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A B S T R A C T

The herbicide diquat dibromide is used in North America to manage nuisance macrophytes. However, its effect
on native macrophytes is less clear and it could cause indirect effects on other aquatic biota. This study de-
termined the sensitivity of both native and non-native macrophytes grown in test systems with varying com-
plexity to diquat dibromide applied directly to water following label directions. In an outdoor mesocosm ex-
periment and single species greenhouse concentration-response tests, Elodea canadensis Michx., Myriophyllum
spicatum L., Ceratophyllum demersum L. and Hydrocharis morsus-ranae L. were exposed to a range of diquat di-
bromide concentrations (4.7 – 1153 µg/L), corresponding to 0.4 – 100% of the recommended label rate of the
formulated product. The mesocosm experiment contained all four plant taxa in the same system along with
caged amphipods (Hyalella azteca Saus.), tadpoles (Lithobates pipiens Schreber), phytoplankton and periphyton;
however, this study focuses on the macrophytes only. In both test systems, severe direct effects of diquat di-
bromide on macrophytes were detected, with almost 100% mortality of all macrophytes in both test systems at
74 µg/L. The most sensitive species in the single species tests, E. canadensis, showed almost 100% mortality at
concentrations below the HPLC-based method detection limit of 5 µg/L. Effects occurred very rapidly and
showed no difference in severity between native and non-native macrophytes or complexity of test systems.
These results suggest that diquat dibromide could be applied at a considerably lower label rate, depending on the
characteristics of the waterbody, while still achieving effective control of nuisance macrophytes.

1. Introduction

Aquatic herbicides such as diquat dibromide are applied directly to
waterbodies to manage nuisance macrophytes in North America. Diquat
dibromide is inactivated quickly in the presence of organic matter and
vegetation; hence, it has been approved for use in aquatic habitats as it
is thought to pose minimal long-term risks to non-target aquatic biota
(Davies and Seaman, 1968; Emmett, 2002; US EPA, 1995; Wilson and
Wu, 2012). However, diquat dibromide is both adsorbed onto and ab-
sorbed into vegetation (Davies and Seaman, 1968), which results in
long-term accumulation and possible release when contaminated plants
die and decompose. Moreover, due to its high efficacy (Johnson, 1965),
the native non-target plant community is likely to also be affected. Such
removal of vegetation could dramatically change the ecosystem,

resulting in indirect effects on other trophic levels including in-
vertebrates, amphibians and fish (Berry, 1984; May et al., 1973;
Nicholson and Clerman, 1974).

The current regulatory risk assessment for herbicides in Canada, the
United States and the European Union relies mainly on toxicity tests
with algae (Raphidocelis subcapitata) and duckweed (Lemna spp.) be-
cause these taxa are easy to culture and show uniform and rapid growth
(Lewis, 1995; Maltby et al., 2010). However, scientific and regulatory
communities have raised concerns that a risk assessment based on these
toxicity tests may not be protective for other macrophyte species with
differing physiology and morphology (Davy et al., 2001; Maltby et al.,
2010; Mohr et al., 2013). The sensitivity of plants to herbicides is
species-specific and no macrophyte is consistently the most sensitive in
studies comparing toxicity (Arts et al., 2008; Fairchild, 1998; Giddings
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et al., 2012; Lewis, 1995; Vervliet-Scheebaum et al., 2006). The com-
monly used Lemna minor L. is typically of intermediate sensitivity
(Cedergreen et al., 2004; Fairchild et al., 1998). Depending on the
herbicide tested, Lemna spp. can be less sensitive compared to Cer-
atophyllum demersum L., Elodea canadensisMichx. andMyriophyllum spp.
(Cedergreen et al., 2004; Fairchild et al., 1998; Perkins, 1997;
Teodorović et al., 2012).

Diquat dibromide could affect a range of macrophytes growing in
the application area when dissipating from the water surface to the
sediment, because it is a non-selective, highly water-soluble contact
herbicide that inhibits photosynthesis (Dodge and Harris, 1970;
Funderburk and Lawrence, 1964). Given this non-selective mode of
action and potential exposure of sensitive submerged and rooted mac-
rophytes, toxicity tests with algae and duckweed may be insufficient to
evaluate toxic effects on other non-target macrophytes. Ecotoxicity tests
with a suite of floating, submerged and rooted macrophytes can in-
crease risk assessment accuracy (Arts et al., 2008; Davy et al., 2001;
Fairchild et al., 1997; Giddings et al., 2012; Lewis, 1995; Maltby et al.,
2010; Vervliet-Scheebaum et al., 2006). The submerged macrophyte
taxa Myriophyllum spp., Elodea spp. and Ceratophyllum spp. have been
identified and recommended as additional test species (Davy et al.,
2001; European Commission, 2013; Maltby et al., 2010), however,
standard single species test guidelines are currently only available for
Myriophyllum spicatum L. (OECD, 2014a, 2014b).

This study determined the sensitivity of macrophytes to diquat di-
bromide, directly applied to water following label recommendations
(Syngenta Canada Inc, 2015) in test systems of varying complexity to
provide phytotoxicity data for risk assessment. The test species chosen
include E. canadensis, M spicatum, C. demersum and Hydrocharis morsus-
ranae L. and thus represent a range of floating, submerged and rooted
native and non-native macrophytes that are common in North Amer-
ican waterbodies. We assessed the phytotoxicity of diquat dibromide in
an outdoor mesocosm experiment and single species greenhouse con-
centration-response tests to cover two tiers of herbicide risk assessment
(Boutin et al., 1995; Davy et al., 2001; EFSA PPR Panel, 2013; Solomon
et al., 2008; US EPA, 2016). The single species tests evaluated effects of
diquat dibromide on macrophytes grown in small systems without in-
teractions with other species. The mesocosm experiment assessed the
effects of diquat dibromide to macrophyte assemblages on a larger
scale, and also determined risks to aquatic biota including phyto-
plankton and periphyton, caged amphipods and tadpoles. However, the
current study focuses solely on the effects of diquat dibromide on
macrophytes in these mesocosms. Using two test systems based on
different spatial scales and ecological complexity provides a more
realistic estimate of a given pesticide's fate and effects and thus a
sounder basis for risk assessment decisions (Maltby et al., 2010;
Sanderson, 2002; van den Brink, 2013).

2. Materials and methods

2.1. Test species

The four macrophyte test species E. canadensis (native to North
America, submerged, rooted), M. spicatum (non-native, submerged,
rooted), C. demersum (native, submerged, non-rooted) and H. morsus-
ranae (non-native, floating) were obtained from natural populations in
lakes and rivers in Ontario, Canada (Table A.1) with no known prior or
current diquat dibromide applications. E. canadensis, M. spicatum and C.
demersum plant material was collected in summer 2016; H. morsus-ranae
plants were grown from turions that had been collected in fall 2015 and
stored in water at 4 °C in the dark. All plants were rinsed in fresh water
to eliminate visible contamination with algae and invertebrates and
kept in an outdoor stock tank for acclimatization for two weeks.

2.2. Test substance

Diquat dibromide (6,7-dihydrodipyrido[1,2-a:2′1'-c]pyrazinediium
dibromide) was applied as the formulated product Reward® Aquatic
Herbicide (Syngenta Canada Inc, 2015). Applying the formulation is
more environmentally relevant than applying the technical grade pro-
duct because it represents the actual product applied to natural eco-
systems and includes dispersants or other additives that may affect
toxicity (Mesnage et al., 2014). Reward® Aquatic Herbicide can be used
in a variety of waterbodies with still or slow flowing water, such as
dugouts, ponds, ditches, lakes, streams and canals (Syngenta Canada
Inc, 2015). A specific label application rate is recommended for control
of regular macrophyte growth in all waterbodies of ≤ 1.5 m depth
(18.3 L/ha), which we considered for our mesocosms (120 cm length ×
78 cm width × ~55 cm depth). This label rate for control of regular
macrophyte growth (18.3 L/ha), and the label rate for early stages of
macrophyte growth (9.2 L/ha) (Syngenta Canada Inc, 2015) were
converted into µg/L active ingredient diquat dibromide, taking into
account the surface area (0.735m2) and volume (280 L) of the meso-
cosms, as aquatic ecotoxicology studies commonly report toxicities in
mass per volume units such as µg/L. This resulted in diquat dibromide
label rate concentrations of 1153 μg/L (18.3 L/ha) and 579 μg/L (9.2 L/
ha) active ingredient, respectively.

The test concentrations were determined following a geometric
series. The two highest concentrations were selected from the label
rates for regular macrophyte growth (1153 μg/L) and for early stages of
macrophyte growth (579 μg/L). The subsequent lower concentrations
followed a geometrical progression with the factor of ~2 calculated by
dividing 1153 μg/L by 579 μg/L. In the mesocosm experiment, diquat
dibromide was tested at five nominal concentrations (1153, 579, 291,
147 and 74 μg/L) plus controls, with five replicates each, for a total of
30 mesocosms. It was not logistically possible to incorporate additional
lower concentrations, as each mesocosm required manipulations and
monitoring daily. Nominal test concentrations of the single species
concentration-response tests were 1153, 579, 291, 147 and 74 μg/L,
and the additional lower concentrations 37, 19, 9 and 4.7 μg/L. These
test concentrations correspond to a range of 100 – 0.4% of the label
application rate for regular macrophyte growth, as described above.

Single species tests with treatments corresponding to the mesocosm
treatments (1153, 579, 291, 147 and 74 μg/L) were initiated shortly
after the mesocosm experiment, but were only performed for E. cana-
densis and H. morsus-ranae, because early results from the mesocosm
experiment indicated that an almost 100% effect at all treatment con-
centrations was likely. Consequently, tests for M. spicatum and C. de-
mersum, and a second test for E. canadensis were performed at a range of
lower concentrations (74, 37, 19, 9 and 4.7 μg/L), still providing
overlap with the higher concentration range for confirmation purposes.
Additional tests with H. morsus-ranae were not conducted due to lack of
available plant material.

For verification of the nominal concentrations, water samples (1 L)
were collected from the mesocoms 1 h post application, and samples
were taken from single species test stock solutions. Samples were ana-
lyzed by a commercial, accredited (Canadian Association for
Laboratory Accreditation Inc.) laboratory, Caduceon Environmental
Laboratories (285 Dalton Avenue, Kingston, Ontario K7K 6Z1, Canada),
using high performance liquid chromatography as described in the US
EPA Method 549.1 (US EPA, 1992). Nominal concentrations were
verified for both the mesocosm experiment (76% – 88% of respective
nominal concentrations, Table A.2) and the single species tests (90% –
151% of respective nominal concentrations, Table A.2). The dis-
crepancies in percent nominal recovery between mesocosm and single
species tests are likely due to differences in: 1. sampling techniques, as
some adsorption would be expected in the mesocosms 1 h after appli-
cation, which would not occur when sampling the stock solutions from
single species tests, and 2. concentration range, as the lower con-
centration range in single species tests means that smaller absolute
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measurement errors close to the detection limit result in larger relative
differences in percent nominal recovery. The recoveries in the single
species tests, although high, are consistent and therefore the data are
still reliable.

2.3. Experimental set-up and conditions

Mesocosms were placed in a randomized block design in an outdoor
research facility at Carleton University, Ottawa, Ontario, Canada.
Single species test containers were placed in a randomized block design
on a greenhouse work bench at Carleton University, Ottawa, Canada.
Details on the experimental set-up and conditions for both test systems
are summarized in Table 1.

The test systems were established by first adding test medium, fol-
lowed by sediment pots and uniform plants, and in the mesocosms,
additional test species (caged H. azteca amphipods, L. pipiens tadpoles).
Following the acclimatization periods (see Table 1 for details), the
mesocosms were dosed with 500mL of Reward® Aquatic Herbicide
solution (different concentrations depending on treatment) by pouring
it over the water surface (according to the label, Syngenta Canada Inc,
2015) and rinsing the bottle three times in the test medium. Exposure
by pouring was chosen because a foliar test is recommended for contact
herbicides (Davy et al., 2001) and water exposure tests may greatly
underestimate phytotoxicity for floating or emergent macrophytes
(Lockhart et al., 1989). The control mesocosms were handled in the
same way, but 500mL of distilled water was added instead. The single
species test containers were dosed following the same method, with
10mL of Reward® Aquatic Herbicide solution (different concentrations
depending on treatment) and 10mL of distilled water for the control.

2.4. Endpoints assessed

The endpoints of total shoot fresh weight and total shoot dry weight
were assessed for each macrophyte species in both test systems. Total
shoot length was also assessed in the single species tests, but this end-
point was not practical to measure in the mesocosms.

Immediately prior to treatment on Day 0, ten spare plants from
extra pots, that were prepared for each experiment, were harvested for

assessment of total shoot fresh weight and total shoot dry weight, and
total shoot length in the single species tests. The same assessments were
performed at the end of the exposure period. Fresh weight was de-
termined by collecting the non-rooted shoots/plants (for C. demersum
and H. morsus-ranae) or cutting the shoots at sediment level (for E.
canadensis and M. spicatum), then blotting them dry on a paper towel
prior to weighing. The plant material was then placed in a drying oven
at 60 °C for at least 48 h to obtain plant dry weight.

Plant health was assessed weekly visually using pictures, and
chlorosis or algal contamination was recorded. In the mesocosm ex-
periment, dissolved oxygen concentration (DO), pH and temperature
were measured three times per week between 10:00 a.m. and
12:00 p.m. using a YSI Professional Plus (Pro Plus; YSI Incorporated,
Yellow Springs, OH, USA). Water quality was measured on Day 0, 7 and
14 in the single species tests: DO and temperature were measured using
a YSI Environmental ProDO Handheld Optical Dissolved Oxygen Meter
(YSI Incorporated, Yellow Springs, OH, USA), and pH was measured
using the Fisher Scientific accumet AP110 pH/ORP Meter.

2.5. Statistical analyses

Data were analyzed using nominal concentrations (see Table A.2 for
respective measured concentrations) with R (R Core Team, 2016). The
assessment endpoint total shoot dry weight was used for the analysis, as
it showed high correlation (r= 0.75 – 0.99) with total shoot length and
fresh weight. Moreover, total shoot dry weight is typically considered
more ecologically relevant and less variable compared to fresh weight
and shoot length (Arts et al., 2008; Cedergreen et al., 2004; Knauer
et al., 2008; Maltby et al., 2010; Stephenson et al., 2000).

Concentration-response modelling with the R package “drc” (Ritz
et al., 2015; Ritz and Streibig, 2016) was used to fit a concentration-
response curve to the data and to estimate the effective concentration
(ECx) at a given time point (see OECD, 2006 for an explanation) based
on the curve and their associated confidence bounds. A selection of
concentration-response models was fit. Statistical and visual model di-
agnostics tools (ECCC, 2005; OECD, 2006; Ritz and Streibig, 2008;
Stephenson et al., 2000) were applied and verified all four model as-
sumptions: correct mean function, variance homogeneity, normally

Table 1
Experimental set-up and conditions for single species and mesocosm test systems with the macrophytes Elodea canadensis (EC), Myriophyllum spicatum (MS),
Ceratophyllum demersum (CD) and Hydrocharis morsus-ranae (HMR). For information on the source of macrophytes and test sediment contents refer to Table A.1 and
A.3.

Single species tests Mesocosm experiment

Test system 2.5 L translucent polyethylene specimen storage containers (diameter:
14.6 cm, height: 19.0 cm) holding one plastic pot (diameter: 12.1 cm,
height: 9.0 cm), filled with 1.6 L test medium

378 L Rubbermaid® tanks holding six plastic pots (diameter: 25.0 cm,
height: 10.2 cm), filled with 280 L test medium, covered with 30%
shade cloth, bubblers for dissolved oxygen control

Initial size of test plants 6 cm apical shoots for EC and MS in sediment (two nodes), 6 cm apical
shoots for CD (modified from OECD, 2014a); 5-7 developed leaves for
HMR (modified from OECD, 2006a)

12 cm apical shoots for EC and MS in sediment (three nodes), 12 cm
apical shoots for CD (modified from OECD, 2014a); 5-11 developed
leaves for HMR (modified from OECD, 2006a)

Total number of test plants
per test system

3 shoots for EC, MS and CD, 2 plants for HMR 30 shoots for EC and MS (10 shoots per pot = 3 pots per species), 30
shoots for CD, 10 plants for HMR

Test medium Municipal tap water, aged for ≥7 days to allow for dissipation of the
disinfectant chloramine

Municipal tap water, aged for ≥7 days to allow for dissipation of the
disinfectant chloramine

Test sediment Mixture of 20% natural wetland sediment and 80% OECD sediment
(OECD, 2014; half dose of nutrients), stored in a cooled environment
(~4°C)

Mixture of 20% natural wetland sediment and 80% OECD sediment
(OECD, 2014; half dose of nutrients)

Test sediment pot
composition

Layers (from bottom to top): two pieces of landscaping cloth, stones,
sand, test sediment, sand

Layers (from bottom to top): two pieces of landscaping cloth, stones,
sand, test sediment, sand

Number of treatments and
replicates

Five treatments and control, each replicated five times Five treatments and control, each replicated five times

Acclimatization Sediment pots were aged for ~10 days in non-test containers to allow
for potential initial plume of nutrients into surface water to dissipate
and to allow any invertebrate eggs to hatch from the natural sediment
portion; sediment pots were then planted and acclimatized for another
10 days in non-test containers to induce rooting, before transferring
successfully rooted pots in the test containers on the day of dosing

Sediment pots were aged for ~10 days in non-test mesocosms to allow
for potential initial plume of nutrients into surface water to dissipate
and to allow any invertebrate eggs to hatch from the natural sediment
portion; sediment pots were then planted and transferred to test
mesocosms ~21 days prior to dosing; amphipods were added 21 days
prior to dosing; tadpoles were added 8 days prior to dosing

Test duration 14 days, conducted between 22 July and 02 September 2016 42 days, from 20 July until 31 August 2016
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distributed measurement errors and mutually independent measure-
ment errors. ECx and confidence intervals were estimated. Extrapola-
tion outside the range of observations was avoided, because it in-
troduces uncertainty and may not lead to reliable ECx estimates (OECD,
2006b). Consequently it was not always possible to calculate EC50s,
which are commonly used for risk assessment (Davy et al., 2001; EFSA
PPR Panel, 2013; Maltby et al., 2010).

Some data sets lacked partial effects and therefore were analyzed
with hypothesis testing instead of regression analysis. These data did
not fulfill the assumptions for parametric test methods. The non-para-
metric Kruskal-Wallis rank sum test (Kruskal and Wallis, 1952) was
used to compare the effects at test concentrations to the control, with
Wilcoxon rank sum test (Wilcoxon, 1945) as post hoc test. The p-values
were adjusted using the “Holm” method (Holm, 1979).

3. Results

3.1. Mesocosm experiment

Diquat dibromide significantly affected all four macrophyte species
at all nominal treatment concentrations (74 – 1153 μg/L, see Table A.2
for corresponding measured concentrations). After 42 days of exposure,
C. demersum and H. morsus-ranae had completely died back in all
treatments. A few M. spicatum shoots survived at the lowest con-
centration, and small viable shoots of E. canadensis survived in some
replicates of four treatments (Fig. 2). The effects occurred rapidly and
all species showed effects after 48 h of exposure (Fig. 1). The floating
species C. demersum and H. morsus-ranae had completely decayed by
Day 14 in all treatments, and the tanks showed evidence of algal blooms
(turbid green water in Fig. 1).

All four macrophyte taxa showed significant differences in total
shoot dry weight between the controls and all treatments (Kruskal-
Wallis rank sum test: p-values ranging from 2∙10−5 to 10−3; Holm-
corrected p-values of Wilcoxon rank sum test of 0.037 for each species
and treatment concentration) (Fig. 2). ECx could not be precisely

determined, as almost 100% effect was observed at all test concentra-
tions; therefore the EC50 for each species was estimated to be less than
the lowest test concentration (74 μg/L) (Fig. 2).

Average dissolved oxygen (78.7 – 116.5%), pH (7.6 – 9.4), and
temperature (19.3 – 28.3 °C) were in acceptable ranges during the ex-
posure phase in all treatments, providing good conditions for macro-
phyte growth (see Fig. A.1 for details on calculation).

3.2. Single species concentration-response tests

Macrophytes were dramatically affected in the single species tests at
nominal treatment concentrations corresponding to the mesocosm ex-
periment (74 – 1153 μg/L). Diquat dibromide eradicated all E. cana-
densis shoots in all treatments. On Day 14 some replicates showed de-
velopment of new green shoots emerging from below the sediment
which accounted for the total shoot lengths and biomasses measured.
Significant differences in total shoot dry weight were found between
the control and all treatments (Kruskal-Wallis rank sum test: p-value =
0.001; Holm-corrected p-values of Wilcoxon rank sum test of 0.037 for
each concentration level). ECx could not be precisely determined, as an
almost 100% effect was observed at all test concentrations; therefore
the EC50 for E. canadensis was estimated to be less than the lowest test
concentration (74 μg/L). H. morsus-ranae test containers at treatment
concentrations corresponding to the mesocosm experiment (74 –
1153 μg/L) were taken over with algae. Visual assessments, however,
showed that the plant material was clearly dead and decaying in all
treatments, so we also concluded that the EC50 for H. morsus-ranae
was< 74 μg/L.

The single species tests at nominal treatment concentrations 4.7 –
74 μg/L diquat dibromide resulted in highly affected plants at most or
all concentrations. C. demersum and M. spicatum showed a concentra-
tion-response pattern, whereas E. canadensis showed almost 100%
mortality at all treatment levels and no partial effects with respect to
total shoot dry weight (Fig. 3). Concentration-response in C. demersum
and M. spicatum was statistically modelled (fitted models W2.3 and

Fig. 1. Mesocosm experiment: Representative replicates of the control and diquat dibromide nominal treatment concentrations 74 μg/L and 1153 μg/L after 2, 7, 14
and 42 days of exposure; the floating plants are Hydrocharis morsus-ranae (light green) and Ceratophyllum demersum (dark green); the white plastic balls are floats
attached to the amphipod cages.
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W1.3, respectively; see Ritz and Streibig, 2016 for more details) and
ECx and confidence intervals were estimated (Table 2, Fig. 4). EC10s,
EC50s and EC80s for each species are listed in Table 2.

Average dissolved oxygen (94.9 – 160.6%), pH (7.9 – 9.3), and
temperature (25.4 – 27.2 °C) were in acceptable ranges during the ex-
posure phase in all treatments, providing good conditions for macro-
phyte growth (see Table A.4 for details on calculation).

4. Discussion

All macrophyte species were highly sensitive to diquat dibromide in
both the mesocosm experiment and single species tests. Effects occurred
very rapidly and showed no difference in severity between native and
non-native macrophytes. Moreover, the effects were similar in a me-
socosm system including several trophic levels along with more eco-
logical interactions and more sediment for diquat dibromide to adsorb
to when compared to a simple single species test. Mortality was 100%

Fig. 2. Mesocosm experiment: Average total shoot dry weight± standard error [g] per treatment after 42 days of exposure shown separately for the four macrophyte
species; * indicate significant difference (p < 0.05) of the respective treatment compared to the control; note the different scaling of the y-axes between controls and
diquat treatments for each species; x-axes are nominal diquat dibromide concentrations.
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at nominal concentrations as low as 74 µg/L (measured: 65 µg/L),
which was the lowest applied concentration and corresponds to 6.4% of
the label rate for regular macrophyte growth in the mesocosms. The
mesocosms also revealed additional negative effects of diquat di-
bromide that are undetectable by single species tests alone, including
indirect effects such as algal blooms, which were observed in all me-
socosm treatments (pers. observation). The complementary single spe-
cies tests assessing effects of diquat dibromide at concentrations below
74 µg/L detected almost 100% mortality for the most sensitive species
at nominal concentrations as low as 4.7 µg/L (measured range:< 5 –
6 µg/L; detection limit: 5 µg/L), which corresponds to 0.4% of the label
rate in our test systems. Thus, diquat dibromide is potentially highly
toxic to macrophytes at very low concentrations that could occur in

surface water following over water application.
While data are lacking for diquat dibromide applications in

Canadian waterbodies at Canadian label rates, and diquat concentra-
tions between studies using different formulations and in waterbodies
of varying shape and depth are not entirely comparable, our experi-
mental exposure concentrations are in the range of concentrations re-
ported following diquat applications to various waterbodies. The
Canadian Pest Management Regulatory Agency (PMRA) reports an ex-
pected peak environmental concentration of 260 µg/L diquat dibromide
based on US potable water monitoring data (PMRA, 2008). The United
States Environmental Protection Agency (US EPA) reports an expected
environmental concentration of 244 µg/L diquat cation (i.e., 456 µg/L
diquat dibromide) within 2m from direct application for aquatic weed
control (US EPA, 1995). In an US experimental outdoor mesocosm
study, Poovey et al. (2002) reported surface water concentrations of
1400 µg/L diquat dibromide in the mesocosms (depth = 0.5m) 1 h post
exposure to 2000 µg/L diquat dibromide applied as Reward® Aquatic
Herbicide. When monitoring a small pond at Sand Bay Isle and a 7-mile
slough in the Sacramento-San Joaquin River Delta, Siemering et al.
(2008) detected 180 – 400 µg/L diquat dibromide a few hours post
exposure to Reward® Aquatic Herbicide (application rate not specified).
Ritter et al. (2000) simulated diquat dibromide dissipation in water and
predicted up to 194 µg/L diquat cation (i.e., 362 µg/L diquat di-
bromide) in lakes of 4.5m depth, up to 178 µg/L diquat cation (i.e.,
332 µg/L diquat dibromide) in canals of 1.2 m depth, and up to 129 µg/
L diquat cation (i.e., 241 µg/L diquat dibromide) in ponds of 2m depth
based on US application rates of up to 2 gal/ac (i.e., 18.7 L/ha) Reward®

Fig. 3. Ceratophyllum demersum,Myriophyllum spicatum and Elodea canadensis single species tests at nominal treatment concentrations 4.7 – 74 µg/L diquat dibromide:
Representative replicates of control, lowest and highest treatments after 14 days of exposure.

Table 2
Single species tests: Summary of estimated 14-day effective concentrations
(ECx) and confidence intervals (CI) in brackets based on the endpoint total
shoot dry weight for Ceratophyllum demersum, Myriophyllum spicatum and Elodea
canadensis at nominal treatment concentrations of 4.7 – 74 μg/L diquat di-
bromide.

Species EC10 (95% CI)
[µg/L]

EC50 (95% CI)
[µg/L]

EC80 (95% CI)
[µg/L]

Ceratophyllum demersum 4.9 (4.0 – 5.9) 8.1 (7.2 – 9.0) 13 (11 – 15)
Myriophyllum spicatum < 4.7a < 4.7a 6.6 (3.1 – 10)
Elodea canadensis < 4.7a < 4.7a < 4.7a

a ECx estimates were outside of the range of tested treatments, and are in-
dicated as lower than the lowest tested treatment.
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Aquatic Herbicide. We exposed our mesocosms to similar concentra-
tions and measured diquat dibromide water concentrations of 65 –
1016 µg/L 1 h post exposure in different treatments (Table A.2). Severe
effects on macrophytes were observed at 65 µg/L in the mesocosms, and
based on single species test results may even be observed at con-
centrations below 5 µg/L, which is the detection limit of a commercial
lab accredited for diquat dibromide analysis in water samples.

The results from mesocosm and single species tests illustrate the
high efficacy of diquat dibromide, considering that the recommended
label rate for Reward® Aquatic Herbicide is two orders of magnitude
higher than the EC50s and EC80s detected in this study for all species,
whether in single species or semi-natural mesocosm tests. The single
species 14-day EC50s detected in this study ranged from< 5 – 8 µg/L
for E. canadensis, M. spicatum and C. demersum. These estimates are
lower or within the same range as EC50s reported for Lemna spp. ex-
posed to diquat dibromide, the default species used for risk assessment
in the scope of herbicide registration (Lewis, 1995; Maltby et al., 2010).
Emmett (2002) evaluated US EPA and literature data and gave an EC50
of 20 μg/L for L. minor based on a 14-day static acute test. For shorter
studies of 7 days, EC50s of 3.2 μg/L for Lemna gibba L. (Lewis et al.,
2016), 4 μg/L for L. minor (Peterson et al., 1997) and 2.21 μg/L for L.
minor (EFSA, 2015) are reported. In this study, E. canadensis and M.
spicatum showed high sensitivity with 14-day EC50s falling below the
detection limit of 5 μg/L. Due to uncertainty when detecting diquat
dibromide at or near the detection limit, further investigation with a
refined detection method is needed to reveal potential differences in
sensitivity to diquat dibromide between Lemna spp. and other non-
target macrophytes, and to ensure that a risk assessment solely based on
Lemna spp. does not underestimate the risk for other macrophytes.

At current Canadian diquat dibromide label rate concentrations,
both native and non-native macrophyte species are very likely to fully
decay within days following over water application. This dieback may
alter the habitat from one of a matrix of plant material to one with open
water (James, 2013). The collapse of macrophytes releases nutrients
that may promote rapid regrowth of resistant macrophytes and algae in
the open space (Brooker and Edwards, 1975; James, 2013; Landers and
Lottes, 1983; Lawrence et al., 2016). This shift in species can potentially
become more problematic than the nuisance macrophyte population
before diquat dibromide treatment (Brooker and Edwards, 1975) and
result in the loss of valuable ecosystem functions (Yamamuro, 2012).
The most dramatic indirect effects of plant destruction are on the fauna
closely associated with the macrophytes such as invertebrates being lost
or reduced in density (Brooker and Edwards, 1975). These indirect ef-
fects may be long-term after herbicide treatment despite recovery in
plant status (Birmingham and Colman, 1983; Brooker and Edwards,

1975).
A two-week recovery period is required between successive diquat

dibromide applications (Syngenta Canada Inc, 2015). This risk mitiga-
tion measure was deemed satisfactory to protect all aquatic biota by
authorities in North America (PMRA, 2010; US EPA, 1995, 2002).
However, in current risk assessment procedures, risk from direct ex-
posure of non-target aquatic plants is not estimated because they are
growing in the target area for diquat dibromide use (US EPA, 1995).
Moreover, the current application label does not specify between dug-
outs, ponds, ditches, lakes, streams and canals of varying volume and
hydrology, but recommends one rate for all target waterbodies of
≤ 1.5 m depth. This lack of guidance for individual aquatic application
sites, along with diquat dibromide's highly toxic effects on non-target
macrophytes detected in both lower-tier and higher-tier tests, empha-
size the necessity of additional considerations for the substance's re-
gistration for aquatic use. In the scope of a future re-evaluation, the
current label rates could be adjusted or new rates developed taking into
account variations in depth, volume and hydrology of the application
sites. In addition, regulatory authorities could propose maximum ac-
ceptable diquat dibromide water concentrations at the application site
following invasive macrophyte control. For the underlying risk assess-
ment process, authorities could request and evaluate data from a suite
of macrophyte species with differing physiology and morphology (as
recommended by Davy et al., 2001 and Maltby et al., 2010). Moreover,
toxicity data from lower-tier single species tests should be combined
with higher-tier test data (e.g., from mesocosm studies) to account for
indirect and long-term effects and increase environmental realism and
predictive ability. Results of this study suggest that diquat dibromide
could be applied at considerably lower label rates while still controlling
nuisance macrophytes. However, further studies in natural waterbodies
are needed to determine maximum acceptable diquat dibromide water
concentrations, and to confirm efficacy at considerably lower label
rates.
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Fig. 4. Concentration-response relationships based on total shoot dry weight after 14 days of exposure for Ceratophyllum demersum, Myriophyllum spicatum and Elodea
canadensis tests at diquat dibromide nominal treatment concentrations 4.7 – 74 μg/L: Black circles represent the replicate means; grey area illustrates the 95%
confidence bounds of the concentration-response model if available; red dots represent EC80 estimates with red error bars indicating 95% confidence intervals;
confidence limits for each EC80 estimate are given in brackets; please note the different scaling of the axes.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2018.08.033.
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