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Abstract

The Sacramento-San Joaquin Delta is one of the largest estuaries in North America,
providing water for more than 700,000 acres of agriculture, recreation and fisheries
habitat. For decades, the exotic invasive plant Egeria densa has negatively impacted
native habitat and navigation of vessels in the Sacramento-San Joaquin Delta. In
2007 the largest waterbody in the Delta, Franks Tract, began to be managed at
operational scale utilizing the aquatic herbicide fluridone. A fluridone pellet
formulation was applied to achieve in-water concentrations of fluridone between
2.5 and 3.5 ppb for 8 to 16 weeks in areas with dense Egeria densa. Fluridone
applications were started as early as March and continued throughout the treatment
period to sustain the target concentrations which were verified by an enzyme-linked
immunoassay (ELISA) analytical test. Relative frequency of occurrence for native
plants significantly increased from 2006 to 2017 (P < 0.001). Frequency of occurrence
of most native species remained variable across years except for Potamogeton
richardsonii where frequency of occurrence increased greatly from 3.6% in 2013 to
80% in 2017 (P < 0.001), and significantly increased each year sequentially except
between 2015 to 2016 to become the most widespread species. The increase of native
plants over the past five years, following management with fluridone, is likely to
improve fisheries, native species habitat, and waterway traffic.

Key words: invasive aquatic plant, herbicide, native plant restoration, aquatic
herbicides, macrophyte, aquatic weeds

Introduction

Egeria densa is an aquatic weed endemic to South America that has
become invasive throughout many places in the world, often as a result of
unintentional introductions (Matheson et al. 2005). Egeria densa’s ability
to grow quickly and proliferate in low light conditions has made it an ideal
aquarium plant and resulted in the transportation of this plant to many
places of the world (June-Wells et al. 2012). Many introductions of aquatic
invasive species are likely due to the unintentional release of aquarium
plants, hitchhiking on water craft, or through propagule dispersal (Strecker
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et al. 2011; Havel et al. 2015). The Sacramento-San Joaquin Delta (hereafter
referred to as the “Delta”) has been infested with Egeria densa since the
1980’s and fluridone herbicide treatment for the invasive plant has been
going on since the late 1990s (Anderson 1999; Pennington and Sytsma
2009). Fluridone interferes with photosynthesis by blocking critical
pigment production (carotenoids) that in turn results in the degradation
and reduction of chlorophyll, leading to a “bleaching” effect in the leaves
(Zou et al. 2018). Fluridone’s mode of action avoids toxicity on non-target
species such as mammals and fish and reduces impact to non-target plants
through a combination of pellet placement in areas with highest Egeria
densa densities and low target herbicide concentrations designed to impact
the more sensitive invasive macrophyte (Arnold 1979; Hill et al. 2017).
Managing invasive aquatic plants in the Delta is challenging due to the
tidal system, where there are two tides daily. With tides and flowing water,
maintaining an effective concentration of fluridone is significantly more
challenging compared to static waterbodies. Additionally, fluridone must
be kept under 5 ppb around any areas where the water could be used for
irrigating plants within the Solanaceae family (SePRO 2017).

Invasive aquatic plants have negative impacts not only on habitat for
native species, but also the economy due to the costs to manage them as
well as the loss of recreation and other economic impacts. The dense
monocultural stands of Egeria densa can damage native ecosystems by
altering aquatic community habitat and restricting access to boaters
(Hestir et al. 2008; Underwood et al. 2006). Invasive species control is a
global issue due to intercontinental trade and the ability for invasive plants
and animals to move across continents in a matter of days or hours. The
European Union has taken a number of steps to ban certain invasive
species and prevent new infestations from forming, as control of these
species is much more costly than prevention (Official Journal of the
European Union 2014). The state of Florida alone spends around $14.5
million annually to control Hydrilla verticillata, an invasive plant similar to
Egeria densa (Center et al. 1997). Hydrilla infestations in just two Florida
lakes have prevented recreation use, causing an annual loss of 10 million
dollars (Center et al. 1997). A total of $100 million is invested annually in
invasive aquatic weed control in the United States (OTA 1993).

There appears to be a need for additional research that relates to the
restoration of native plant communities in response to the control and
management of invasive plant species in different waterbodies. Studies on
fluridone and invasive aquatic plant control tend to focus on efficacy on
target invasive plants without necessarily reviewing the potential for
restoration and improving native plant communities. A study in Loomis
Lake, Washington showed species richness recovering starting two years
after fluridone treatment (Parsons et al. 2009). Native plant recovery has
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also been observed in several Minnesota lakes after fluridone treatment
(Crowell et al. 2006; Valley et al. 2006). Fluridone has been a useful tool for
treatment of aquatic invasive plants in locations such as Loomis Lake,
Washington, Schutz lake, Minnesota and Withlacoochee River, Florida
(Fox et al. 1994; Valley et al. 2006; Parsons et al. 2009).

The ability of Egeria densa to rapidly produce apical shoots under low
light conditions allows it to outcompete native macrophyte species and
form dense surface mats (Mazzeo et al. 2003). By creating a dense surface
canopy and homogenizing the water column, vegetation can greatly alter
fisheries habitat, oftentimes reducing species diversity by altering feeding
habits of fishes and providing refuge for zooplankton (Pelicice et al. 2005;
Pelicice and Agostinho 2006). The Delta is home to robust fisheries,
waterfowl hunting, and provides habitat for the endangered delta smelt
(Hypomesus transpacificus). The delta smelt is endemic to the estuary, and
was historically abundant, but it’s rapid decline prompted it to be listed as
federally endangered (Moyle et al. 2016). Changing fisheries trophic status
to thick, dense, monotypic vegetated mats may negatively affect the
endangered delta smelt by supporting increased predation, through
support of intermediate size predators ( Sweetnam 1999; Kimmerer 2011;
Miller et al. 2012; Nobriga et al. 2013). Supporting fisheries trophic status
that favors larger predators that are not as likely to prey on delta smelt may
be a strategy to increase smelt populations, while also increasing large
game fishes (Carpenter and Lodge 1986; Weaver et al. 1997; Petr 2000). In
addition to trophic level influences, thick stands of invasive macrophytes
reduce oxygen exchange with the surface, which has shown to have a
negative impact on aquatic life (Schultz and Dibble 2012). Furthermore,
reduced light penetration due to surface matting of dense submersed
vegetation, as commonly occurs with Egeria densa in the Delta, reduces
phytoplankton and zooplankton presence (Cattaneo et al. 1998), the latter
being the primary food source for the delta smelt.

The judicious use of herbicides as part of Integrated Pest Management
(IPM) is an effective and environmentally sensitive approach to pest
management. This approach relies on strategically employed practices that
result in achieving measurable management goals. Successful IPM
programs deploy proven methods that are tailored to achieve the most
efficient effect on target plant life cycles, developmental and reproductive
stages and also take into account the environmental drivers that affect
these phenological events. This information, in combination with available
pest control methods is used to manage pest damage by the most
economical means and with the least possible hazard to people, property,
and the environment. Currently the Aquatic Invasive Plant Control
Program (AIPCP) is utilizing herbicide control in the Delta, until further
tools can be approved for use such as benthic mats and bladders. These
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methods are contingent upon approval of two Biological Opinions from
the United States Fish and Wildlife Service (USFWS) and National Marine
Fisheries Service (NMES).

Materials and methods
Study Site

Covering 3,500 acres, Franks Tract is the largest single body of water
within the San Joaquin Delta. Originally used for agriculture, Franks Tract
was flooded in 1936 and is a popular spot for fishing and waterfowl
hunting (California Department Parks and Recreation 2018) In 2006
Franks Tract began to be managed at operational scale utilizing fluridone.

Herbicide treatments

A fluridone pellet formulation was applied annually to achieve in-water
concentrations of fluridone between 2.5 and 3.5 ppb for 8 to 16 weeks per-
year in areas with dense Egeria densa. Fluridone pellets were purchased
from SePro Corporation under trade names Sonar One, Sonar PR and
Sonar Q. Fluridone applications were started as early as March and
continued throughout the treatment period in variable intervals to sustain
the target concentrations which were verified by an ELISA analytical test.
Treatment areas were determined and maintained for each season based on
Egeria densa and Curlyleaf pondweed (Potamogeton crispus) distribution.
Vegetation distribution and density were determined by macrophyte
monitoring prior to upcoming cycle of management. Pellets were applied
via boat-mounted air blowers to achieve homogenous distribution over
Egeria densa beds, per the product label.

Macrophyte Monitoring for Species Presence

To assess and document changes in macrophyte species presence and
relative abundance, we conducted point intercept surveys (Madsen 1999;
Madsen and Wersal 2017) in the fall of each year, with dates ranging from
October 7 to December 6, however; most surveys were conducted in the
second week of October. Sampling points were chosen by generating a grid
of points with a layover of the study area using various GIS programs. Each
grid represented a full coverage of all of Frank’s Tract at evenly spaced
intervals, although the number of points on the grid was variable each year
due to logistical ability and time needed to accurately monitor a representative
area. All points were used in the analysis regardless of water depth, as this
metric was inconsistent due to tide schedule or water abundance.

To sample each point we used a weighted, double-headed, 0.33 m wide
rake, which was dragged for ~ 3 m along the bottom and then pulled up to
the boat for analysis. We recorded each species of submerged macrophyte
that was present on the rake. The frequency of occurrence for each species

Caudill et al. (2019), Management of Biological Invasions 10(3): 473—485, https://doi.org/10.3391/mbi.2019.10.3.05 476


https://www.invasivesnet.org

)

&

INVASIVESNET

Aquatic plant community restoration following fluridone treatments

was calculated as the number of sites with that species present divided by
the total number of sample sites for each survey. Frequency of occurence
was performed independently for all native and invasive species detected.
In addition, the relative frequency of occurrence was calculated for native
and non-native plants as 2 separate groups.

To calculate a value for each point representing the number of native or
non-native species per point, the number of different species for each
respective group was totaled. This tabulation allowed determination of a
mean and standard deviation for each survey and provided a metric to
complete statistical analysis on species diversity.

Statistical analysis

Statistical analyses were carried out using IBM SPSS Statistics v. 25 and all
tests were considered significant if P < 0.05. To test between-year changes
in plants per point for both native and non-native groups, we compared
each year to the previous year using an ANOVA with Tukey HSD post hoc
test, we also used the same test to compare beginning year of treatment to
the last year of treatment for each group respectively. To assess change in
frequency of occurrence for Egeria densa and for native and non-native
species between years, we used a chi-squared analysis.

Results

Relative frequency of non-native plants decreased over the timeframe from
2006 to 2017 (P = 0.18) with variability between years (Figure 1), likely due
to differences in area covered with fluridone treatments between years and
non-treatment years in 2013 and 2015 (Table 1). The greatest reduction in
relative frequency of non-native plants occurred between 2013 and 2014. It
should be noted that 2013 was a non-treatment year and that in 2014, 1872
acres were treated, during which time non-native plants decreased from
60.4% to 27.7% (P < 0.01; Figure 1). The largest decrease in non-native
species frequency of occurrence was that of Potamogeton crispus from 56.0%
in 2016 to only 4% in in 2017, Cabomba caroliniana and Myriophyllum
spicatum were found in 2006 at 1.5% and 3.1% respectively, but not in any
surveys after 2006 (Table 2). The primary non-native management target
species, Egeria densa, had variable frequency of occurrence throughout
2006 to 2017, despite the overall relative decrease of non-native plants
compared to that of native species (Table 2). Relative frequency of occurrence
for native plants significantly increased from 2006 to 2017 (P < 0.001) and
showed significant increases between 2007 thru 2013 (P < 0.001), 2013 to
2014 (P < 0.001), and 2014 to 2015 (P < 0.001) (Figure 1). Compared to
non-native species, a general increase in relative frequency of native species
was observed, whereas non-natives show the inverse. However, frequency

of occurrence of most native species remains variable across years except for
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Figure 1. Relative frequency of occurrence of all native and non-native macrophyte species in
Frank’s Tract for each survey year. (¥) indicates significant difference between prior year using
Chi-squared analysis. Closed circles, relative frequency of non-native plants; open circles,
relative frequency of native plants.

Table 1. Year, month surveyed, survey points per-survey and acres treated with fluridone in Frank’s Tract: 2006 to 2017.

Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Survey Month December October N/A  N/A  N/A  N/A N/A October October October October October
Survey Points 452 702 N/A NA NA NA NA 195 100 200 45 100
Area Treated 140 3247 3247 0 500 2413 700 0 1872 0 1040 1097

Table 2. Frequency of occurrence of non-native and native macrophyte species in Frank’s

Tract by year of survey.

Species 2006 2007 2013 2014 2015 2016 2017
Non-Natives
Egeria densa 49.6 47.0 77.9 55.0 55.0 49.0 70.0
Potamogeton crispus 2.0 1.4 344 25.0 14.5 56.0 4.0
Myriophyllum spicatum 3.1 - - - - -
Cabomba caroliniana 1.5 - - - - - -
Natives
Ceratophyllum demersum 18.1 6.0 37.9 72.0 48.0 42.0 46.0
Potamogeton richardsonii - - 3.6 40.0 66.0 53.0 80.0
Najas guadalupensis - - 50.8 30.0 55.5 53.0 14.0
Elodea canadensis - - 9.2 39.0 21.5 38.0 8.0
Stuckenia filiformis 1.8 8.1 14.9 13.0 18.0 29.0 16.0
Stuckenia pectinata - 0.7 20.5 12.0 15.0 62.0 5.0
Potamogeton foliosus - - - - 6.5 51.0 -
Potamogeton nodosus - 0.3 - 1.0 0.5 4.0 -
Nitella sp. - - - - 0.5 - 8.0
Potamogeton illinoensis - - - - 0.5 2.0 -
Native Richness 2 4 6 7 10 9 7
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Figure 2. Frequency of occurrence of Egeria densa and Potamogeton richardsonii in Frank’s
Tract for each survey year. (*) indicates significant difference between prior year using Chi-
squared analysis. Closed circles, frequency of invasive Egeria densa; open circles, frequency of
the native Potamogeton richardsonii.

Potamogeton richardsonii where frequency of occurrence increased greatly
from 3.6% in 2013 to 80% in 2017 (P < 0.001), and significantly increased
each year sequentially except between 2015 to 2016 (Figure 2). The
reduction of non-native plant relative frequency initially led to an overall
increase in species richness (Table 2) and increase in overall plants per
sample point. Prior to 2013, data on plants per sample point were limited
and thus per-point data was restricted to 2013 thru 2017. A Tukey HSD
showed significant differences in plants per point between years at 0.99 a.
Non-native plant species per point significantly decreased between 2013
and 2017 (P < 0.001) and varied between sequential years (P < 0.001 to 0.127;
Figure 3). Conversely, native plant species per point increased every year
(P < 0.001 to 0.34) except for 2017 where a significant decrease compared
to 2016 was observed (Figure 3). This decrease may potentially be due to the
increase and dominance of one native species, Potamogeton richardsonii
which significantly increased every year sequentially from 2013 to 2017
(Figure 2), even during a year of no treatment (2014 vs. 2015).

Discussion

The recovery of native species abundance in response to vegetation
management is a well-documented phenomenon and has been recorded in
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Figure 3. Non-native and native plants per point for each survey year for Frank’s Tract where
analysis could be conducted with available data. (*) indicates significant difference over the
prior year using a ANOVA with Tukey HSD post hoc test. Closed circles, average number of
non-native plant species per point; open circles, average number of native plant species per
point. Error bars represent standard deviation of the mean.

many studies around the world (Jones et al. 2012; Michelan et al. 2010;
Olson and Doherty 2014). Aquatic vegetation management in response to
invasive non-native species is an integral part in the protection of native
resources. In many cases maintaining the functionality of waterways through
large scale vegetation management can also support the proliferation and
diversity of native species, as documented in this study. Through the large-
scale application of the aquatic herbicide fluridone, California Department
of Parks and Recreation, Division of Boating and Waterways has managed
Egeria densa in Franks Tract which likely allowed for an increase in species
diversity since 2007 from mostly non-native to native species. Increasing
the number of different native plant species can have several benefits on
fisheries (Petr 2000; Valley and Bremigan 2002) compared to monotypic
weed beds (Schultz and Dibble 2012) and help promote other native
species populations throughout the trophic levels of the ecosystem such as
waterfowl (Engelhardt and Ritchie 2001; Maltchik et al. 2010; Kuczynska-
Kippen and Joniak 2016).

When devising an aquatic macrophyte control program, many factors
must be considered, such as: target plant physiology and phenology,
economic feasibility and optimizing control methodologies. Numerous
studies have concluded that aquatic herbicides can be very effective for
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aquatic plant control (Wersal et al. 2010; Johnson et al. 2012; Hussner et al.
2017). However, important factors govern how effective these treatments
can be, including, but not limited to: time of treatment, water chemistry
and exposure time (Netherland et al. 2000; Cedergreen et al. 2005). Franks
Tract is part of the San Joaquin Delta, a tidal system which is fed by
numerous rivers. The dynamic and complex water movement of the Delta
can make herbicide exposure time extremely difficult to achieve, especially
when consistent concentrations are needed over a lengthy time for efficacy
(Netherland et al. 1993). Fortunately, Egeria densa is sensitive to low doses
of fluridone (Cockreham and Netherland 2000; Tanaka et al. 2001). The
application of fluridone in Franks Tract through a slow-release pellet
provided persistent low doses of fluridone at sufficient levels to achieve
management of Egeria densa. The management of Egeria densa has led to
the prevalence of native species, even though Egeria densa fluctuated
between 47-78% over the study period. By selectively targeting sensitive
invasive species at the onset of vegetative growth, collateral damage to
native or desirable species can be avoided while still gaining control over
the target non-native species (Sethi et al. 2017). Although some native
species like Elodea canadensis and Stuckenia pectinata are known to be
sensitive to low rates of fluridone, the net benefit of Egeria densa removal is
greater than the potential decline of these species (Poole et al. 2004).

The rationale for relying on fluridone in this project is based on both the
mode of action and ability to deliver effective concentrations and exposure.
The degree of fluridone efficacy can be species specific depending on
concentration and exposure time. Whereas some genera such as Hydrilla,
Elodea, and Myriophyllum show very good control at concentrations as low
as 5 ppb of fluridone, other genera such as Potamogeton and Vallisneria
require higher rates to produce the same level of control (Netherland et al.
1993, 1997; Netherland and Getsinger 1995). Differences in species specific
rates required for macrophyte control can prove beneficial if the target
species are sensitive to fluridone. Lower rates needed for macrophyte
control can reduce program costs and ultimately reduce the impact on
non-target organisms. In many cases, non-target organisms are plants that
are native to the local ecosystem and play an important role in ecosystem
function. Additionally, supporting native macrophyte growth in response
to reducing invasive macrophyte monotypic growth may reduce
opportunities for re-establishment of invasive macrophytes when a native
species becomes the dominant plant in the ecosystem (Capers et al. 2007;
Rodrigues and Thomaz 2010). Capers et al. (2007) also found that reduced
invasibility only correlated with plant density of native species and not
species richness. These findings may lead one to believe that the statistically
significant reduction in number of native species in 2017 compared to
2016 may not indicate a decline in ecosystem health, but the potential aid
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of Potamogeton richardsonii in the competition of Egeria densa.
Potamogeton richardsonii increased during a non-treatment year (2014 vs.
2015) as well as during treatment years such as (2013 vs. 2014). Additional
benefits of Potamogeton and other native species include, providing food
for waterfowl (Van Donk and Otte 1996; Lauridsen et al. 2003) and the
potential for higher fish and other aquatic species diversity compared to a
monotypic habitat dominated by non-native macrophytes (Keast 1984).
Houston and Duivenvoorden (2002) found that increases of native plant
species led to increases of native fishes and reductions of introduced fish
species. Incorporating native species competition into an integrated pest
management program in concert with a targeted herbicide program
provides a more sustainable approach to aquatic resource management
than other pest management tools alone. The control actions taken by the
AIPCP has shown successful management of the invasive macrophyte
Egeria densa to allow for the emergence of the native Potamogeton
richardsonii as the dominant species in Franks Tract.

Acknowledgements

We would like to acknowledge California Department of Boating and Waterways and
California Department of Parks and Recreation staff for support of this research. This research
was supported in part by the US Department of Agriculture, Agricultural Research Service,
Areawide Program to the Delta Regional Areawide Aquatic Weed Project. We would also like
to acknowledge the reviewers of this manuscript during revisions. Mention of trade names or
commercial products in this publication is solely for the purpose of providing specific
information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture. USDA is an equal opportunity provider and employer.

References

Anderson LW (1999) Egeria invades the Sacramento-San Joaquin Delta. Aquatic Nuisance
Species Digest 3(4): 37-40

Arnold WR (1979) Fluridone-a new aquatic herbicide. Journal of Aquatic Plant Management
17:30-33

California Department of Parks and Recreation (2018) Franks Tract State Recreation Area.
https://www.parks.ca.gov/?page_id=490 (accessed 1 August 2018)

Capers RS, Selsky R, Bugbee GJ, White JC (2007) Aquatic plant invasibility and scale
dependent patterns in native and invasive species richness. Ecology 88: 3135-3143,
https://doi.org/10.1890/06-1911.1

Carpenter SR, Lodge DM (1986) Effects of submersed macrophytes on ecosystem processes.
Aquatic Botany 26: 341-370, https://doi.org/10.1016/0304-3770(86)90031-8

Cattaneo A, Galanti G, Gentinetta S, Romo S (1998) Epiphytic algae and macroinvertebrates on
submerged and floating-leaved macrophytes in an Italian lake. Freshwater Biology 39: 725—
740, https://doi.org/10.1046/j.1365-2427.1998.00325.x

Cedergreen N, Andersen L, Olesen CF, Spliid HH, Streibig JC (2005) Does the effect of
herbicide pulse exposure on aquatic plants depend on K., or mode of action? Aquatic
Toxicology 71: 261-271, https://doi.org/10.1016/j.aquatox.2004.11.010

Center TD, Frank JH, Dray FA (1997) Biological control. In: Simberloff D, Schmitz DC,
Brown TC (eds), Strangers in Paradise. Island Press, Washington, DC, pp 245-266

Cockreham SD, Netherland MD (2000) Sonar use in California to manage exotic plants:
hydrilla, Eurasian watermilfoil, and egeria. Proceedings of the California Weed Science
Society 52: 59-62

Crowell WIJ, Proulx NA, Welling CH (2006) Effects of repeated fluridone treatments over nine
years to control Eurasian watermilfoil in a mesotrphic lake. Journal of Aquatic Plant
Management 44: 133-136

Engelhardt KAM, Ritchie ME (2001) Effects of macrophyte species richness on wetland
ecosystem functioning and services. Nature 411: 687—689, https://doi.org/10.1038/35079573

Caudill et al. (2019), Management of Biological Invasions 10(3): 473-485, https://doi.org/10.3391/mbi.2019.10.3.05 482


https://doi.org/10.1016/0304-3770(86)90031-8
https://www.invasivesnet.org

2)

&

INVASIVESNET

Aquatic plant community restoration following fluridone treatments

Fox AM, Haller WT, Shilling DG (1994) Use of fluridone for Hydrilla management in the
Withlachoochee river, Florida. Journal of Aquatic Plant Mangement 32: 47-55

Havel JE, Kovalenko KE, Thomaz SM, Amalfitano S, Kats LB (2015) Aquatic invasive species:
challenges for the future. Hydrobiologia 750: 147-170, https:/doi.org/10.1007/s10750-014-2166-0

Hestir EL, Khanna S, Andrew ME, Santos MJ, Viers JH, Greenberg JA, Rajapaske SS, Ustin
SL (2008) Identification of invasive vegetation using hyperspectral remote sensing in the
California Delta ecosystem. Remote Sensing of Environment 112: 4034—4047, https://doi.org/
10.1016/j.rse.2008.01.022

Hill ZT, Norsworthy JK, Barber LT, Gbur E (2017) Assessing the potential for fluridone to
reduce the number of postemergence herbicide applications in glyphosate-resistant cotton.
Journal of Cotton Science 21(2): 175-182

Houston W, Duivenvoorden (2002) Replacement of littoral native vegetation with the ponded
pasture grass Hymenachne amplexicaulis: Effects on plant, macroinvertebrate and fish
biodiversity of backwaters in the Fitzroy River, Central Queensland, Australia. Marine and
Freshwater Research 53: 1235-1244, https://doi.org/10.1071/MF01042

Hussner A, Stiers I, Verhofstad M, Bakker ES, Grutters BMC, Haury J, van Valkenburg JL,
Brindu G, Newman J, Clayton JS, Anderson LW, Hofstra D (2017) Management and
control methods of invasive alien freshwater aquatic plants: a review. Aquatic Botany, 136:
112-137, https://doi.org/10.1016/j.aquabot.2016.08.002

Johnson JA, Jones AR, Newman RM (2012) Evaluation of lakewide, early season herbicide
treatments for controlling invasive curlyleaf pondweed (Potamogeton crispus) in Minnesota
lakes. Lake and Reservoir Management 28: 346363, https:/doi.org/10.1080/07438141.2012.744782

Jones AR, Johnson JA, Newman RM (2012) Effects of repeated, early season, herbicide
treatments of curlyleaf pondweed on native macrophyte assemblages in Minnesota lakes.
Lake and Reservoir Management 28: 364-374, https://doi.org/10.1080/07438141.2012.747577

June-Wells M, Vossbrinck CR, Gibbons J, Bugbee G (2012) The aquarium trade: A potential
risk for nonnative plant introductions in Connecticut, USA. Lake and Reservoir
Management 28: 200205, https://doi.org/10.1080/07438141.2012.693575

Keast A (1984) The introduced aquatic macrophyte, Myriophyllum spicatum, as habitat for fish
and their invertebrate prey. Canadian Journal of Zoology 62: 1289-1303, https://doi.org/10.
1139/z84-186

Kimmerer WJ (2011) Modeling delta smelt losses at the south delta export facilities. San
Fransico Estuary and Watershed Science 9(1), https://doi.org/10.15447/sfews.2011v9isslart3

Kuczynska-Kippen N, Joniak T (2016) Zooplankton diversity and macrophyte biometry in
shallow water bodies of various trophic state. Hydrobiologia 774: 3951, https://doi.org/10.
1007/s10750-015-2595-4

Lauridsen TL, Sandsten H, Hald Moller P (2003) The restoration of a shallow lake by introducing
Potamogeton spp.: the impact of waterfowl grazing. Lakes Reservoirs: Research Management
8: 177-187, https://doi.org/10.1111/j.1440-1770.2003.00224.x

Madsen JD (1999) Point intercept and line intercept methods for aquatic plant management.
APCRP Technical Notes Collection (ERDC/TN APCRP-MI-02), (February), pp 1-16,
https://doi.org/10.21236/ADA361270

Madsen JD, Wersal RM (2017) A review of aquatic plant monitoring and assessment methods.
Journal of Aquatic Plant Management 55: 1-12

Maltchik L, Rolon AS, Stenert C (2010) Aquatic macrophyte and macroinvertebrate diversity
and conservation in wetlands of the Sinos River basin. Brazilian Journal of Biology 70:
1179-1184, https://doi.org/10.1590/S1519-69842010000600007

Matheson FE, De Winton MD, Clayton JS, Edwards TM, Mathieson TJ (2005) Responses of
vascular (Egeria densa) and non-vascular (Chara globularis) submerged plants and oospores
to contrasting sediment types. Aquatic Botany 83: 141-153, https://doi.org/10.1016/j.aquabot.
2005.05.010

Mazzeo N, Rodriguez-Gallego L, Kruk C, Meerhoff M, Gorga J, Lacerot G, Quintans F,
Loureiro M, Larrea D, Garcia-Rodriguez F (2003) Effects of Egeria densa Planch. beds on
a shallow lake without piscivorous fish. Hydrobiologia 506: 591-602, https://doi.org/10.1023/
B:HYDR.0000008571.40893.77

Michelan TS, Thomaz SM, Mormul RP, Carvalho P (2010) Effects of an exotic invasive
macrophyte (tropical signalgrass) on native plant community composition, species richness
and functional diversity. Freshwater Biology 55: 1315-1326, https://doi.org/10.1111/j.1365-
2427.2009.02355.x

Miller WJ, Manly BFJ, Murphy DD, Fullerton D, Ramey RR (2012) An investigation of factors
affecting the decline of delta smelt (Hypomesus transpacificus) in the Sacramento-San
Joaquin Estuary. Reviews in Fisheries Science 20: 1-19, https://doi.org/10.1080/10641262.2011.
634930

Moyle PB, Brown LR, Durand JR, Hobbs JA (2016) Delta smelt: life history and decline of a
once-abundant species in the San Francisco Estuary. San Fancisco Estuary and Watershed
Science 14(2), https:/doi.org/10.15447/sfews.2016v14iss2art6

Caudill et al. (2019), Management of Biological Invasions 10(3): 473-485, https://doi.org/10.3391/mbi.2019.10.3.05 483


https://doi.org/10.1016/j.rse.2008.01.022
https://doi.org/10.1139/z84-186
https://doi.org/10.1007/s10750-015-2595-4
https://doi.org/10.1016/j.aquabot.2005.05.010
https://doi.org/10.1023/B:HYDR.0000008571.40893.77
https://doi.org/10.1080/10641262.2011.634930
https://www.invasivesnet.org

2

u INVMIV[SNH Aquatic plant community restoration following fluridone treatments

Netherland MD, Getsinger KD (1995) Laboratory evaluation of threshold fluridone concentrations
under static conditions for controlling hydrilla and Eurasian watermilfoil. Journal of
Aquatic Plant Management 33: 33-36

Netherland MD, Getsinger KD, Turner EG (1993) Fluridone concentration and exposure time
requirements for control of Eurasian watermilfoil and hydrilla. Journal of Aquatic Plant
Management 31: 189—-194

Netherland MD, Getsinger KD, Skogerboe JD (1997) Mesocosm evaluation of the species-
selective potential of fluridone. Journal of Aquatic Plant Management 35: 41-50

Netherland MD, Skogerboe JD, Owens CS, Madsen JD (2000) Influence of water temperature
on the efficacy of diquat and endothall versus curlyleaf pondweed. Journal of Aquatic Plant
Management 38: 25-32

Nobriga ML, Loboschefsky E, Feyrer F (2013) Common predator, rare prey: exploring juvenile
striped bass predation on delta smelt in California’s San Francisco Estuary. Transactions of
the American Fisheries Society 142: 1563—1575, https://doi.org/10.1080/00028487.2013.820217

Official Journal of the European Union (2014) Regulation number 1143/2014 of the European
Parliament and of the council of 22 October 2014 on the prevention and management of the
introduction and spread of invasive alien species. 317: 35-55

Olson ER, Doherty JM (2014) Macrophyte diversity-abundance relationship with respect to
invasive and native dominants. Aquatic Botany 119: 278285 https://doi.org/10.1016/j.aquabot.
2014.08.010

OTA (1993) Harmful non-indigenous species in the United States. Office of Technology
Assessment, United States Congress, Washington, DC, pp 6368

Parsons JK, Couto A, Hamel KS Marx GE (2009) Effect of fluridone on macrophytes and fish
in a costal washington lake. Journal of Aquatic Plant Management 47: 31-40

Pelicice FM, Agostinho AA (2006) Feeding ecology of fishes associated with Egeria spp.
patches in a tropical reservoir, Brazil. Ecology of Freshwater Fish 15: 10-19,
https://doi.org/10.1111/j.1600-0633.2005.00121.x

Pelicice FM, Agostinho AA, Thomaz SM (2005) Fish assemblages associated with Egeria in a
tropical reservoir: Investigating the effects of plant biomass and diel period. Acta
Oecologica 27: 9-16, https://doi.org/10.1016/j.actao.2004.08.004

Pennington TG, Sytsma, MD (2009) Seasonal changes in carbohydrate and nitrogen
concentrations in Oregon and California populations of Brazilian Egeria (Egeria densa).
Weed Science Society of America 2: 120-129, https://doi.org/10.1614/IPSM-08-101.1

Petr T (2000) Interactions between fish and aquatic macrophytes in inland waters. A review.
FAO Fisheries Technical Paper, i-vii, 1-185

Poole AG, Skogerboe JG Getsinger KD (2004) Efficacy of AVAST!® fluridont formulation
against Eurasian watermilfoil and nontarget submersed plants. US Army Corps of
Engineers June 2004 Final Report TR-04-9

Rodrigues RB, Thomaz SM (2010) Photosynthetic and growth responses of Egeria densa to
photosynthetic active radiation. Aquatic Botany 92: 281-284, https://doi.org/10.1016/j.aquabot.
2010.01.009

SePRO Corperation (2017) Sonar One herbicide specimen label. https://www.sepro.com/Documents/
SonarOne_Label.pdf (accessed 23 July 2018)

Sethi SA, Care MP, Morton JM, Guerron-Orejuela E, Decino R, Willette M, Boersma J,
Jablonski J, Anderson C (2017) Rapid response for invasive waterweeds at the arctic
invasion front: Assessment of collateral impacts from herbicide treatments. Biological
Conservation 212: 300-309, https://doi.org/10.1016/j.biocon.2017.06.015

Schultz R, Dibble E (2012) Effects of invasive macrophytes on freshwater fish and
macroinvertibrate communities: the role of invasive plants. Hydrobiologia 684: 1-14,
https://doi.org/10.1007/s10750-011-0978-8

Strecker AL, Campbell PM, Olden JD (2011) The aquarium trade as an invasion pathway in the
Pacific Northwest. Fisheries 36: 74—85, https://doi.org/10.1577/03632415.2011.10389070

Sweetnam DA (1999) Status of delta smelt in the Sacramento-San Joaquin estuary. California
Fish and Game 85: 22-27

Tanaka RH, Velini E, Martins D, Bronhara AA, Silva MAS, Cavenaghi AL, Tomazela MS
(2001) Efficacy of fluridone in controlling Egeria spp. in tanks and in a small pond without
water flow. Planta Daninha 20, https://doi.org/10.1590/S0100-83582002000400009

Underwood EC, Mulitsch MJ, Greenberg JA, Whiting ML, Ustin SL, Kefauver SC (2006)
Mapping invasive aquatic vegetation in the sacramento-san Joaquin Delta using
hyperspectral imagery. Environmental Monitoring and Assessment 121: 47-64,
https://doi.org/10.1007/s10661-005-9106-4

Valley RD, Bremigan MT (2002) Effects of macrophyte bed architecture on largemouth bass
foraging: Implications of exotic macrophyte invasions. Transactions of the American
Fisheries Society 131: 234-244, https://doi.org/10.1577/1548-8659(2002)131<0234:EOMBAO>
2.0.CO;2

Valley RD, Crowell W, Welling CH, Proulx N (2006) Effects of a low-dose fluridone treatment
on submerged aquatic vegetation in a eutrophic Minnesota lake dominated by Eurasion
watermilfoil and coontail. Journal of Aquatic Plant Management 44: 19-25

Caudill et al. (2019), Management of Biological Invasions 10(3): 473-485, https://doi.org/10.3391/mbi.2019.10.3.05 484


https://doi.org/10.1016/j.aquabot.2014.08.010
https://doi.org/10.1016/j.aquabot.2010.01.009
https://www.sepro.com/Documents/SonarOne_Label.pdf
https://doi.org/10.1577/1548-8659(2002)131<0234:EOMBAO>2.0.CO;2
https://www.invasivesnet.org

2

|NVMW[SNH Aquatic plant community restoration following fluridone treatments

Van Donk E, Otte A (1996) Effects of grazing by fish and waterfowl on the biomass and
species composition of submerged macrophytes. Hydrobiologia 340: 285-290,
https://doi.org/10.1007/BF00012769

Weaver MJ, Magnuson JJ, Clayton MK (1997) Distribution of littoral fishes in structurally

complex macrophytes. Canadian Journal of Fisheries and Aquatic Sciences 54: 2277-2289,
https://doi.org/10.1139/97-130

Wersal RM, Madsen JD, Woolf TE, Eckberg N (2010) Assessment of herbicide efficacy on
Eurasian watermilfoil and impacts to the native submersed plant community in Hayden
Lake, Idaho, USA. Journal of Aquatic Plant Management 48: 5—11

Zou Z, Zou X, Zhao S, Xia C, Qian K, Wang P, Yin C (2018) Fluridone induces leaf bleaching
by inhibiting pigment biosynthesis via downregulated transcription levels of pigment
biosynthetic genes in rice (Oryza Sativa L.). Journal of Plant Growth Regulation 37: 1385—
1395, https://doi.org/10.1007/s00344-018-9781-3

Caudill et al. (2019), Management of Biological Invasions 10(3): 473-485, https://doi.org/10.3391/mbi.2019.10.3.05 485


https://www.invasivesnet.org


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




