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Abstract: Soil-applied herbicides can persist in sufficient concentrations to affect the growth of
crops in rotations. The sensitivity of wheat, barley, oat, lucerne and lentil to trifluralin and atrazine
residues were investigated with three glasshouse experiments in 2018 and 2019. Each bioassay crop
species was tested against different concentrations of trifluralin and atrazine in sandy soil using a full
factorial design. Shoot and root parameters of the tested crop species were fitted in logistic equations
against herbicide concentrations to calculate effective doses for 50% growth inhibition (ED50). Results
revealed that both shoot and root parameters of all the test crop species were significantly affected by
trifluralin and atrazine. Trifluralin delayed crop emergence at the lower concentrations examined,
while higher concentrations prevented emergence entirely. Low concentrations of atrazine did not
affect emergence but significantly reduced plant height, soil–plant analyses development (SPAD)
index, shoot dry weight, root length, root dry weight and number of nodules of all the crop species.
At high concentration, atrazine resulted in plant death. Legumes were found to be more sensitive
than cereals when exposed to both trifluralin and atrazine treatments, with lucerne being the most
sensitive to both herbicides, ED50 ranging from 0.01 to 0.07 mg/kg soil for trifluralin; and from 0.004 to
0.01 mg/kg for atrazine. Barley was the most tolerant species observed in terms of the two herbicides
tested. Lucerne can be used to develop a simple but reliable bioassay technique to estimate herbicide
residues in the soil so that a sound crop rotation strategy can be implemented.
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1. Introduction

Farming systems in Australia have undergone a substantial revolution over the past 25 years
with the adoption of conservation tillage. The trend towards minimum or zero till has reduced
cultivation practices for weed management [1] and driven the increased adoption of herbicides as
the primary mechanism for weed control [2,3]. This is a global issue, with herbicides commonly
implemented to control weeds that are a persistent risk to crop production [4]. Herbicides account for
approximately 60% of total pesticide expenditure across Australian farming systems, costing growers
approximately $1.80 billion in 2017–2018 [5]. Herbicide adoption in farming systems has not only
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raised concerns about their negative impacts on the environment, human and animal health, and
agricultural sustainability with the evolution of herbicide resistance, but also raised concerns about
their ultimate fates in soil [6–8].

In systems employing conservation tillage, herbicide applications tend to leave a greater
concentration of herbicide near the soil surface [9]. The presence of persistent herbicides in this
concentrated zone may affect subsequent sensitive crops and compromise overall crop performance [10],
thus limiting planting options for farmers. Precise assessment of the herbicide residues to gauge
persistence and degradation patterns in soil is crucial for ensuring minimum risk in farming systems
practicing crop rotation [11]. A survey of Australian cropping soils undertaken prior to sowing in 2016
detected residues of 23 herbicides, with trifluralin detected in more than 30% of the fields surveyed,
with a maximum residue concentration of 5345 µg/kg compared to 590 µg/kg detected in 2015 [12].
The advancement of conservation tillage farming systems associated with relatively higher herbicide
application rates may have contributed to the high detection frequency of trifluralin. In addition,
higher concentrations of atrazine residues were also detected in cropping paddocks of New South
Wales and South Australia, which was possibly due to the higher persistence of s-triazine herbicides in
alkaline soils [13].

Trifluralin, developed in the 1970s, belongs to the dinitroaniline chemical group. It is a popular
pre-emergent soil-incorporated herbicide used to control annual grass and broadleaf weeds in field
crops [14]. Trifluralin interferes with mitosis and inhibits microtubule assembly by restricting
polymerisation of tubulin [15–17], a structural protein of plant cells, subsequently inhibiting growth
and resulting in plant death [18]. Being one of the most common pre-emergent herbicides used in
conservation tillage systems [19,20], the role of trifluralin in the adoption of no-till farming systems
has been acknowledged by several researchers [21–23]. Trifluralin is highly volatile due to high vapor
pressure, and is generally incorporated into soil after application to reduce losses caused by volatilisation
and photodegradation [24]. The level of persistence of trifluralin in soil is regulated by various factors,
including soil moisture, temperature, soil type, and duration before incorporation [25–27].

Another common herbicide, atrazine, is often used alone or in combination with other herbicides
to control grass and broadleaf weeds in field crops [28,29]. Introduced into the market almost 50 years
ago, atrazine now ranks as the second most heavily used pesticide in the world [30]. Atrazine interferes
with the photosystem II (PSII) process by affecting adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide phosphate (NADPH) production, ultimately reducing efficiency of the CO2

fixation process [31]. Atrazine is also responsible for the rapid accumulation of reactive oxygen
species (ROS) by limiting electron transport system in chloroplasts, causing membrane injury [32,33].
Researchers suggest that atrazine is highly persistent in soil and can be detected even after 22 years of
application [34], which indicates a high potential for the contamination of agricultural fields due to its
low adsorption, moderate aqueous solubility, and long half-life.

Herbicide recommendation is fundamentally crop-specific. The sensitivity of different crop species
to a particular herbicide is related to differences in crop morphology, physiology and phenology [35].
Some herbicides can remain in soil for weeks, months or even years. This is advantageous in regard
to long term weed control. However, persistence can affect sensitive crop species by the residual
activity of the herbicide in subsequent years [36]. Therefore, to minimise the negative impacts of
herbicide residues in the soil on rotational crops, it is highly recommended to study the residual effects
of herbicides on crops utilised in rotational systems [37]. As a result, this study was undertaken to
investigate the potential impact of trifluralin and atrazine residues on the establishment and growth of
selected cereals and legumes (wheat, barley, oat, lucerne and lentil). The development of a reliable and
simple bioassay technique to identify sensitive crop species may allow informed decisions to be made
prior to implementing a crop rotation strategy.
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2. Materials and Methods

2.1. Test Crop Species, Herbicides and Soil Type

Three experiments were conducted under glasshouse conditions at Charles Sturt University,
Wagga Wagga, New South Wales in 2018 and 2019. Five crops were chosen based on reported sensitivity
to both trifluralin and atrazine [38], being wheat (Triticum aestivum cv. Corack), barley (Hordeum vulgare
cv. Hindmarsh), oat (Avena sativa cv. Savannah), lucerne (Medicago sativa cv. Stamina) and lentil (Lens
culinaris cv. Hurricane XT). Seeds of the test crop species were obtained from NSW Department of
Primary Industries (DPI), Wagga Wagga, NSW and were tested for germination prior to use. Two
commercial herbicides Triflur X (a.i. 480 g/L trifluralin) and Farmozine 900 WG (a.i. 900 g/kg atrazine)
were used in this study. Non-autoclaved sandy soils were used to investigate the phytotoxicity
associated with each herbicide because autoclaving the soil may alter the toxicity symptoms exhibited
by the test crop in natural conditions due to the removal of degrading microorganisms [39]. The soil
was determined to have a pH of 6.80 (water), organic matter <0.30%, organic carbon <0.20%, total N, P,
and K was 4.00, 7.00 and 4.80 mg/kg, respectively. Prior to use the soil was sieved to 2 mm.

2.2. Preparation and Application of Herbicides at Different Concentrations

Based on a preliminary study, a concentration series of 0, 0.075, 0.15, 0.30, 0.60, 1.20 and 2.40 mg
a.i./kg dry soil was prepared for trifluralin and a series of 0, 0.15, 0.30, 0.90, 1.50, 2.10 and 3.60 mg
a.i./kg dry soil was prepared for atrazine. The experiment was repeated over time, using the above
concentration series. Since legume species did not survive the minimum concentration of atrazine
(0.15 mg/kg soil) used in first and second experiments (2018), a separate lower concentration series of 0,
0.006, 0.017, 0.05 and 0.15 mg/kg dry soil was prepared for the third trial in 2019.

Each herbicide concentrate was diluted with deionised water at required concentrations and
applied by a hand sprayer onto the 1.0 kg dry soil equivalent while the soil was continuously mixed with
a cement mixer to approximately 50% water holding capacity, according to Hasanuzzaman et al. [40].
Soils for control treatments were prepared by applying deionised water only.

2.3. Planting and Growing Test Crops

A previously published protocol on crop sensitivity to residual herbicide [41] was used in this
study with modifications. Plastic pots (80 × 145 mm) were filled with each herbicide treated soil
representing the concentration series. For each crop, five seeds were planted at a depth of 5 cm
across the herbicide concentration series. For trifluralin, seven concentrations were tested against
five crop species including control, with four replications in a factorial design. For atrazine, seven
concentrations were tested against five crop species in first two trials and five lower concentrations
were tested for the two legume species during the third trial only. Pots were placed on a bench and
blocked by replicates. Pots were hand watered on daily basis with a hand sprayer to maintain moist
conditions and allow seedling emergence but avoid overwatering and leaching of herbicides. Pots
were maintained in a temperature-controlled glasshouse (30 ± 2 ◦C) under natural sunlight throughout
the 4-week experimental period. Soon after emergence, seedlings were counted and thinned to 3 plants
per pot.

2.4. Measurements

The total number of seedlings emerged was counted for each of the test crop species. Plant height
and leaf chlorophyll content were measured at 28 days after sowing (DAS). Leaf chlorophyll content
was calculated as a soil–plant analyses development (SPAD) index with the Minolta SPAD-502 (Konica
Minolta Sensing). Measurements were carried out from the leaf lamina of the second uppermost leaves
at three different points (tip, middle and base). After the chlorophyll measurements, aboveground
parts were harvested by cutting the shoots approximately 2 mm above the soil surface. Shoots were
labelled and bagged accordingly. Shoot dry weight (SDW) was determined after drying the samples at
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70 ◦C for 48 h. Root samples were extracted by gently washing away the soil with tap water and then
transferred to a Perspex tray containing deionised water. Samples were imaged at 600 dpi using a
flatbed scanner (Epson Expression 11000XL). The scanned images were further analysed by WinRHIZO
(Regent Instruments Inc., Quebec, Canada) to determine root length (RL, cm), mean root diameter (RD,
mm) and specific root length. Thereafter, root samples were dehydrated at 70 ◦C for 48 h to determine
the root dry weight (RDW). In case of legume species (lucerne and lentil), the total number of nodules
were counted under magnification, using a Nikon SMZ25 motorised stereo zoom microscope.

2.5. Statistical Analysis

All the recorded data were transformed as a percent of control for each of the parameters in order
to compare between different treatments of each herbicide tested in three successive trials (except mean
root diameter). As there was no significant difference found between first two trials, hence the data
were pooled. Statistical analysis was performed using software R operated in RStudio 3.5.3 [42] with a
range of R packages including drc [43], ggplot2 [44] and cowplot [45] for explanatory data analysis. Data
normality and distribution were validated by Q-Q plot and Shapiro-Wilk test of normality. The best
fitted model was selected based on the Akaike information criterion (AIC) value. A non-linear two
parameter log-logistic model (Equation (1)) was fitted for the emergence of test crop species (wheat,
barley, oat, lucerne and lentil). Other shoot and root parameters of the test crop species were fitted in
Weibull four parameter model (Equation (2)) except for trifluralin concentrations on root diameter and
root dry weight of the test crop species and atrazine concentrations on the shoot dry weight of wheat,
barley and oat best fitted on a four parameter log-logistic model (Equation (3)) [46]:

f (x) = 1/
{
1 + exp(b(log(x) − log(e)))

}
(1)

f (x) = c + (d− c) exp(− exp(b(log(x) − log(e)))) (2)

f (x) = c + (d− c)/(1 + exp(b(log(x) − log(e)))) (3)

where d = the upper limit corresponding to the mean response of the control treatment, c = the lower
limit corresponding to the mean response at the maximum herbicide dose levels, x = the herbicide
dose level, e = the effective herbicide dose levels required for the 50% growth inhibition (ED50) and
b = the slope of the curve around the inflection point e (ED50).

3. Results and Discussion

3.1. Effect of Trifluralin on the Test Crop Species

The development of trifluralin toxicity was monitored for each crop species from emergence to
28 DAS for each of the concentration series. From this evaluation, it was determined that trifluralin
concentrations in soil had a significant effect on the emergence of the test crop species (P < 0.001).
Emergence of the test species was delayed at the lowest concentration of 0.075 mg/kg. Trifluralin at
the highest concentration of 2.40 mg/kg dry soil completely suppressed the emergence for all five test
species (Figure 1A). Wheat and oat only emerged up to the trifluralin concentration of 0.30 mg/kg
soil, while barley, lucerne and lentil had 27.98, 19.58 and 30.82% emergence at the concentration of
0.30 mg/kg, respectively. Almeida and Rodrigues [47] reported that trifluralin inhibits seed germination
by interfering with cell division of meristematic tissues. It is due to adsorption primarily by the
hypocotyl, followed by seedling radicles during germination [48,49].



Agronomy 2020, 10, 587 5 of 16

Agronomy 2020, 10, x FOR PEER REVIEW 5 of 16 

 

concentration of trifluralin (0.075 mg/kg soil), with the exception of barley (ED50 0.19 mg/kg). The ED50 

value of lucerne (0.03 mg/kg) was significantly lower (P < 0.001) than the other crop species as no further 

elongation was observed after emergence (Table 1). Trifluralin interruption on cell mitosis has been 

acknowledged in literature [51] which resulted in inhibition of root and shoot cell division [52]. Khalil, 

et al. [53] identified shoot length as the most sensitive parameter to assess trifluralin activity due to 

sensitivity of the coleoptile node documented in green foxtail [54,55]. Residual activity of trifluralin has 

been reported to reduce at least 44% plant height in sesame [56] and 80% in rice [57] as compared to 

control.  

In terms of leaf chlorophyll content, a significant reduction (P < 0.001) in SPAD index were 

recorded in all plants treated with trifluralin, with the presence of twisted and yellowing leaves. 

Increasing trifluralin soil concentrations from 0.075 to 0.30 mg/kg soil resulted in the gradual reduction 

of SPAD index (Figure 1C). Lucerne had the lowest SPAD index at 0.075 mg/kg soil trifluralin 

concentration compared to others (ED50 0.07 mg/kg) (Table 1).  

Shoot dry weight was considerably reduced with the increase of trifluralin concentrations in soil, 

causing as high as 60–70% reduction at the lowest concentration (0.075 mg/kg) compared to control, 

while plant death occurred at the highest levels (Figure 1D). Lucerne was the most sensitive to 

trifluralin concentrations compared to other crops as the ED50 value was significantly lower (P < 0.001) 

than others (0.01 mg/kg soil) (Table 1). Chaudhari, et al. [58] reported considerable shoot dry weight 

reduction (up to 89%) of turnip when exposed to trifluralin at concentrations of approximately 1.70 

mg/kg soil. Nosratti, et al. [59] identified the toxicity symptoms of trifluralin including reduction in 

plant height, chlorophyll content and shoot dry weight. 

 

Figure 1. Dose-response effects of trifluralin on shoot parameters (A. Emergence; B. Plant height; C. 

SPAD index; D. Shoot dry weight) of barley, lentil, lucerne, oat and wheat at 28 days after sowing (DAS). 

Lines denote predicted responses according to the equations reported in the materials and methods 

section. Symbols shown on the graphs are the original means of each parameter (% control) against each 

dose of trifluralin concentration. Mean value was pooled from eight observational units. 

Figure 1. Dose-response effects of trifluralin on shoot parameters (A. Emergence; B. Plant height; C.
SPAD index; D. Shoot dry weight) of barley, lentil, lucerne, oat and wheat at 28 days after sowing
(DAS). Lines denote predicted responses according to the equations reported in the materials and
methods section. Symbols shown on the graphs are the original means of each parameter (% control)
against each dose of trifluralin concentration. Mean value was pooled from eight observational units.

Toxicity symptoms associated with trifluralin residues were identified as stunted growth with
twisted leaves, swollen hypocotyl and thickened primary root with no secondary roots. Similar
types of toxicity symptoms were reported by Senseman [49], Deuber [50]. Trifluralin toxicity induced
significant damage in respect to plant height with increasing levels of trifluralin concentration in the
soil (Figure 1B). Approximately 50% inhibition was recorded in all the crop species under the lowest
concentration of trifluralin (0.075 mg/kg soil), with the exception of barley (ED50 0.19 mg/kg). The
ED50 value of lucerne (0.03 mg/kg) was significantly lower (P < 0.001) than the other crop species as no
further elongation was observed after emergence (Table 1). Trifluralin interruption on cell mitosis has
been acknowledged in literature [51] which resulted in inhibition of root and shoot cell division [52].
Khalil et al. [53] identified shoot length as the most sensitive parameter to assess trifluralin activity due
to sensitivity of the coleoptile node documented in green foxtail [54,55]. Residual activity of trifluralin
has been reported to reduce at least 44% plant height in sesame [56] and 80% in rice [57] as compared
to control.



Agronomy 2020, 10, 587 6 of 16

Table 1. Estimated regression parameters of the two parameter log-logistic model, four parameter
Weibull model (Weibull1) and four parameter log-logistic model for the shoot and root parameters of
wheat, barley, oat, lucerne and lentil against various levels of trifluralin concentrations as per equations
1, 2 and 3 mentioned in materials and methods section.

Crops ED50 (mg/kg dry
soil) d b

Germination Wheat 0.12 (0.01) 100 (NA) 3.12 (0.48)

Barley 0.18 (0.02) 100 (NA) 1.92 (0.25)

Oat 0.12 (0.01) 100 (NA) 2.63 (0.40)

Lucerne 0.07 (0.02) 100 (NA) 0.96 (0.18)

Lentil 0.15 (0.02) 100 (NA) 1.12 (0.17)

Plant height Wheat 0.12 (0.01) 99.73 (3.17) 1.15 (0.14)

Barley 0.19 (0.01) 98.84 (3.20) 1.32 (0.15)

Oat 0.10 (0.01) 99.62 (3.18) 0.95 (0.12)

Lucerne 0.03 (0.01) 99.97 (3.16) 0.41 (0.09)

Lentil 0.15 (0.01) 99.48 (3.18) 0.88 (0.10)

SPAD index Wheat 0.14 (0.01) 99.50 (3.67) 1.14 (0.14)

Barley 0.09 (0.01) 99.77 (3.66) 0.80 (0.13)

Oat 0.09 (0.01) 100.00 (3.65) 1.49 (0.26)

Lucerne 0.07 (0.01) 100.04 (3.65) 0.93 (0.24)

Lentil 0.19 (0.01) 97.39 (3.82) 1.58 (0.22)

Shoot dry weight Wheat 0.08 (0.01) 99.83 (2.60) 0.85 (0.10)

Barley 0.09 (0.01) 99.74 (2.61) 0.75 (0.08)

Oat 0.06 (0.01) 100.96 (2.60) 0.76 (0.13)

Lucerne 0.01 (0.01) 100.99 (2.60) 0.37 (0.10)

Lentil 0.06 (0.01) 97.96 (2.60) 0.69 (0.10)

Root length Wheat 0.02 (0.02) 100.00 (3.16) 0.65 (0.38)

Barley 0.02 (0.01) 100.00 (3.16) 0.47 (0.19)

Oat 0.01 (0.05) 100.00 (3.16) 0.57 (1.48)

Lucerne 0.09 (0.01) 100.04 (3.16) 1.12 (0.20)

Lentil 0.03 (0.01) 100.00 (3.16) 0.59 (0.20)

Root dry weight Wheat 0.01 (0.01) 100.00 (3.72) 1.10 (0.59)

Barley 0.02 (0.10) 100.00 (3.72) 0.92 (0.43)

Oat 0.01 (0.03) 100.00 (3.72) 1.33 (2.26)

Lucerne 0.05 (0.01) 100.01 (3.72) 1.93 (0.53)

Lentil 0.02 (0.02) 100.00 (3.72) 1.31 (0.61)

Number of nodules Lucerne 0.09 (0.01) 99.92 (3.22) 1.02 (0.16)

Lentil 0.05 (0.01) 99.98 (3.21) 0.76 (0.19)

NA = Not applicable; b, relative slope of curve around ED50 values; d, upper limit corresponding to the mean
response of the control treatment; ED50, the effective herbicide dose levels required for the 50% growth inhibition.
SE values are presented in parentheses.

In terms of leaf chlorophyll content, a significant reduction (P < 0.001) in SPAD index were recorded
in all plants treated with trifluralin, with the presence of twisted and yellowing leaves. Increasing
trifluralin soil concentrations from 0.075 to 0.30 mg/kg soil resulted in the gradual reduction of SPAD
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index (Figure 1C). Lucerne had the lowest SPAD index at 0.075 mg/kg soil trifluralin concentration
compared to others (ED50 0.07 mg/kg) (Table 1).

Shoot dry weight was considerably reduced with the increase of trifluralin concentrations in soil,
causing as high as 60–70% reduction at the lowest concentration (0.075 mg/kg) compared to control,
while plant death occurred at the highest levels (Figure 1D). Lucerne was the most sensitive to trifluralin
concentrations compared to other crops as the ED50 value was significantly lower (P < 0.001) than
others (0.01 mg/kg soil) (Table 1). Chaudhari et al. [58] reported considerable shoot dry weight reduction
(up to 89%) of turnip when exposed to trifluralin at concentrations of approximately 1.70 mg/kg soil.
Nosratti et al. [59] identified the toxicity symptoms of trifluralin including reduction in plant height,
chlorophyll content and shoot dry weight.

For the root parameters measured, root length, root dry weight and nodulation were highly
affected by the presence of trifluralin in the soil. Root length of all the species was reduced by 60–80%
even at minimum concentrations of trifluralin in soil (Figure 2A). The affected roots were characterised
by a thickening of hypocotyls, swollen primary root and absence of lateral root and root hairs, which
are similar to results previously reported [49,50]. Oat was the most sensitive crop in regards to root
length (ED50 0.01 mg/kg) in both of the trials whereas lucerne performed better (ED50 0.09 mg/kg)
(Table 1). Wheat, oat and lucerne roots died at 0.30 mg/kg concentration, while lentil roots exhibited
their maximum mean root diameter (2.14 mm) at the trifluralin concentration of 0.30 mg/kg soil, which
is four times that of the control (Figure 2B). However, trifluralin even at the lowest concentration
of 0.075 mg/kg soil significantly reduced (P < 0.001) root dry weight of all the crop species, with
reductions varying from 95% in oat to 69% in lucerne compared to the untreated control (Figure 2C).
Root development was greatly hampered due to trifluralin toxicity as root dry weight is known to be
the most sensitive and precise measures for trifluralin toxicity [60,61]. The ED50 for oat in terms of root
dry weight was 0.01 mg/kg soil (Table 1), significantly lower than the other crop species (P < 0.001).
Trifluralin interfered with the nodulation process of legume species even at the lowest application rate
and the nodulation was completely inhibited at 0.30 mg/kg soil concentration (Figure 2D). Variable
levels of plant injury and growth reduction due to trifluralin have been reported due to the differences
in soil type, temperature, soil moisture and duration of incorporation [25,26,58,62]. Soil organic matter
tends to reduce the bioavailability of trifluralin in soil via sorption [63], which is correlated with an
increase in soil organic matter [64]. Soils containing high organic matter were reported to adsorb
herbicide compounds more likely compared to those with low organic matter [65]. Thus, trifluralin
injury in sandy soils was found to be prominent and logical in this experiment as the organic matter
content was negligible.
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Figure 2. Effect of various levels of trifluralin concentrations on root parameters (A. Root length; B.
Mean root diameter; C. Root dry weight; D. Number of nodules) of barley, lentil, lucerne, oat and
wheat at 28 days after sowing (DAS). Lines denote predicted responses according to the equations
reported in the materials and methods section. Symbols shown on the graphs are the original means of
each parameter (% control) against each dose of trifluralin concentration. Mean value was pooled from
eight observational units.

3.2. Effect of Atrazine on the Test Crop Species

Although pre-emergence application of atrazine primarily targets germination of weed seeds,
no significant effect on the emergence of the crop species was observed in all experiments. However,
atrazine caused considerable damage to all tested crop species in the current study, regardless of the
application rate. Initial toxicity symptoms appeared after two weeks of growth and became more
prominent on the tips and edges of the mature leaves, manifested by chlorosis later spreading both
upwards and downwards ultimately affecting height, chlorophyll content and shoot dry weight of all
the species. Plants died over time due to the inhibition of photosynthesis. Shoots were more affected
compared to roots, regardless of the crop species, even though atrazine is reported to concentrate in
roots compared to shoots [66]. The plant heights of the three cereal crops were reduced significantly
(P < 0.001) with the increased concentrations of atrazine (Figure 3A). In the third experiment, lucerne
survived at the lowest atrazine concentration (0.006 mg/kg soil) and was identified as the most sensitive
species based on plant height (Figure 3B). At the atrazine concentration 0.15 mg/kg, both lucerne and
lentil did not survive, but the cereals had a plant height that was approximately 65% of the control.
This study revealed that cereal crops (wheat, barley and oat) were relatively more tolerant to atrazine
concentrations than the legume species (lucerne and lentil). Barley was the most tolerant species (ED50

1.21 mg/kg) as it managed to survive under the highest concentration of atrazine tested (3.60 mg/kg
soil) while all other crop species died at this concentration (Table 2). Zhang et al. [67] reported 67.10%
reduction in shoot length of rice when exposed to 0.40 mg/L of atrazine compared to control.
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Figure 3. Dose-response assay of atrazine concentrations on plant height (A. barley, wheat and oat;
B. lentil and lucerne), SPAD index (C. barley, wheat and oat; D. lentil and lucerne) and shoot dry
weight (E. barley, wheat and oat; F. lentil and lucerne) at 28 days after sowing (DAS). Lines denote
predicted responses according to the equations reported in the materials and methods section. Symbols
shown on the graphs are the original means of each parameters (% control) against each doses of
atrazine concentration. Mean value was pooled from eight observational units for wheat, barley and
oat; whereas four observational units for lentil and lucerne.
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Table 2. Estimated regression parameters of the four parameter Weibull model (Weibull1) and four
parameter log-logistic model for the shoot and root parameters of wheat, barley, oat, lucerne and lentil
against various levels of atrazine concentrations as per Equations (2) and (3) mentioned in materials
and methods section.

Crops ED50 (mg/kg dry
soil) d b

Plant height Wheat 0.51 (0.07) 99.45 (4.91) 0.66 (0.08)

Barley 1.21 (0.23) 99.45 (4.93) 0.42 (0.07)

Oat 0.51 (0.07) 99.53 (4.91) 0.69 (0.09)

Lucerne 0.004 (0.001) 100.00 (5.32) 0.79 (0.34)

Lentil 0.03 (0.01) 98.22 (5.43) 0.71 (0.12)

SPAD index Wheat 0.48 (0.09) 99.25 (5.60) 0.57 (0.08)

Barley 1.46 (0.24) 99.76 (5.64) 0.61 (0.10)

Oat 0.61 (0.08) 100.33 (5.47) 0.86 (0.11)

Lucerne 0.01 (0.001) 100.01 (7.21) 2.63 (1.99)

Lentil 0.05 (0.01) 100.27 (6.66) 1.06 (0.24)

Shoot dry weight Wheat 0.14 (0.02) 99.94 (3.57) 0.99 (0.12)

Barley 0.10 (0.03) 100.06 (3.57) 0.63 (0.08)

Oat 0.13 (0.02) 100.04 (3.57) 1.40 (0.24)

Lucerne 0.01 (0.001) 100.00 (5.50) 1.11 (0.38)

Lentil 0.02 (0.003) 99.44 (5.55) 0.55 (0.11)

Root length Wheat 0.08 (0.08) 100.03 (6.32) 0.22 (0.11)

Barley 0.41 (0.10) 100.13 (6.31) 0.46 (0.11)

Oat 0.18 (0.04) 100.09 (6.31) 0.60 (0.19)

Lucerne 0.01 (0.001) 99.89 (3.34) 0.79 (0.11)

Lentil 0.003 (0.001) 99.93 (3.32) 0.35 (0.06)

Root dry weight Wheat 0.03 (0.03) 100.02 (3.78) 0.19 (0.07)

Barley 0.11 (0.04) 100.09 (3.78) 0.33 (0.08)

Oat 0.15 (0.01) 100.01 (3.78) 1.14 (0.30)

Lucerne 0.02 (0.001) 99.46 (3.56) 1.06 (0.13)

Lentil 0.004 (0.001) 99.96 (3.41) 0.38 (0.07)

Number of nodules Lucerne 0.01 (0.001) 99.88 (2.52) 0.58 (0.07)

Lentil 0.01 (0.01) 100.00 (2.58) 1.68 (19.27)

b, relative slope of curve around ED50 values; d, upper limit corresponding to the mean response of the control
treatment; ED50, the effective herbicide dose levels required for the 50% growth inhibition. SE values are presented
in parentheses.

Chlorophyll is regarded as a sensitive biomarker for plant growth [68]. Figure 3C revealed that
the SPAD index of all the crop species followed a decreasing pattern with increasing concentration of
atrazine and all the plants but barley died due to chlorosis at the highest concentrations in extreme
conditions. Lucerne and lentil were the most sensitive species in terms of the SPAD index. Lentil
performed better than lucerne as it did not survive the atrazine concentration of 0.017 mg/kg soil,
whereas 30% reduction in SPAD index was observed in case of lentil (Figure 3D). Huiyun et al. [69]
reported that chlorophyll content inhibition was positively correlated with dosage of atrazine. Barley
was the only species that survived the maximum atrazine concentrations (3.60 mg/kg soil) with an
ED50 value of 1.46 mg/kg, significantly higher (P < 0.001) than the other crop species, although the
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SPAD index decreased to one third of the control (Table 2). Chlorophyll content acts as an indicator of
the growth and photosynthetic ability of the plant [70]. A decrease in chlorophyll content with the
increase of atrazine concentrations in soil indicates the negative effects of atrazine on the growth of
plants [69]. Chlorophyll content of rice exposed to 0.80 mg/L atrazine was reduced by 60% compared
to the untreated control [67].

A reduction in shoot dry weight was observed with the increase of atrazine residue concentration
in soil (Figure 3E,F). Approximately 55% reduction of shoot dry weight has been recorded in wheat,
barley and oat when exposed to the lowest atrazine concentration (0.15 mg/kg soil), whereas legume
species were more sensitive than cereals, having 100% reduction in shoot dry weight at the same
atrazine concentration (0.15 mg/kg soil). Higher application rate of atrazine resulted in higher reduction
in shoot dry weight which can be related to the higher exposure and absorption of the atrazine residues
in soil accompanying root growth. Lucerne had ED50 values for shoot dry weight 0.01 mg/kg, which
was significantly lower (P < 0.001) than other crop species (Table 2). Reduction in plant height and
SPAD index due to exposure of different levels of atrazine might have contributed to the reduction in the
shoot dry weight of all the crop species. Atrazine plays an essential role on seedling growth, inhibiting
rice shoot dry weight to an extent of 39% [66] and 48.90% [67]. Phytotoxicity associated with atrazine
to wheat, corn, mustard, turnip, pearl-millet and carrot has also been reported by Burhan, et al [71].

Atrazine residues had adverse effects on the root length, root dry weight and nodulation,
depending on the concentrations in the soil. It did not affect the mean root diameter and specific root
length. Atrazine at the lowest concentration of 0.15 mg/kg soil caused 45–65% reduction in root length
in wheat, barley and oat (Figure 4A); while lentil and lucerne had 50 and 78% reduction at 0.006 mg/kg
soil atrazine concentration (Figure 4B). Lentil experienced greater reduction in root length than lucerne,
with the ED50 values of 0.003 mg/kg soil significantly lower (P < 0.001) compared to others. Figure 4C,D
depicted similar results regarding root dry weight. Wheat, barley and oat exhibited similar type of
sensitivity towards different atrazine levels with 60–75% reductions in root dry weight at 0.15 mg/kg
soil atrazine concentration.
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Figure 4. Effect of different levels of atrazine concentrations on root length (A. barley, wheat and oat; B.
lentil and lucerne) and root dry weight (C. barley, wheat and oat; D. lentil and lucerne) at 28 days after
sowing (DAS). Lines denote predicted responses according to the equations reported in the materials
and methods section. Symbols shown on the graphs are the original means of each parameter (%
control) against each dose of trifluralin concentration. Mean value was pooled from eight observational
units for wheat, barley and oat; whereas four observational units for lentil and lucerne.

Lucerne and lentil were more sensitive and had approximately 65–75% reductions at 0.017 mg/kg
concentration. Oat recorded the highest ED50 value 0.15 mg/kg soil and lentil the least, 0.004 mg/kg
soil (Table 2). Reduction of root dry weight due to various levels of atrazine exposure have been
acknowledged in the literature [66,67]. Atrazine in soil had a significant effect (P < 0.001) on nodulation
in legume species. During the first and second trial, no nodule was seen under minimum atrazine
concentration (0.15 mg/kg soil) studied and all the plants died after emergence, whereas in the third
trial, 62 and 73% inhibition of nodulation was observed in lucerne and lentil under the minimum
residue concentration (0.006 mg/kg soil) when compared to the untreated control (Figure 5). No
nodules were formed when legumes were exposed to atrazine concentrations more than 0.017 mg/kg
of soil. Root is the primary organ by which plants absorb water, nutrient and pollutants as well [72].
Moreover, the majority of the absorbed substances are accumulated in the roots, although some of them
are transported to other parts [73]. Therefore, it is apparent that accumulated atrazine in roots caused
a reduction in root length, root dry weight and nodulation by damaging cell membranes through
oxidative stress, as atrazine can produce reactive oxygen species [32,33].
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Figure 5. Effect of different levels of atrazine concentrations on number of nodules of lucerne and lentil
at 28 days after sowing (DAS). Lines denote predicted responses according to the equations reported
in the materials and methods section. Symbols shown on the graphs are the original means of each
parameter (% control) against each dose of trifluralin concentration. Mean value was pooled from four
observational units for lentil and lucerne.

4. Conclusions

The described bioassay technique provides an indication of herbicide residues remaining in
soil, especially with those herbicides having persistence potential. Phytotoxicity associated with
pre-emergence herbicide depends on the extent of herbicides bounded by the organic matter of soil. To
investigate the actual phytotoxicity, interference of organic matter has been minimised by using sandy
soils in this study. Our study revealed that trifluralin and atrazine in the soil can affect the emergence
and growth of wheat, barley, oat, lucerne and lentil with the legume species being more sensitive than
the cereals. This study revealed that lucerne was the most sensitive crop species compared to others
and barley was the most tolerant towards trifluralin and atrazine in the soil. Hence, farmers should be
careful about the carry-over issues of trifluralin and atrazine prior to selecting legumes in crop rotation.
Lucerne can be used in soil bioassays to quickly determine the levels of herbicide residues in the soil so
that suitable crops can be chosen prior to sowing.
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