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Abstract In agricultural catchments, aquatic ecosystems

can experience a pulse exposure to pesticides. Following

such exposure, non-target organisms that are not extirpated

may recover. This paper investigates the potential of two

duckweed species (Lemna minor and Lemna gibba) to

recover from a 7-day exposure to different concentrations

(0.4–208 lg L-1) of the herbicide diuron. There was sig-

nificant inhibition in the growth and biomass after the

initial 7-day exposure (e.g. frond number EC50 = 59.2 and

52.2 lg L-1 for L. minor and L. gibba, respectively).

Following transfer to clean media, recovery (the highest

concentration yielding no significant difference in the

effect endpoint from the control) was observed for all

effects endpoints at concentrations ranging 60–111 lg L-1

for L. minor and 60–208 lg L-1 for L. gibba. These results

suggest that recovery is possible for primary producers at

environmentally relevant concentrations considered sig-

nificant in ecological risk assessment.
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Pesticides entering streams located in agricultural catch-

ments typically occur as a pulse exposure to aquatic

organisms (Reinert et al. 2002; Skark et al. 2004; Andrus

et al. 2013). However, toxicity data commonly used in

ecological risk assessments (ERA) do not take such

exposure profiles into account, often incorrectly assuming

that an effect will remain once the exposure event has

ceased. Essentially, there is limited consideration of either

resilience of, or recovery by, an affected population of

organisms (McCahon and Pascoe 1990; Posthuma et al.

2002; Reinert et al. 2002; Cedergreen et al. 2005). How-

ever, some regionally-focused ERA studies have incorpo-

rated these exposure profiles into their assessments

(Solomon et al. 1996). Inclusion of recovery in ERAs

provides more insight to the extent of temporal and spatial

impacts that could be observed in these types of systems

when exposed to specific pesticides. First, robust and useful

data characterizing toxicity and subsequent recovery are

needed. One herbicide warranting an examination of

recovery for incorporation into ERAs is diuron (3-(3,4-

dichlorophenyl)-1,1-dimethylurea).

Diuron is a herbicide attracting significant attention

from global regulatory agencies (APVMA 2011) due to its

potential for contamination of surface water in agricultural

catchments. In Australia, diuron is commonly used in

agriculture to protect crops, such as cotton, cereals,

legumes, grass seed and sugar cane, from weeds (APVMA

2011). As a moderately-highly persistent herbicide in soil

(half-life = 20–119 days), that is stable in water at pH 7–9

(EFSA 2005), it is one of the most efficacious inhibitors of

photosystem II in target plants (Renger 1986; Zer and Ohad

1995; Krieger-Liszkay and Rutherford 1998). As a conse-

quence of its widespread use, diuron is commonly detected

in agricultural streams in Australia and around the world.

For example, studies in Europe (Lamoree et al. 2002;

Dorigo et al. 2010), Asia (Balakrishnan et al. 2012) and

North America (Field et al. 2003) have reported concen-

trations of diuron in surface waters in the range of
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0.03–28 lg L-1; while studies in Australia have reported

concentrations for the Gwydir River catchment of New

South Wales [maximum concentrations of

diuron = 0.1–82.1 lg L-1 (Burns 2011)], and the Tully–

Murray catchment of Queensland [maximum concentra-

tions of diuron = 0.01–19.0 lg L-1 (Bainbridge et al.

2009)]. The current recommended concentration limit to

protect Australian aquatic ecosystems is 0.2 lg L-1

(ANZECC 2000), which suggests there are concerns of

impacts in these catchments. However, it is important to

note that such studies have shown the exposure of diuron in

these catchments is not chronic. Hydrograph analysis and

spatial modeling work by Burns (2011) found that exposure

events in the Gwydir River catchment are intermittent,

being dependent on time of chemical use, rainfall events,

soil, and agronomical management, with pulses lasting no

longer than 6–7 days during periods of crop production

(spring–winter; October–June).

The observed pulse exposure to diuron in agricultural

catchments suggests that while effects may occur during

the exposure phase, they may be reversible (i.e. recovery)

once the exposure has ceased. Some ERAs have alluded to

uncertainty in their risk estimates as a result of pulse

exposure studies, indicating the reversibility of observed

toxic effects caused by certain herbicides, especially for

compounds that directly inhibit the photosystems, such as

atrazine (Solomon et al. 1996) or diuron. No previous

studies have been found that characterize recovery of

duckweed from a catchment-specific exposure event sim-

ulated in the laboratory to diuron. However, this hypothesis

has been explored extensively with atrazine by introducing

variability in exposure duration and a recovery phase into

testing with a variety of aquatic primary producers [green

algae (Baxter et al. 2013, 2014), periphyton (Prosser et al.

2013), and duckweed (Brain et al. 2012)]. Haynes et al.

(2000) reported some recovery of photosynthesis in a

seagrass species after significant inhibition of photosyn-

thesis following diuron exposure (0.1–80 lg L-1) to

diuron for 5 days. However, the ability of duckweed to

recover following exposure to diuron, whereby growth

measures in treated populations are no longer significantly

different from the control populations, has not been

reported.

To support the development of catchment-scale ERA,

pulsed exposure of pesticides and subsequent potential

recovery of impacted organisms in streams of agricultural

catchments requires further characterization. Such infor-

mation would allow limited management resources to be

focused where recovery is most unlikely, as well as to

identify those compounds for which rapid recovery is not

likely. This paper reports on a laboratory study, using an

optimized method of the 7-day exposure test for duckweed,

to assess the degree of recovery by Lemna minor L. and

Lemna gibba L. placed in fresh media for 7 days following

exposure to diuron. Study results will provide relevant

ecotoxicity data for diuron to characterize the risk it poses

in areas such as the Gwydir River catchment, as reported

by Burns (2011), and in other regions where diuron is

applied.

Materials and Methods

Laboratory cultures of L. minor and L. gibba were origi-

nally obtained from a laboratory colony culture at Aquatox

(Guelph, ON, Canada). They were maintained separately

under axenic conditions in 250-mL Pyrex Erlenmeyer

flasks containing 100 mL sterile modified Hoagland’s E?

growth media (pH 4.6, prepared in redistilled deionized

water, using reagents of ACS grade or better; see ASTM

(1991) for media preparation details). Cultures were kept

under constant, uniform, cool fluorescent lights at room

temperature (23 ± 2�C) and a selection of five healthy

plants (exhibiting no chlorosis and irrespective of their

number of fronds) were transferred aseptically to fresh

sterile growth media contained in Erlenmeyer flasks every

7–10 days.

Diuron exposure media were prepared from a 1 mg L-1

diuron stock solution containing 1.25 g (±0.1 mg) of 80 %

a.i. w/w (DuPont, Canada) dissolved in 1 L of sterilized

growth media. From this initial stock, exposure solutions of

0.3, 3, 25, 50, 100 and 200 lg L-1 were prepared in

growth media. Concentrations were chosen to reflect eco-

logically-relevant exposures, as well as those at which an

effect would be expected. Concentrations of diuron in the

stock solutions were confirmed in duplicate at the begin-

ning of each test using an enzyme-linked immunosorbent

assay (ELISA) test kit following manufacturer’s instruc-

tions (Abraxis, USA) (Limit of detection of 0.03 lg L-1).

Duckweed toxicity assays were conducted using a

modified version of the semi-static (renewal) approach

described by Greenberg et al. (1992). Replicate (n = 6)

polystyrene Petri dishes (diameter: 100 mm 9 height:

15 mm; Fisher Scientific, USA) containing 40 mL of

exposure solution for each diuron concentration, plus

controls, were prepared. Into each Petri dish, two plants

with three fronds of either L. minor or L. gibba were

transferred. As is typical in these types of studies (Brain

et al. 2012), the effects endpoints measured were total

number of plants and fronds, and fresh and dry weights. To

represent the initial state (t0), the total number of plants

and fronds in each Petri dish, and the fresh and dry weights

of separate sample populations were recorded. For the

latter endpoints, a sample population, taken from the

remaining stocks of L. minor and L. gibba, consisted of

replicate (n = 6) samples of two plants with three fronds.
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These plants were blotted dry on paper towels and weighed

for fresh weight on an analytical balance (±0.01 mg), then

oven dried (60�C) in envelopes for 24 h prior to the

determination of dry weight. Lids were placed on the Petri

dishes and arranged in a randomized block design on trays

lined with black cardboard (to eliminate the reflection of

light from the white trays). Trays were then transferred to

an E-15 Conviron growth chamber maintained at 25 ± 2�C
and a light intensity of 111 ± 12 lE m-2 s-1. After

4 days, exposure media was refreshed to (1) maintain the

exposure concentration, (2) replenish nutrients and (3)

counter the effect of evaporation.

At the end of 7 days, the total number of plants and

fronds in each Petri dish (n = 6) were counted. All plants

from three of the six replicates (randomly chosen) were

removed from their dishes, gently blotted dry on paper

towels, and weighed for fresh and dry weight. Plants in the

remaining three replicates were used for recovery

experiments.

From the remaining random three replicates, two visu-

ally viable three-frond plants were selected from each dish,

rinsed gently in distilled water and placed into their new

respective Petri dishes containing fresh Hoagland’s

(40 mL) growth media without diuron. Petri dishes were

then returned to the same growth chamber for a 7-day

recovery phase. Growth media was replaced after 4 days.

After 7 days, the number of plants and fronds were coun-

ted, and the fresh and dry weights recorded.

The effect of diuron exposure on plant and frond num-

bers, wet and dry weights, and growth rates at the end of

the tests were calculated after each 7-day test period.

Specific rates of new growth of each species and the chosen

endpoints for measuring effects were calculated following

OECD (2006a, b) parametric and non-parametric statistical

approaches were used to test differences between treat-

ments. To compare treatments, assuming normality and

equal variance, a parametric analysis of variance

(ANOVA) followed by a Dunnett’s test in SigmaPlot 11.0

(Systat Software Inc., USA) was performed. Where the

assumption of normality and equal variance was not met, a

Dunnett’s non-parametric test was run. This allows for the

determination of the lowest observed effect concentration

(LOEC) (p\ 0.05) and no observed effects concentration

(NOEC) (p[ 0.05) for each endpoint. The ANOVA-ap-

proach was also used for the recovery scenario, with the

greatest treatment concentration of diuron where endpoints

showed no significant difference from control (p[ 0.05)

referred to as the greatest observable recovery concentra-

tion (GORC).

Effects concentrations (ECx) were estimated using a

four parameter log-logistic regression (Eq. 1) with the drc

package within R (Ritz and Streibig 2005; R Development

Core Team 2011), where y refers to the percent inhibition,

c refers to the minimum inhibition response (%), d is the

maximum inhibition response (%), x refers to the exposure

concentration (lg L-1), e is the EC50 or the median inhi-

bition concentration (lg L-1), and b refers to the slope of

the curve at its midpoint.

y ¼ cþ d � c

1 þ exp b logðxÞ � logðeÞð Þf g

� �
ð1Þ

Results

The mean percent difference between measured concen-

trations of diuron in test solutions and the nominal con-

centration was 18 % ± 12 % (Table 1). Measured

concentrations were used in all statistical analyses.

Mean L. minor and L. gibba plant and frond numbers,

wet and dry weights, and growth rate, generally decreased

with increasing concentration of diuron (Table 2). Control

performance was considered adequate for both species

according to the recommendations of Environment Canada

(2006). The LOECs were found to occur in L. minor at

28 lg L-1 of diuron for the frond numbers and dry weights

and 60 lg L-1 for the plant numbers and wet weight. For

L. gibba, the LOEC for plant and frond numbers was 60

and 28 lg L-1 for wet and dry weight.

For L. minor, the ranking of calculated ECx values

varied by endpoint, with EC10 and EC25 values lowest for

the wet and dry weights; while the EC50s were most sen-

sitive for dry weight and frond number (Table 3). Similarly

for L. gibba, the ranking of calculated ECx found EC10

values lowest for the dry weight and plant number; the dry

weight had the lowest of the EC25 values; and the wet and

dry weights were the most sensitive endpoints at the EC50

(Table 3). The corresponding range of ECx calculated for

the rates of new growth in each effect endpoint were found

to be typically much greater than those value estimates for

the raw numbers. In general, L. gibba was consistently

more sensitive to diuron exposure than L. minor.

Significant recovery (i.e., a response that was not sta-

tistically different from control by ANOVA) was found to

occur for treatment concentrations of diuron up to

60 lg L-1 for both species of duckweed (Table 4). A lack

of full recovery (i.e., a response that was statistically dif-

ference from the control by ANOVA) was observed for the

treatment concentrations of 111 and 208 lg L-1. Based on

these results calculated GORCs for L. minor were

60 lg L-1 for the average frond number and 111 lg L-1

for plant number and wet and dry weights. For L. gibba,

GORCs were 111 lg L-1 for the plant numbers,

208 lg L-1 for the frond numbers, and 60 lg L-1 for the

wet and dry weight. Significant differences in rates of new

growth were similar to the raw data, except for dry weight
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of L. minor and fresh and dry weight of L. gibba where

differences were observed for concentrations of 60, 208

and 111 lg L-1, respectively.

For L. minor, the maximum inhibition relative to the

control at 208 lg L-1 for plant and frond counts and wet

and dry weights were 68 %, 61 %, 46 % and 71 %,

respectively (Table 4). For L. gibba, the maximum inhi-

bition relative to control at 208 lg L-1 for plant and frond

counts and wet and dry weights were 39 %, 14 %, 43 %,

and 38 %, respectively. This implies that L. gibba appears

to recover from inhibition due to diuron to a greater extent

than L. minor within 7 days.

Discussion

Exposure to diuron resulted in inhibition of growth in plant and

frond numbers for populations of L. minor and L. gibba that

also translated to reduced wet and dry weights as treatment

concentration increased. Our results (LOECs and EC50s) are

similar to those reported by others, i.e., within twofold. Teis-

seire et al. (1999) reported a reduction in L. minor dry weight

yield (7-day LOEC = 5 lg L-1 and estimated EC50 = 25 -

lg L-1) and Okamura et al. (2003) reported reduction in frond

number for L. minor and L. gibba (7-day EC50 = 29 and

30 lg L-1, respectively) following exposure to diuron.

Table 1 Nominal and

measured (n = 2)

concentrations (lg L-1) of

diuron in stocks of growth

media

Nominal concentration (lg L-1) Measured concentration (lg L-1) Percent difference (%)

0 \LOD of 0.03 lg L-1 Not applicable

0.3 0.4 34

3 2 -30

25 28 12

50 60 19

100 111 11

200 208 4

Table 2 Summary of L. minor and L. gibba plant and frond numbers and fresh and dry weights (mg)

Concentration

of diuron

(lg L-1)

Plant number and rate of new

growth (plant number day-1)

(n = 6)

Frond number and rate of new

growth (frond number day-1)

(n = 6)

Wet weight (mg) and rate of

new growth (mg day-1)

(n = 3)

Dry weight (mg) and rate

of new growth (mg day-1)

(n = 3)

L. minor

0 15 ± 3 (0.28 ± 0.03) 79 ± 6 (0.37 ± 0.01) 110.1 ± 15.4 (0.36 ± 0.01) 6.9 ± 1.6 (0.36 ± 0.01)

0.4 15 ± 3 (0.28 ± 0.04) 79 ± 11 (0.37 ± 0.02) 111.3 ± 24.7 (0.36 ± 0.01) 6.6 ± 0.9 (0.36 ± 0.01)

2 16 ± 3 (0.29 ± 0.03) 82 ± 11 (0.37 ± 0.02) 107.9 ± 21.1 (0.36 ± 0.02) 6.9 ± 0.5 (0.37 ± 0.02)

28 14 ± 3 (0.27 ± 0.04) 60 ± 6a (0.33 ± 0.01a) 81.4 ± 19.9 (0.32 ± 0.02) 4.2 ± 0.2a (0.29 ± 0.02)

60 9 ± 1a (0.22 ± 0.02a) 44 ± 7a (0.28 ± 0.02a) 57.5 ± 9.8a (0.27 ± 0.03) 2.8 ± 0.8a (0.23 ± 0.03)

111 7 ± 2a (0.17 ± 0.04a) 25 ± 4a (0.20 ± 0.03a) 61.9 ± 15.4a (0.28 ± 0.06) 1.7 ± 0.5a (0.16 ± 0.06)

208 4 ± 1a (0.08 ± 0.06a) 11 ± 2a (0.09 ± 0.03a) 8.6 ± 4.7a (0.00 ± 0.15a) 0.2 ± 0.2a (0.00 ± 0.15b)

L. gibba

0 15 ± 3 (0.28 ± 0.03) 74 ± 12 (0.36 ± 0.02) 178.8 ± 14.0 (0.35 ± 0.01) 9.2 ± 0.9 (0.35 ± 0.01)

0.4 13 ± 4 (0.27 ± 0.04) 67 ± 19 (0.34 ± 0.04) 172.1 ± 7.6 (0.35 ± 0.02) 9.1 ± 0.5 (0.35 ± 0.02)

2 14 ± 3 (0.28 ± 0.03) 67 ± 13 (0.34 ± 0.03) 169.9 ± 37.5 (0.35 ± 0.01) 8.6 ± 0.7 (0.34 ± 0.01)

28 10 ± 4 (0.23 ± 0.05) 53 ± 9 (0.31 ± 0.02) 130.1 ± 9.7a (0.31 ± 0.02) 5.6 ± 0.2a (0.28 ± 0.02a)

60 9 ± 2a (0.21 ± 0.03a) 39 ± 9b (0.26 ± 0.03b) 86.1 ± 22.1a (0.25 ± 0.02a) 3.6 ± 0.7a (0.21 ± 0.02a)

111 7 ± 2a (0.16 ± 0.04a) 24 ± 3b (0.20 ± 0.02b) 67.9 ± 18.3a (0.21 ± 0.01a) 1.8 ± 0.1a (0.12 ± 0.01a)

208 5 ± 1a (0.11 ± 0.02a) 14 ± 1b (0.12 ± 0.01b) 15.8 ± 2.7a (0.01 ± 0.02a) 0.9 ± 0.1a (0.01 ± 0.02a)

Mean ± SD at the end of 7-day exposure to different concentrations of diuron (lg L-1), rates of new growth (presented in brackets, in units of

measurement units per day), and the NOEC (first number in bold) and LOEC (second number in bold), respectively designated as those

concentrations of diuron where the effects were not significantly different (p\ 0.05) and the lowest treatment concentration significantly

different (p[ 0.05) from the control
a Significant differences (p\ 0.05) from the control based on Dunnett’s ANOVA test, assuming normality and equal variance (p[ 0.05)
b Significant differences based on Dunnett’s ANOVA rank test, not assuming normality and equal variance (p\ 0.05)
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Relative to the 7-day exposure scenario, recovery in

plant and frond numbers and wet and dry weight in L.

minor and L. gibba were observed at the NOEC, LOEC,

EC10, EC25 and EC50 concentration thresholds (Table 4)

typically deemed ecologically detrimental in ERAs at the

end of the 7-day recovery period. In this study, recovery

was observed for all endpoints at concentrations up to

60 lg L-1 of diuron but that level of recovery was not

observed for some endpoints at 111 and 208 lg L-1

diuron. These data support the idea that toxicity of diuron

to L. minor and L. gibba, via inhibition of photosynthesis

activity, is not permanent at levels similar to the toxicity

endpoints used in ERAs. This onset of recovery is likely to

be the result of reversibility in the exposure effects, facil-

itated by the introduction of the affected macrophytes to

the clean growth media (Izawa and Good 1965; van Rensen

1982), except where the toxic effect was sufficient to

overwhelm the ability to recover within the time assessed

(B7 days). Such a response has been reported in pulse

studies involving L. minor and L. gibba exposed to other

PSII herbicides. Brain et al. (2012) reported immediate

recovery of growth rates of L. gibba exposed to atrazine

[5–160 lg L-1 for different lengths of time (1–14 days)].

Furthermore, they also reported no onset of obvious phy-

tocidal effects (e.g. chlorosis or necrosis) during L. gibba

exposure to atrazine. Effects from atrazine on L. gibba

were concluded to be phytostatic in nature and reversible,

with time to recovery being independent of exposure

duration, with the exception of the highest concentrations.

Further to these observations, Cedergreen et al. (2005)

suggested that oxidative damage to the PSII in L. minor

caused by the PSII herbicide terbuthylazine could be

repaired resulting in restoration of photosynthetic activity

within 24 h. Importantly, the restoration of PSII activity in

these studies rapidly translated into organism growth,

which is consistent with results presented in this study.

These rapid changes in growth suggest the effect of diuron

on photosynthesis is not permanent. This is likely due to

rapid elimination of diuron from the affected plant cells

due to the non-covalent nature of its binding to the QB

translating into reversibility in the mode of action when

plants were introduced to clean growth media (van Rensen

1982; Vallotton et al. 2008).

The ability of L. minor and L. gibba to recover from a

7-day pulse of diuron at treatment concentrations deemed

significant (e.g. NOEC, LOEC, EC10, EC25 and EC50), has

implications for catchment-based ERAs. As methods for

undertaking catchment-based ERAs mature, characterizing

uncertainties in both exposure and effects analyses, such as

the potential for recovery, requires a more locally explicit

understanding of environmental dynamics. In a large-scale

ERA, Solomon et al. (1996) considered the uncertainty

Table 3 Summary of L. minor and L. gibba EC10, EC25 and EC50 for plant and frond number, and wet and dry weight estimated from a four-

parameter logistic model with the parameters (from Eq. 1)

Endpoint EC10 (lg L-1) EC25 (lg L-1) EC50 (lg L-1) Model parameters

L. minor

Plant number 27.3 (8.7) 48.4 (9.6) 85.8 (12.1) b = -1.918; c = 0; d = 100; EC50 = 85.8

Growth rate 40.7 (8.7) 74.5 (9.2) 136.3 (12.3) b = -1.819; c = 0; d = 100; EC50 = 136.3

Frond number 15.8 (2.6) 30.6 (3.2) 59.2 (3.7) b = -1.667; c = 0; d = 100; EC50 = 59.2

Growth rate 34.6 (3.5) 63.7 (3.8) 117.4 (4.5) b = -1.799; c = 0; d = 100; EC50 = 117.4

Wet weight 12.8 (6.4) 28.9 (9.0) 65.3 (11.8) b = -1.350; c = 0; d = 100; EC50 = 65.3

Growth rate 103.4 (31.6) 111.8 (5.0) 120.8 (43.2) b = -14.17; c = 0; d = 100; EC50 = 120.7

Dry weight 9.7 (3.7) 19.2 (4.7) 37.9 (5.6) b = -1.613; c = 0; d = 100; EC50 = 37.9

Growth rate 36.9 (17.0) 53.1 (17.5) 76.6 (17.3) b = -3.005; c = 0; d = 100; EC50 = 76.6

L. gibba

Plant number 8.1 (4.7) 22.1 (7.6) 60.8 (11.0) b = -1.089; c = 0; d = 100; EC50 = 60.8

Growth rate 16.5 (5.4) 48.8 (8.1) 144.0 (17.5) b = -1.015; c = 0; d = 100; EC50 = 144.0

Frond number 9.6 (2.9) 22.4 (4.1) 52.2 (4.7) b = -1.298; c = 0; d = 100; EC50 = 52.2

Growth rate 24.2 (2.9) 55.1 (3.6) 125.2 (5.4) b = -1.338; c = 0; d = 100; EC50 = 125.2

Wet weight 12.0 (3.9) 24.9 (5.1) 51.8 (6.2) b = -1.503; c = 0; d = 100; EC50 = 51.8

Growth rate 38.3 (10.1) 62.4 (10.5) 101.8 (10.0) b = -2.248; c = 0; d = 100; EC50 = 101.8

Dry weight 9.0 (2.3) 17.8 (2.9) 35.1 (3.2) b = -1.610; c = 0; d = 100; EC50 = 35.1

Growth rate 22.3 (3.0) 40.0 (3.4) 71.5 (3.8) b = -1.889; c = 0; d = 0; EC50 = 71.5

Standard error in brackets
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relating to the potential range of impacts that could result

from predicted concentrations of atrazine in the surface

waters of North America. They concluded that recovery

potential of aquatic algae and macrophytes would result in

lower impacts on ecological communities observed in the

surface water. Similarly, if we consider the ERA of diuron

in the Gwydir River catchment, Australia, reported by

Burns (2011), it is likely that L. minor and L. gibba pop-

ulations exposed to diuron would recover from the effects

of a 90th centile 7-day pulse characterized to exceed the

hazard concentration affecting 5 % of such species in an

species sensitivity distribution (HC5) (0.9 lg L-1), as well

as the maximum measured (77.9 lg L-1) and predicted

(38.5 lg L-1) concentrations. In both cases, concentrations

of diuron are unlikely to be maintained for a full 7 days.

Therefore, the potential for organisms to recover from

exposure to different concentrations of pesticides should be

more actively considered when conducting catchment-

based ERAs. To better predict the ecological effects of

agrochemicals, it is recommended that ecotoxicity bioas-

says attempt to include exposure dynamics likely to be

observed in catchments, as well as a recovery phase.

Acknowledgments We acknowledge contributions from research-

ers of the laboratories of Dr. Keith Solomon and Dr. Paul Sibley at the

University of Guelph, Canada to whom we are very grateful.

Research was partially funded by the University of Sydney, Australia,

Cotton Catchment Communities CRC, Australia and the Cotton

Research and Development Corporation, Australia in the form of

Ph.D. and travel scholarships to M. Burns, and a Canadian NSERC

Discovery Grant to M. Hanson.

References

Andrus M, Winter D, Scanlan M, Sullivan S, Bollman W, Waggoner

J, Hosmer A, Brain R (2013) Seasonal synchronicity of algal

assemblages in three Midwestern streams receiving varying

concentrations of atrazine. Sci Total Environ 458–460:125–139

ANZECC (Australian and New Zealand Environment Conservation

Council) (2000) An introduction to the Australian and New

Zealand Guidelines for fresh and marine water quality. Envi-

ronment Australia, Canberra

APVMA (Australian Pesticides and Veterinary Medicine Authority)

(2011) Diuron: environment assessment. The Australian Govern-

ment, Canberra

ASTM (American Society for Testing and Materials) (1991) Standard

guide 1415-91E: standard guide for conducting static toxicity

tests with Lemna gibba G3. Book of ASTM standards. ASTM,

Philadelphia, pp 1–10

Table 4 Summary of mean ± SD of L. minor and L. gibba plant and

frond numbers, and fresh and dry weights (mg), together with rates of

new growth (presented in brackets in units of measurement units per

day) following 7 days of recovery from exposure to different

concentrations of diuron (lg L-1) in Hoagland’s growth media

Exposure

concentration of

diuron (lg L-1)

Plant number and rate of

new growth (plant number

day-1) (n = 3)

Frond number and rate of

new growth (frond number

day-1) (n = 3)

Wet weight (mg) and rate of

new growth (mg day-1)

(n = 3)

Dry weight (mg) and rate

of new growth (mg day-1)

(n = 3)

L. minor

0 23 ± 6 (0.35 ± 0.04) 132 ± 18 (0.44 ± 0.02) 135.5 ± 20.1 (0.44 ± 0.04) 15.1 ± 3.8 (0.47 ± 0.04)

0.4 23 ± 7 (0.35 ± 0.04) 148 ± 9 (0.46 ± 0.01) 163.4 ± 12.3 (0.46 ± 0.00) 14.7 ± 1.0 (0.47 ± 0.00)

2 21 ± 3 (0.34 ± 0.02) 137 ± 13 (0.45 ± 0.01) 154.4 ± 14.6 (0.46 ± 0.01) 13.1 ± 2.0 (0.45 ± 0.01)

28 16 ± 1 (0.30 ± 0.01) 112 ± 11 (0.42 ± 0.01) 127.3 ± 17.5 (0.43 ± 0.01) 10.5 ± 1.5 (0.42 ± 0.01)

60 18 ± 6 (0.31 ± 0.04) 118 ± 11 (0.43 ± 0.01) 127.3 ± 8.8 (0.43 ± 0.02) 12.0 ± 1.1 (0.44 ± 0.02)

111 15 ± 2 (0.29 ± 0.02) 93 ± 12a (0.39 ± 0.02a) 109.9 ± 21.8 (0.41 ± 0.03) 8.7 ± 2.0 (0.39 ± 0.03a)

208 8 ± 1a (0.20 ± 0.01a) 55 ± 9a (0.32 ± 0.02a) 75.4 ± 19.2a (0.35 ± 0.03a) 4.9 ± 1.2b (0.31 ± 0.03a)

L. gibba

0 16 ± 3 (0.29 ± 0.02) 91 ± 14 (0.39 ± 0.02) 278.7 ± 39.5 (0.39 ± 0.02) 16.1 ± 3.2 (0.39 ± 0.02)

0.4 15 ± 2 (0.29 ± 0.02) 95 ± 21 (0.39 ± 0.03) 267.6 ± 38.6 (0.38 ± 0.02) 16.2 ± 1.7 (0.39 ± 0.02)

2 15 ± 1 (0.29 ± 0.01) 95 ± 10 (0.39 ± 0.02) 283.0 ± 51.0 (0.39 ± 0.02) 15.9 ± 1.6 (0.39 ± 0.02)

28 15 ± 2 (0.29 ± 0.02) 92 ± 5 (0.39 ± 0.01) 288.3 ± 21.6 (0.39 ± 0.01) 18.0 ± 0.8 (0.41 ± 0.01)

60 14 ± 2 (0.27 ± 0.02) 87 ± 5 (0.38 ± 0.01) 227.9 ± 128 (0.36 ± 0.01) 14.2 ± 0.5 (0.37 ± 0.01)

111 17 ± 3 (0.30 ± 0.02) 93 ± 2 (0.39 ± 0.00) 181.1 ± 23.5a (0.33 ± 0.02) 12.2 ± 0.9a (0.35 ± 0.02)

208 10 ± 1a (0.23 ± 0.01a) 77 ± 5 (0.37 ± 0.01) 162.6 ± 26.5a (0.31 ± 0.02) 10.1 ± 1.3a (0.32 ± 0.02a)

The greatest observable recovery concentration (GORC) is designated in bold as the highest treatment concentrations not significantly different

from the control (p\ 0.05)
a Significant differences (p\ 0.05) from the control based on Dunnett’s ANOVA test, assuming normality and equal variance (p[ 0.05)
b Significant differences based on Dunnett’s ANOVA rank test, not assuming normality and equal variance (p\ 0.05)

Bull Environ Contam Toxicol (2015) 95:150–156 155

123



Bainbridge ZT, Brodie JE, Faithful JW, Sydes DA, Lewis SE (2009)

Identifying the land-based sources of suspended sediments,

nutrients and pesticides discharged to the Great Barrier Reef

from the Tully–Murray Basin, Queensland, Australia. Mar

Freshw Res 60:1081–1090

Balakrishnan S, Takeda K, Sakugawa H (2012) Occurrence of diuron

and irgarol in seawater, sediments and planktons of Seto Inland

Sea, Japan. Geochem J 46:169–177

Baxter L, Brain RA, Prosser RS, Solomon KR, Hanson ML (2013)

Sensitivity of green alga to atrazine is not enhanced by previous

acute exposure. Environ Pollut 181:325–328

Baxter L, Brain RA, Rodriguez-Gil JL, Hosmer A, Solomon KR,

Hanson ML (2014) Response of the green algae Oophila sp., a

salamander endosymbiont, to a PSII-inhibitor under laboratory

conditions. Environ Toxicol Chem 33:1858–1864

Brain RA, Hosmer AJ, Desjardins D, Kendall TZ, Krueger HO, Wall

SB (2012) Recovery of duckweed from time-varying exposure to

atrazine. Environ Toxicol Chem 31:1121–1128

Burns M (2011) Catchment-scale ecological risk assessment of

pesticides. Dissertation, the University of Sydney, Australia

Canada Environment (2006) Biological test method: test for measur-

ing the inhibition of growth using the freshwater macrophyte,

Lemna minor, 2nd edn. Environment Canada, Ottawa

Cedergreen N, Andersen L, Olesen CF, Spliid HH, Streibig JC (2005)

Does the effect of herbicide pulse exposure on aquatic plants

depend on K-ow or mode of action? Aquat Toxicol 71:261–271

Dorigo U, Berard A, Rimet F, Bouchez A, Montuelle B (2010) In situ

assessment of periphyton recovery in a river contaminated by

pesticides. Aquat Toxicol 98:396–406

European Food Safety Authority (EFSA) (2005) Conclusion regard-

ing the peer review of the pesticide risk assessment of the active

substance Diuron. EFSA scientific report 25, EFSA, Italy

Field JA, Reed RL, Sawyer TE, Griffith SM, Wigington PJ (2003)

Diuron occurrence and distribution in soil and surface and

ground water associated with grass seed production. J Environ

Qual 32:171–179

Greenberg BM, Huang X-D, Dixon DG (1992) Applications of the

higher aquatic plant Lemna gibba for ecotoxicological risk

assessment. J Aquat Ecosyst Health 1:147–155

Haynes D, Ralph P, Prange J, Dennison B (2000) The impact of the

herbicide diuron on photosynthesis in three species of tropical

seagrass. Mar Pollut Bull 41:288–293

Izawa S, Good NE (1965) The number of sites sensitive to 3-(3,4-

dichlorophenyl)-1,1-dimethylurea, 3-(4-chlorophenyl)-1,1-

dimethylurea and 2-chloro-4-(2-propylamino)-6-ethylamino-s-

triazine in isolated chloroplasts. BBA Biophys Photosynth

102:20–38

Krieger-Liszkay A, Rutherford AW (1998) Influence of herbicide

binding on the redox potential of the quinone acceptor in

photosystem-II. Relevance to photodamage and phytotoxicity.

Biochem US 37:17339–17344

Lamoree MH, Swart CP, van der Horst A, van Hattum B (2002)

Determination of diuron and the antifouling paint biocide Irgarol

1051 in Dutch marinas and coastal waters. J Chromatogr A

970:183–190

McCahon CP, Pascoe D (1990) Episodic pollution: causes, toxico-

logical effects and ecological significance. Funct Ecol 4:375–383

OECD (Organisation for Economic Co-operation and Development)

(2006a) Lemna sp., growth inhibition test. OECD Guidelines for

the Testing of Chemicals number 221. OECD Publishing, Paris

OECD (Organisation for Economic Co-operation and Development)

(2006b) Current approaches in the statistical analysis of ecotox-

icity data: a guidance to application. OECD Environment Health

and Safety publications series on testing and assessment number

54. OECD Publishing, Paris

Okamura H, Nishida T, Ono Y, Shim WJ (2003) Phytotoxic effects of

antifouling compounds on nontarget plant species. Bull Environ

Contam Toxicol 71:881–886

Posthuma L, Trass TP, Suter GW II (2002) General introduction to

species sensitivity distributions. In: Posthuma L, Suter GW II,

Trass TP (eds) Species sensitivity distributions in ecotoxicology,

vol 1. Lewis Publishers, Boca Raton, pp 3–17

Prosser RS, Brain RA, Hosmer AJ, Solomon KR, Hanson ML (2013)

Assessing the PSII sensitivity and recovery of field-collected

periphyton communities under laboratory conditions. Ecotoxi-

cology 22:1367–1383

R Development Core Team (2011) R: A language and environment

for statistical computing. R Foundation for Statistical Comput-

ing, Vienna, Austria. http://www.R-project.org/

Reinert KH, Giddings JA, Judd L (2002) Effects analysis of time-

varying or repeated exposures in aquatic ecological risk assess-

ment of agrochemicals. Environ Toxicol Chem 21:1977–1992

Renger G (1986) Herbicide interaction with photosystem 2: recent

developments. Physiol Veg 24:509–521

Ritz C, Streibig JC (2005) Bioassays analysis using R. J Stat Softw

12:1–22

Skark C, Zullei-Seibert N, Willme U, Gatzemann U, Schlett C (2004)

Contribution of non-agricultural pesticides to pesticide load in

surface water. Pest Manag Sci 60:525–530

Solomon KR, Baker DB, Richards RP, Dixon DR, Klaine SJ, LaPoint

TW, Kendall RJ, Weisskopf CP, Giddings JM, Giesy JP, Hall

LW, Williams WM (1996) Ecological risk assessment of

atrazine in North American surface waters. Environ Toxicol

Chem 15:31–74

Teisseire H, Couderchet M, Vernet G (1999) Phytotoxicity of diuron

alone and in combination with copper or folpet on duckweed

(Lemna minor). Environ Pollut 106:39–45

Vallotton N, Ilda R, Eggen L, Escher BI, Krayenbuhl J, Chevre N

(2008) Effect of pulse herbicidal exposure on Scenedesmus

vacuolatus: a comparison of two photosystem II inhibitors.

Environ Toxicol Chem 27:1399–1407

van Rensen JJS (1982) Molecular mechanisms of herbicide action

near photosystem II. Physiol Plant 54:515–521

Zer H, Ohad I (1995) Photoinactivation of photosystem II induces
changes in the photochemical reaction center II abolishing the

regulatory role of the Qb site in the D1 protein-degradation. Eur J

Biochem 231:448–453

156 Bull Environ Contam Toxicol (2015) 95:150–156

123

http://www.R-project.org/

	Growth Recovery of Lemna gibba and Lemna minor Following a 7-Day Exposure to the Herbicide Diuron
	Abstract
	Materials and Methods
	Results
	Discussion
	Acknowledgments
	References




