spread and colonization of new sites by flowering rush within the Detroit Lakes
system.
Rhizome buds are vegetative structures that sprout from underground rhizomes (Marko et
al. 2015). Rhizome buds allow flowering rush to persist in sites after management activities have
reduced above and belowground biomass. Reduction of rhizome buds can be difficult as they are
attached to flowering rush rhizomes by fragile stalks and can break away easily which can leave
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them in sediments to sprout after management activities have occurred. Reduction of rhizome
buds must be a primary goal of resource managers expecting to attain long-term control of
flowering rush.
In the late 1980’s, resource managers in the Detroit Lakes started to utilize mechanical
harvesters to try and slow the spread of flowering rush (PRWD 2020a). However, this did not
control flowering rush and may have increased the rate of proliferation by spreading propagules
(i.e., rhizome fragments and buds) that could colonize new sites within the system. By 1994,
flowering rush had infested every major basin in the Detroit Lakes system (PRWD 2020a). In
2005, resource managers switched management strategies from mechanical to chemical control
methods. Many herbicides were tested, but the herbicides did not reduce emergent and/or
submersed flowering rush (bispyribac-sodium), would not work on submersed flowering rush in
field sites (imazapyr and glyphosate), or lacked the contact time needed (2,4-D, triclopyr,
imazamox, fluridone, endothall, flumioxazin) to control flowering rush in field locations of the
Detroit Lakes (Poovey et al. 2012, 2013; Wersal et al. 2014; Madsen et al. 2016a). The contact
herbicide diquat was the only herbicide that provided in-season reduction of flowering rush
distribution, biomass, and rhizome bud number in Detroit Lakes field sites (Madsen et al. 2016a).
Diquat was first identified as a potential flowering rush control option by Poovey et al.
(2012) in a laboratory trial. Poovey et al. (2012) found that submersed injections of diquat (0.37
mg L-1) could reduce aboveground flowering biomass with six hours of contact time. Madsen et
al. (2012) determined that six hours of contact could be attained in most plots in the Detroit
Lakes. However, diquat does not translocate from foliage to belowground plant biomass so it
was thought to be unlikely that one application of diquat would reduce belowground biomass of
flowering rush and disrupt the plant life cycle in a way that would provide long-term reduction.
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In 2012, Madsen et al. (2016a) developed a chemical control protocol for flowering rush
reduction in the Detroit Lakes whereby diquat was applied twice per growing season (one month
between herbicide applications) at the maximum rate (0.37 mg L-1) as submersed injections to
areas infested with flowering rush. This protocol provided in-season reduction of flowering rush
distribution by 60%, above and below ground biomass reduction by 99% and 82%, respectively,
and rhizome bud density reduction by 83% in the Detroit Lakes (Madsen et al. 2016a) but did not
determine if long-term control of flowering rush could be attained. Parsons et al. (2019)
confirmed that this same protocol could provide long-term reduction of flowering rush from year
to year. Furthermore, Turnage et al. (2020) confirmed that this protocol could provide selective
control of flowering rush when intermixed with hardstem bulrush (Schoenoplectus acutus (Muhl.
ex Bigelow) A. Love & D. Love) in Detroit Lakes field sites. Reduction of belowground
flowering rush biomass and rhizome bud density by multiple diquat treatments is likely attained
by forcing the plant to use up starch reserves (chemical energy) stored in the rhizome to regrow
foliage after herbicide treatments rather than using those reserves for bud production or rhizome
expansion.
After broad scale reduction of flowering rush biomass and density in the Detroit Lakes,
resource managers and stakeholders wanted to reduce the number of herbicide applications to
low density sites in order to save resources and reduce unnecessary herbicide input to the lakes
but were hesitant to do so without confirmation that reduced herbicide applications could provide
continued suppression of flowering rush. Additionally, zebra mussels (Dreissena polymorpha)
invaded the Detroit Lakes in 2014 and forced resource managers to split their focus and
resources from one invasive species to two (PRWD 2020b) which intensified the need to quickly
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reduce management costs of flowering rush while not sacrificing the progress that had been
made in flowering rush management.
An adaptive management approach was requested by resource managers in the Detroit
Lakes that would establish a series of management thresholds that would allow resource
managers to rapidly determine the appropriate diquat treatment protocol for an infested site
based on flowering rush prevalence within the site prior to treatment. Field trials were initiated in
2015 in the Detroit Lakes to determine if fewer diquat applications could reduce or maintain
flowering rush prevalence and/or biomass within low density sites. The objective of these field
trials were to determine action thresholds whereby resource managers could adapt management
strategies for flowering rush based on percent frequency of the plant at infested sites.
Materials and Methods
Site Description
The study was conducted in 2015 and repeated in 2016 in waterbodies of the Detroit
Lakes chain in MN. The Detroit Lakes system consists of five mesotrophic to meso-eutrophic
glacial kettle lake basins along the Pelican River in Becker County, MN. The basins (Big and
Little Detroit Lake, Curfman Lake, Lake Sallie, and Lake Melissa) and river are surrounded by
the city of Detroit Lakes, MN (46.81333o Lat., -95.84472o Long.). Flowering rush infested
approximately 115 ha (284.5 ac) in the Detroit Lakes in 2015 and 128 ha (316.6 ac) in 2016. In
2015, there were 24 flowering rush sites across the Detroit Lakes system utilized for assessment
of plant community response to diquat treatments; of these, nine were used to assess flowering
rush biomass response. In 2016, the number of infested sites increased to 29 for the community
assessment while the original biomass assessment sites were utilized for a second year.
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A point intercept survey using a weighted plant rake and handheld GPS unit was
conducted in flowering rush infested sites in June of each year. A second survey was conducted
at eight WAT in September of each year, and a third survey was conducted at 52 WAT (June the
following year; Madsen and Wersal 2018). Survey points were at least 25 m apart in each site.
The prevalence of flowering rush was determined in each site during the June surveys and used
to assign a diquat treatment protocol to each site; all sites except reference sites had been treated
with the diquat protocol developed by Madsen et al. (2016a) the previous year. Three sites were
used as reference sites. Sites with less than five percent flowering rush prevalence were not
treated with diquat (very low prevalence sites). Sites with greater than five but 20 percent or less
flowering rush prevalence were treated once per growing season (low prevalence sites). Those
sites with greater than 20 percent flowering rush prevalence were treated twice (high prevalence
sites). Thresholds were established based on cost-benefit expectations (very low prevalence
sites), similar work conducted on other AIS (low prevalence sites), and stakeholder perceptions
of nuisance infestations (low and high prevalence sites; Table 5.1).
Plant Community Assessment
Species prevalence (percent frequency) from point intercept surveys in reference and
treatment sites was analyzed from 2015 to 2016 and from 2015 to 2017 using a Cochran-MantelHaenszel test followed by a Fishers Exact test in the ‘psych’ and ‘rcompanion’ packages in the
statistical software R (Madsen et al. 2016b; R Core Team 2020). Total, native, and non-native
species richness at each survey event was analyzed in reference and treatment sites using a one
way analysis of variance (ANOVA) procedure. Any differences detected in means were further
separated using a Fishers Least Significant Difference (LSD) test (R Core Team 2020). All
statistical analyses were conducted at the alpha=0.05 significance level.
71

Biomass Assessment
Prior to herbicide treatments in 2015 and 2016, nine flowering rush sites were selected
for biomass sampling. Three sites were reference sites, three had lower flowering rush
prevalence (five to ≤20 percent) and received one diquat treatment per year, and three had higher
prevalence (>20 percent) and received two diquat treatments per year (treatments were
administered approximately one month apart). A 15-cm (six inch) diameter PVC coring device
(0.018m2) was used to pull 40 sediment cores from each of the nine sites for a total of 360 cores
per sampling effort (Madsen et al. 2007). Flowering rush tissues were removed from sediment
cores, washed of dirt and debris, placed in labeled plastic bags, then shipped on ice to
Mississippi State University (MSU). At MSU, samples were removed from plastic bags and
separated into above and belowground biomass. Rhizome bud number was recorded and then
above and belowground tissues were placed in separate labeled paper bags and dried in a forced
air oven at 70C for three days. After drying, samples were weighed and data recorded as g DW
m-2. Plots received diquat treatments (0.37 mg L-1) in June (single and double applications) and
July (only double applications). Biomass cores were pulled again at 8 and 52 WAT and
processed in the same way as pre-treatment samples.
Biomass and bud densities were analyzed with a mixed model analysis of variance
(ANOVA) procedure using year as a random effect and number of diquat treatments as a fixed
effect. If differences existed, a Fishers least significant difference (LSD) test was used to further
separate treatment means. All statistical tests were conducted at the alpha=0.05 significance level
(R Core Team 2020).

72

Infested Area Assessment
Binomial tests were used to assess changes infested area of flowering rush within each of
the treatment categories (very low, low, and high prevalence sites). Binomial tests were
conducted between the June 2015 and June 2016 survey periods. All statistical tests were
conducted at the alpha=0.05 significance level (R Core Team 2020).
Results and Discussion
Plant Community Assessment
A total of 23 species were recorded in the reference plots from 2015 to 2017 (Table 5.2).
From 2015 to 2016 and from 2015 to 2017, flowering rush prevalence did not change in
reference plots suggesting that flowering rush was near carrying capacity in these plots (Table
5.2). From 2015 to 2016, there were four species (coontail - [Ceratophyllum demersum],
whitestem pondweed - [Potamogeton praelongus], sago pondweed - [Stuckenia pectinata], and
common bladderwort - [Utricularia macrorhiza]) that increased and three species (chara [Chara spp.], leafy pondweed - [Potamogeton foliosus], and flatstem pondweed - [Potamogeton
zosteriformis]) that decreased in prevalence in the reference plots (p>0.05); prevalence of other
species was not affected (Table 5.2). From 2015 to 2017, there was one species (coontail;
p<0.05) that declined in prevalence while the presence of other species did not change in
reference plots (Table 5.2). Total, native, and non-native species richness in the reference plots
did not change from 2015 to 2017 (Figure 5.1).
There were 24 species recorded in plots receiving one diquat treatment from 2015 to
2017 (Table 5.3). From 2015 to 2016, flowering rush increased in prevalence by 10.9% but
decreased in prevalence by 8.0% from 2015 to 2017 in sites receiving one diquat treatment
(p<0.05; Table 5.3) suggesting that one application of diquat per year was enough to keep
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flowering rush prevalence static. From 2015 to 2016, there were four other species (northern
watermilfoil – [Myriophyllum sibiricum], curlyleaf pondweed – [Potamogeton crispus], sago
pondweed, and common bladderwort) that increased in prevalence while there were three species
(star duckweed – [Lemna trisulca], leafy pondweed, and Illinois pondweed – [Potamogeton
illinoensis]) that declined in prevalence (p<0.05; Table 5.3); prevalence of other species were
unchanged. From 2015 to 2017, there were two species (coontail and variable pondweed –
[Potamogeton gramineus]) that increased in prevalence and six species (chara, star duckweed,
curlyleaf pondweed, Illinois pondweed, sago pondweed, and watercelery – [Vallisneria
americana]) that decreased in prevalence (p<0.05; Table 5.3); prevalence of other species was
unchanged. Total, native, and non-native species richness were not affected in plots receiving
one diquat application from 2015 to 2017 (Figure 5.1).
Twenty-five species were recorded in plots that received two diquat treatments from 2015
to 2017 (Table 5.4). Flowering rush decreased in prevalence both years (10.3% and 12.8%,
respectively; p<0.05; Table 5.4) compared to 2015 levels. From 2015 to 2016, four species
(curlyleaf pondweed, sago pondweed, common bladderwort, and watercelery) increased in
prevalence and two species (leafy pondweed and flatstem pondweed) decreased in prevalence in
sites that recieved two diquat treatments (p<0.05); prevalence of other species were unchanged
(Table 5.4). From 2015 to 2017, variable pondweed that increased in prevalence and four species
(star duckweed, northern watermilfoil, sago pondweed, and watercelery) decreased in prevalence
(p<0.05); prevalence of other species were unchanged (Table 5.4). Total, native, and non-native
species richness were unchanged in plots that recieved two diquat applications from 2015 to
2017 (Figure 5.1).
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Total species richness was the same in reference and treatment plots in 2015 but declined
in treatment plots in 2016 and 2017 (p<0.05) when compared to reference plots, which suggests
that diquat treatments reduced total species richness over time (Figure 5.1). There was no
difference in native species richness of reference plots nor plots that received a single diquat
treatment from 2015 to 2017; however, sites that recieved two diquat treatments consistently had
fewer native species than reference plots (p<0.05; Figure 5.1). There was no difference in nonnative species (flowering rush and curlyleaf pondweed) richness between reference and
treatment plots from 2015 to 2017 (Figure 5.1).
Biomass Assessment
Flowering rush aboveground biomass decreased by 40.5% by eight WAT in reference
plots but recovered by 52 WAT (p=0.0007; Figure 5.2). Aboveground biomass of flowering rush
in plots that received one diquat treatment was always lower than reference plot biomass and was
unchanged at eight and 52 WAT which suggests a single diquat treatment was sufficient to
maintain flowering rush biomass at low levels in these sites (p=0.0007; Figure 5.2).
Aboveground biomass of flowering rush in plots treated with diquat twice was the same as
reference plots at zero WAT, was reduced 100% at eight WAT compared to reference plots, but
had recovered to reference plot biomass levels by 52 WAT (p=0.0007; Figure 5.2).
Belowground flowering rush biomass was unchanged in reference plots at eight and 52
WAT (p=0.0496; Figure 5.2). Belowground biomass of flowering rush in plots treated once with
diquat was 95.8% lower than reference plot biomass at zero WAT but the same as reference plot
biomass at eight and 52 WAT (p=0.0496; Figure 5.2); there was no change in belowground
flowering rush biomass in plots that received one diquat treatment at zero, eight, and 52 WAT
(Figure 5.2). Belowground biomass of flowering rush in sites treated twice with diquat was not
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different from reference plot biomass at any time (Figure 5.2); however, by eight WAT,
belowground biomass in these plots declined 96.7% from zero WAT levels and had recovered to
zero WAT levels by 52 WAT (p=0.0496; Figure 5.2).
Flowering rush rhizome bud density remained unchanged in reference plots and plots that
received a single diquat treatment eight and 52 WAT compared to zero WAT bud densities
(Figure 5.2). Rhizome bud density of flowering rush in plots that received one diquat application
was consistently lower than bud density of reference plots at zero, eight, and 52 WAT (88.9%,
98.0%, and 97.3%, respectively; p=0.0257; Figure 5.2) but remained unchanged in these plots
over time. Flowering rush rhizome bud density in plots treated with diquat twice was the same as
reference plot bud density at zero WAT, was reduced 86.5% at eight WAT compared to
reference plots, but recovered to reference plot densities by 52 WAT (p=0.0257; Figure 5.2). At
eight WAT, rhizome bud density in plots that received two diquat applications was reduced by
88.3% of bud density in the same plots at zero WAT but had recovered to zero WAT density by
52 WAT (p=0.0257; Figure 5.2).
Flowering rush prevalence (Table 5.2), total species richness (Figure 5.1), flowering rush
biomass, and flowering rush rhizome bud density (Figure 5.2) remained unchanged in reference
plots 52 WAT which suggests these sites were at an ecological equilibria; from 2015 to 2017
only one species (coontail) declined in prevalence in these sites (Table 5.2). Sites that received
either single or sequential diquat treatments did not exhibit a reduction in species richness over
time (Figure 5.1) or flowering rush biomass or rhizome bud density 52 WAT (Figure 5.2) while
flowering rush prevalence was decreased from 2015 to 2017 (Table 5.3).
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Infested Area Assessment
Flowering rush infested 115.1 ha (284.5 ac) of lake bed in 2015 and 128.1 ha (316.6 ac)
in 2016 and of these areas, 12 ha (29.6 ac) was used for reference sites while the rest were
utilized as treatment sites. In 2015, there was one very low prevalence flowering rush site which
covered 1.7 ha (4.1 ac) that was not treated, seven low prevalence sites of 48.7 ha (120.4 ac)
which received one diquat treatment, and thirteen high prevalence sites of 52.8 ha (130.4 ac) that
received two diquat treatments. In 2016, one very low prevalence flowering rush site that
covered 8.1 ha (20.1 ac) of habitat that did not receive diquat treatments, ten low prevalence sites
which covered 58.7 ha (145.0 ac), and fourteen high prevalence sites which covered 42.7 ha
(105.4 ac) of habitat. From 2015 to 2016, there was a 6.5 ha (16.0 ac) increase in the amount of
very low prevalence flowering rush habitat, a 9.9 ha (24.6 ac) increase in the amount of low
prevalence infested areas, and a 10.1 ha (25 ac) decrease in high prevalence sites.
While overall area infested by flowering rush increased by 13.0 ha (32.1 ac) from 2015 to
2016, there was a 14.4% reduction in the proportion of high prevalence flowering rush sites
(p<0.0001; binomial test; R Core Team 2020). There was a 5.4% increase in the proportion of
very low prevalence sites (p<0.0001; binomial test; R Core Team 2020). There was no change in
the proportion of low prevalence sites. Results of binomial tests suggest that the adaptive
management protocol was converting high prevalence sites to low prevalence sites, and low
prevalence to very low prevalence sites.
The protocol developed by Madsen et al. (2016a) would have required 3,860 L (1,019.6
gal) of diquat in 2015 and 3,978 L (1,050.8 gal) of diquat in 2016 to treat all of the flowering
rush treatment sites. By utilizing an adaptive strategy, diquat use was reduced by 25% to 2,886 L
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(762.4 gal) in 2015 and 34% to 2,617 L (691.6 gal) in 2016 when compared to the amount of
diquat that would have been required by the previous protocol.
Prior to operational scale treatments, flowering rush infested over 80 ha (200 ac) of water
in the Detroit Lakes (DL-Online 2020). At peak infestation, over 128 ha (316 ac) of flowering
rush were being managed annually in the Detroit Lakes while in 2020 only 8 ha (20 ac) needed
herbicide treatment (DL-Online 2020). Development of this adaptive management strategy was
beneficial to resource managers as it allowed them to conserve management resources but not
sacrifice management goals. This adaptive management protocol allowed for the further
reduction of flowering rush prevalence in infested sites, did not allow flowering rush biomass or
rhizome bud number to increase in infested sites, reduced overall diquat use by 25 to 34% in the
Detroit Lakes system, and did not negatively affect the native plant community.
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Tables and Figures
Table 5.1

Action thresholds for adaptive management of flowering rush based on percent
frequency of the plant in infested sites.

Frequency (%)

Classification

No. Diquat Applications

Diquat Rate

0-5

Very Low

0

NA

>5 to ≤20

Low

1

0.37 mg L-1

>20

High

2

0.37 mg L-1
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Table 5.2

Change in percent frequency of occurrence for species in all non-treated reference
plots in the Detroit Lakes system from 2015 to 2017.

Common Name

2015 -

2015 -

2016*

2017

Scientific Name

Flowering rush

Butomus umbellatus L.

15.7

-4.3

Coontail

Ceratophyllum demersum L.

22.9*

-17.4*

Chara

Chara L. spp.

-20.0*

-7.2

Water moss

Drepanocladus (Mull. Hal.) G. Roth spp.

4.3

-8.7

Elodea

Elodea canadensis Michx.

1.4

-1.4

Star duckweed

Lemna trisulca L.

0.0

7.2

Northern watermilfoil

Myriophyllum sibiricum Kom.

8.6

0.0

Nitella

Nitella C. A. Agardh spp.

4.3

-4.3

White waterlily

Nymphaea odorata Aiton

1.4

0.0

Yellow pondlily

Nuphar lutea (L.) Sm.

-4.3

-7.2

Curlyleaf pondweed

Potamogeton crispus L.

4.3

-14.5

Leafy pondweed

Potamogeton foliosus Raf.

-24.3*

5.8

Illinois pondweed

Potamogeton illinoensis Morong

-10.0

-2.9

Whitestem pondweed

Potamogeton praelongus Wulfen

20.0*

-1.4

Richardson's pondweed

Potamogeton richardsonii (Benn.) Rydb.

4.3

2.9

Robbin's pondweed

Potamogeton robbbinsii Oakes

-1.4

1.4

Flatstem pondweed

Potamogeton zosteriformis Fernald

-18.6*

10.1

White water buttercup

Ranunculus longirostris Godr.

-8.6

-4.3
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Table 5.2 (continued)
Common Name

2015 -

2015 -

2016*

2017

8.6

-1.4

22.9*

-2.9

2.9

-2.9

34.3*

1.4

8.6

-5.8

Scientific Name
Schoenoplectus acutus (Muhl. ex Bigelow)

Hardstem bulrush
A. Love & D. Love
Sago pondweed

Stuckenia pectinata (L.) Borner

Cattail

Typha L. spp.

Common bladderwort

Utricularia macrorhiza Leconte

Watercelery

Vallisneria americana Michx.

An ‘*’ indicates a statistically significant change in frequency of occurrence via CochranMantel-Haenszel test and subsequent Fisher’s Exact test at the alpha=0.05 level of significance.
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Table 5.3

Change in percent frequency of occurrence for species in all plots receiving one
diquat application in the Detroit Lakes system from 2015 to 2017.

Common Name

2015 -

2015 -

2016*

2017

10.9*

-8.0*

Scientific Name

Flowering rush

Butomus umbellatus L.

Coontail

Ceratophyllum demersum L.

-1.1

13.8*

Chara

Chara L. spp.

-8.2

-9.2*

Water moss

Drepanocladus (Mull. Hal.) G. Roth spp.

-0.5

-5.7

Elodea

Elodea canadensis Michx.

-1.1

1.9

Star duckweed

Lemna trisulca L.

-10.3*

-4.2*

Northern watermilfoil

Myriophyllum sibiricum Kom.

12.0*

-3.8

Nitella

Nitella C. A. Agardh spp.

1.1

-1.1

White waterlily

Nymphaea odorata Aiton

0.0

0.0

Yellow pondlily

Nuphar lutea (L.) Sm.

-1.1

0.0

Curlyleaf pondweed

Potamogeton crispus L.

13.0*

-8.4*

Leafy pondweed

Potamogeton foliosus Raf.

-23.9*

-1.1

Variable pondweed

Potamogeton gramineus L.

-1.1

16.5*

Illinois pondweed

Potamogeton illinoensis Morong

-9.8*

-14.2*

Floating pondweed

Potamogeton nataus L.

0.0

-0.4

Whitestem pondweed

Potamogeton praelongus Wulfen

2.2

0.4

Richardson's pondweed

Potamogeton richardsonii (Benn.) Rydb.

-1.1

-1.9

Robbin's pondweed

Potamogeton robbbinsii Oakes

-1.1

0.0

Flatstem pondweed

Potamogeton zosteriformis Fernald

-1.6

0.8
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Table 5.3 (continued)
Common Name
White water buttercup

2015 -

2015 -

2016*

2017

-0.5

0.0

0.0

0.8

Scientific Name
Ranunculus longirostris Godr.
Schoenoplectus acutus (Muhl. ex Bigelow)

Hardstem bulrush
A. Love & D. Love
Sago pondweed

Stuckenia pectinata (L.) Borner

26.1*

-11.5*

Common bladderwort

Utricularia macrorhiza Leconte

4.9*

2.7

Watercelery

Vallisneria americana Michx.

5.4

-12.3*

An ‘*’ indicates a statistically significant change in frequency of occurrence via CochranMantel-Haenszel test and subsequent Fisher’s Exact test at the alpha=0.05 level of significance.
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Table 5.4

Change in percent frequency of occurrence for species in all plots receiving two
diquat applications in the Detroit Lakes system from 2015 to 2017.

Common Name

2015 -

2015 -

2016*

2017

-10.3*

-12.8*

Scientific Name

Flowering rush

Butomus umbellatus L.

Coontail

Ceratophyllum demersum L.

1.3

-2.1

Chara

Chara L. spp.

4.2

-5.8

Water moss

Drepanocladus (Mull. Hal.) G. Roth spp.

-1.3

-2.9

Elodea

Elodea canadensis Michx.

-0.3

0.8

Star duckweed

Lemna trisulca L.

3.5

-7.4*

Northern watermilfoil

Myriophyllum sibiricum Kom.

4.5

-16.0*

Nitella

Nitella C. A. Agardh spp.

0.0

0.4

White waterlily

Nymphaea odorata Aiton

0.0

0.0

Yellow pondlily

Nuphar lutea (L.) Sm.

-3.5

-1.2

Curlyleaf pondweed

Potamogeton crispus L.

10.0*

-2.5

Leafy pondweed

Potamogeton foliosus Raf.

-32.8*

2.1

Variable pondweed

Potamogeton gramineus L.

0.0

3.7*

Illinois pondweed

Potamogeton illinoensis Morong

0.0

-1.2

Whitestem pondweed

Potamogeton praelongus Wulfen

1.0

2.9

Richardson's pondweed

Potamogeton richardsonii (Benn.) Rydb.

4.5

-6.6

Robbin's pondweed

Potamogeton robbbinsii Oakes

-0.3

0.0

Flatstem pondweed

Potamogeton zosteriformis Fernald

-12.9*

2.1

Widgeongrass

Ruppia cirrhosa (Petagna) Grande

-0.3

0.0
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Table 5.4 (continued)
Common Name
White water buttercup

2015 -

2015 -

2016*

2017

-0.6

0.0

-2.3

0.0

30.2*

-15.2*

Scientific Name
Ranunculus longirostris Godr.
Schoenoplectus acutus (Muhl. ex Bigelow)

Hardstem bulrush
A. Love & D. Love
Sago pondweed

Stuckenia pectinata (L.) Borner

Cattail

Typha L. spp.

-0.6

0.8

Common bladderwort

Utricularia macrorhiza Leconte

2.3*

-1.6

Watercelery

Vallisneria americana Michx.

18.6*

-12.3*

An ‘*’ indicates a statistically significant change in frequency of occurrence via CochranMantel-Haenszel test and subsequent Fisher’s Exact test at the alpha=0.05 level of significance.
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Figure 5.1

Species richness in reference and treated plots. Error bars are one standard error of
the mean.

Error bars are one standard error of the mean. Bars sharing the same letter are not significantly
different from one another at the alpha=0.5 significance level.
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Figure 5.2

Flowering rush biomass and rhizome bud density in reference and treated plots.

Error bars are one standard error of the mean. Bars sharing the same letter are not significantly
different from one another at the alpha=0.5 significance level.
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CHAPTER VI
CONCLUSION
Flowering rush will likely continue to expand its invaded range southward in the United
States, therefore, a series of mesocosm and field trials were conducted to gain a better
understanding of (1) flowering rush phenology in southern climates, (2) determine if more
aggressive control measures will increase control of flowering rush over strategies already in use,
(3) determine if existing control protocols could provide selective control of flowering rush, and
(4) determine if an adaptive management strategy could be developed to control flowering rush
while aiding in the restoration of native species and decreasing the management inputs for
resource managers.
Chapter 2 Summary
Flowering rush grown in Mississippi mesocosms had less biomass than northern
populations, but had greater rhizome bud production which is likely due to a longer growing
season (8 months vs. 5 months), and a shift from an herbaceous perennial life cycle in the north
to an evergreen perennial life cycle in the south. As flowering rush continues to expand south in
the United States, resource managers in those areas will have a longer growing season to utilize
control strategies that focus on reduction of the rhizome bud bank in order to attain successful
control of flowering rush. Based on biomass assessment, relative growth rate, and correlation of
plant metrics (biomass and rhizome bud density) to environmental metrics (photoperiod and
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temperature) there was a weak point in the flowering rush life cycle in May of each year in
southern climates.
Chapter 3 Summary
Applications of diquat can reduce flowering rush biomass by 57 to 100% depending upon
application frequency, and rhizome bud density 65 to 100%. Furthermore, all diquat treatments
had the same level of control within a given year, which suggests one application of diquat was
equally efficacious as multiple applications for controlling flowering rush in mesocosms.
Because diquat can reduce flowering rush propagules below pretreatment levels with just one
application, resource managers may be able to reallocate resources to other issues in their
management areas. However, observations recorded here need to be validated on field
populations of flowering rush prior to implementation as part of an operational control strategy.
Chapter 4 Summary
Diquat applications reduced flowering rush mean leaf density by 93 to 99% in field sites
in Minnesota while not affecting hardstem bulrush. Diquat treatments also reduced the
distribution of flowering rush by 71% while not affecting hardstem bulrush distribution. In
mesocosm trials, the contact herbicide endothall reduced aboveground flowering rush by 67%
while diquat reduced belowground flowering rush by 77%; hardstem bulrush was not affected by
either herbicide. Copper, flumioxazin, and carfentrazone-ethyl did not affect flowering rush or
hardstem bulrush. This work showed that repeated diquat applications can selectively reduce
flowering rush in field sites and that endothall may be a suitable alternative to diquat for
herbicide stewardship purposes if greater than 24 hr. contact time can be maintained.
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Chapter 5 Summary
In an operational field project in Minnesota, flowering rush sites were assigned herbicide
treatments based on prevalence of flowering rush in each site: <5% flowering rush prevalence
received no herbicide, >5% but less than 20% flowering rush prevalence received one diquat
application (0.37 mg a.i. L-1), and >20% flowering rush prevalence received two diquat
applications. Over two years, this management protocol allowed for the further reduction of
flowering rush prevalence in infested sites, did not allow flowering rush biomass or rhizome bud
number to increase in infested sites, reduced overall herbicide use by 25 to 34% in the Detroit
Lakes system, and did not negatively affect the native plant community. This protocol allowed
resource managers to adapt chemical control strategies based on site specific characteristics in an
effort to conserve management resources while not sacrificing management goals.
This dissertation fills gaps in the knowledge base regarding triploid flowering rush
management by providing a 1) phenological framework for the species as it expands southward
in the U.S., 2) new information regarding the frequency of contact herbicide applications, 3)
selective chemical control strategies for sites co-inhabited by flowering rush and hardstem
bulrush, and 4) providing an operational scale adaptive management strategy for flowering rush
reduction. However, more work needs to be done as other knowledge gaps still exist. Future
research should include concentration exposure time trials with herbicides known to have
activity on flowering rush, integrated control strategies like drawdown and bare ground herbicide
applications, timing of herbicide applications, and the use of new technologies (i.e., herbicides
and bubble curtains) to better provide resource managers with flowering rush control solutions.
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