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Abstract 

Herbicide residues in soil from previous crops or from pre-emergent treatments can 

have unintended toxicity on the next crop. Despite this there is limited published infor-

mation on toxicity thresholds for many crops or herbicides. This study aimed to quan-

tify shoot and root responses of six common winter grains crops (canola, chickpea, 

fieldpea, lentil, lupin and wheat) to increasing concentration of four common herbi-

cides (clopyralid, pyroxasulfone, propyzamide and trifluralin) in soil. Lentil emergence 

was highly sensitive to clopyralid (29 μg kg-1 for a 50% reduction, ED
50

) while wheat 

emergence was sensitive to propyzamide and trifluralin, with complete inhibition at 

100 μg kg-1 and 375 μg kg-1, respectively. Shoot and root parameters of the legumes, 

except lupin, were significantly reduced by clopyralid, with ED
50

 values ranging 

between 3−27 μg kg-1. Canola was sensitive to pyroxasulfone, with shoot and root 

biomass ED
50

 at 21 and 8 μg kg-1, respectively. Pyroxasulfone also severely reduced 

root length of all tested crops (ED
50

 values 6−53 μg kg-1). Root and shoot growth in 

wheat was most susceptible to propyzamide followed by trifluralin. This study found 

that one or more herbicides had the potential to cause significant phytotoxic effects 

in all crops at concentrations below recommended application rates and below those 

detected in a recent field survey of pre-sowing herbicide residues in field soils around 

Australia. These results suggest the risk of early crop damage residual herbicides 

in very light-textured soils. More effort is now required to determine potential effects 

on different soil types and crop yields, to enable better spatial and economic risk 

assessment.
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Introduction

The global use of herbicides in agriculture grew by 15.5% (by mass applied) between 
2011 and 2021 [1], driven by the shift toward minimum tillage practices and reduced 
mechanical weed control [2,3]. In Australia the application of herbicides for controlling 
weeds, instead of practicing tillage, retained more water in soil profiles and increased 
grain yields by 15–25% [4]. However, while herbicides are designed to dissipate to 
minimise residual phytotoxicity to subsequent crops, herbicides can persist longer 
under certain conditions [5], causing bioactive residues that harm non-target crops 
[6–8]. For example, imazapyr and imazamox in Argentina reduced barley yields by 
45%, and can significantly harm rotational crops like barley, oat, and wheat [9], while 
mesotrione soil residues in Canada caused up to 100% yield loss in sugar beet 
[10]. Soil residual herbicides persisting for 12–24 months can impair the growth of 
subsequent crops (e.g., barley, chickpeas, field peas, lentils, lupins, wheat), posing 
challenges for sustainable agricultural practices [11]. To minimize the risk of phyto-
toxicity from residual herbicides, farmers are guided by label-recommended plant-
back periods, which are based on field research of chemical carryover in the soil 
and effect on subsequent crops [12]. However, fluctuating environmental conditions 
and the variable nature of herbicide persistence in soil makes it difficult for product 
labels to fully mitigate crop damage under all possible scenarios [13,14]. Carryover of 
herbicides in soil is influenced by environmental, edaphic and management factors. 
Soil physical and chemical properties and microbial activity can influence herbicide 
sorption, mobility, and degradation which determine the herbicide persistence  
[15–18]. Physicochemical properties of each herbicide, including vapor pressure, 
water solubility, ionization constant and chemical structure also influence persistence 
[17]. Soil-active herbicides vary widely in their persistence, with half-lives ranging 
from a few days to over a year. For instance, the estimated soil half-lives of fome-
safen, imazethapyr, clopyralid, and mesotrione are approximately 100, 60–90, 40, 
and 5–15 days, respectively [19]. Even herbicides with relatively short soil half-lives, 
like saflufenacil and topramezone, can harm sensitive crops [20], underscoring the 
need for crop- and environment-specific plant-back intervals beyond general label 
recommendations. Hence, predicting herbicide carryover is challenging because of 
multiple factors influencing the dissipation of bio-active forms in soil.

In Australia, herbicides from groups 3, 4 and 15 have been identified as priority 
herbicides for the study of potential adverse effects on crop production because of 
their widespread use [21] and their persistence over relatively long time periods [22]. 
Herbicides from these groups were evaluated in this study and specific attributes of 
these chemicals are briefly discussed next, illustrating their persistence.

Clopyralid (Group 4- Pyridines) is a synthetic auxin type herbicide [23,24] and 
can disturb cell respiration and plant growth. This herbicide has a wide range in an 
half-lives under field conditions, ranging from 15 to >280 days [23]. Pyroxasulfone 
is a pyrazole-based (Group 15- Isoxazolines) preplant, pre-emergence, and post-
emergence herbicide [19] that disturbs shoot elongation of susceptible crop seed-
lings through inhibiting the biosynthesis of very-long-chain fatty acids [25]. It is one 
of the most common soil-applied herbicides in Western Australia in predominantly 

Competing interests: The authors have 
declared that no competing interests exist.



PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 3 / 19

zero-tillage systems [26–28]. The half-life of pyroxasulfone ranges from 47 to 134 days and varies by soil type [29], but in 
dry years it can persist with a half-life greater than 70 days [30].

Propyzamide is a selective systemic herbicide in the benzamide group (Group 3- Benzamides) and can be absorbed 
by the roots of the plants. It is resistant to chemical degradation, thus can persist longer in the soil, degrading mostly by 
photolysis with a half-life of 249 days. However, it also persist longer under anaerobic conditions with half-lives reported 
up to 450 days [31]. Trifluralin is a widely-used pre-emergent soil-applied herbicide belonging to the Group 3 (dinitroani-
lines (DNAs)) chemical group [32], that effectively manages annual grass and broadleaf weeds in agricultural fields [33]. 
Trifluralin disrupts mitosis and microtubule assembly in plant cells by preventing tubulin polymerization, leading to growth 
inhibition and eventual plant death [34–37]. It has a high binding potential to soil [38], and a half-life reported in the range 
from 21 to 126 days [39]. Its low mobility, and low degradation rate enhance risk of carryover to susceptible rotational 
crops [40]. On the other hand, greater adsorption may reduce its bioavailability, reducing phytotoxicity. Predicting phyto-
toxicity a priori from chemical properties alone is fraught with uncertainty.

Despite occasional reports of herbicide-induced phytotoxicity under field conditions, little information is available about 
the toxicity thresholds level of residual herbicides for winter grain crops such as wheat, canola, chickpeas, lentil, lupin, 
and field peas [22]. Because phytotoxicity thresholds of specific herbicides for assessing plant-back risk are not readily 
available, reports of extractable herbicide residue levels in field soils are difficult to interpret, making plant back injury diag-
nosis for susceptible crops challenging. This limited knowledge is a major obstacle to developing management guidelines 
for preventing or avoiding crop phytotoxicity. This study evaluated phytotoxicity thresholds for major grain crops grown 
in southern Australia by exposing them to a range of priority residual herbicides, based on short-term dose response 
experiments. The aim was to identify phytotoxic concentrations of herbicides in the soil, which are directly relevant to crop 
growth inhibition. Outcomes from this research will also support more informed decisions for managing herbicide per-
sistence and phytotoxicity problems, and planning of better cropping systems to minimise crop damage.

Materials and methods

Herbicide treatments, soil and plant species

Dose−response experiments were conducted to evaluate phytotoxicity of four herbicides that have different modes of 
action, namely clopyralid, pyroxasulfone, propyzamide and trifluralin in a washed sand soil for six common winter grain 
crops. The four priority herbicides were applied as their respective commercial products and recommended application 
doses (Table 1). Washed coarse sand was purchased (Perth Sand Supplies) and air dried before setting up the glass-
house experiment. The soil properties were measured by an external laboratory by standard methods [41] and the com-
plete soil analysis results are presented in the Table 2. The washed sand was packed to a bulk density of 1.6 g cm-3 in the 
plastic pots.

Table 1.  Label rates (g or ml ha-1) and commercial product names of herbicides applied to washed 
sand (bulk density- 1.6 g cm-3).

Commercial products Product Label rates
(g or ml ha-1)

Equivalent rate of active ingredient (g ha-1)

Clopyralid
(Imtrade- Rally 300 g L-1)

250 ml ha-1 75

Pyroxasulfone
(Bayer- Sakura Flow- 480 g L-1)

210 ml ha-1 100.8

Propyzamide
(Imtrade EDGE WG- 900 g kg-1)

550 g ha-1 495

Trifluralin
(Imtrade EC– 480 g L-1)

1250 ml ha-1 600

https://doi.org/10.1371/journal.pone.0330225.t001

https://doi.org/10.1371/journal.pone.0330225.t001
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Canola (Brassica napus L. cv. ATR Bonito TT), chickpea (Cicer arietinum L. cv. PBA Striker), fieldpea (Pisum sativum 
L. cv. PBA Gunyag), lentil (Lens culinaris L. cv. PBA Hurricane XT), lupin (Lupinus albus L. cv. PBA Jurien) and wheat 
(Triticum aestivum L. cv. Scepter) were selected for testing as they are common varieties of these crops in Australia. High 
germination percentages of canola (99%), chickpea (100%), field pea (97%), lentil (96%), lupin (99%), and wheat (100%) 
seed were confirmed before the experiment.

Experimental design and management

The dose−response experiment was conducted in a glasshouse at Murdoch University, Perth, Australia, that was 
maintained an average air temperature of 19°C and 36% relative humidity throughout the 28-day experiment. Eight con-
centrations of each herbicide were applied at rates equivalent to 0, 1/9, 1/6, 1/3, 1, 3, 6 and 9 times the rate specified on 
product labels for tolerant crops (Table 3). Note that we use this definition of ‘label rates’ when testing crops covered by the 
product label, and also non-tolerant crops that are not covered by the label. The soil concentrations of tested herbicides  
(μg kg-1 soil) were derived from their field application rates (g ha-1). To determine the amount of active ingredient needed in  
g ha-1, we estimated the herbicide required (a.i., μg kg-1) for inert sand based on its bulk density. The applied rate in units of 
mass per hectare was converted to concentration, assuming it was evenly distributed throughout the soil depth in the pots.

The selected herbicide rates for the dose-response study cover a broad spectrum, from sub-lethal to potentially toxic 
levels. This range enables a comprehensive assessment of the herbicide’s effects on crops, identifying both the minimum 
effective concentration and toxicity threshold. Lower rates capture subtle growth changes, while higher rates assess 

Table 2.  Chemical and physical properties of the experimental soils.

Property Washed sand

Organic carbon (%) 0.13

pH (CaCl
2
) 8.9

EC (dS m-1) 0.031

PBI 1.6

Effective CEC (cmol kg-1) 0.2

Clay (%) 0.6

Coarse sand (%) 51.8

Fine sand (%) 46.2

Silt (%) 1.4

Note- pH, -log of hydrogen ion activity; EC, Electrical Conductivity; PBI, Phosphorus Buffering Index; CEC, 
Cation Exchange Capacity

https://doi.org/10.1371/journal.pone.0330225.t002

Table 3.  Herbicide doses (target rate, g ha−1; active ingredient, a.i. μg kg−1 soil) applied for dose−response phytotoxicity assays.

Relative
label rates

Clopyralid Pyroxasulfone Propyzamide Trifluralin

g ha − 1 μg kg − 1 g ha − 1 μg kg − 1 g ha − 1 μg kg − 1 g ha − 1 μg kg − 1

0 0 0 0 0 0 0 0 0

1/9 8.3 6 11.2 7 55 30 66.7 42

1/6 12.5 8 16.8 10.5 82.5 50 100 63

1/3 25 17 33.6 21 165 100 200 125

1 75 50 100.8 63 495 310 600 375

3 225 150 302.4 189 1485 930 1800 1125

6 450 300 604.8 378 2970 1860 3600 2250

9 675 450 907.2 567 4455 2790 5400 3375

https://doi.org/10.1371/journal.pone.0330225.t003

https://doi.org/10.1371/journal.pone.0330225.t002
https://doi.org/10.1371/journal.pone.0330225.t003
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phytotoxicity and potential residual impacts on subsequent crops. This approach supports accurate modelling of dose-
dependent responses and helps determine optimal rates for effective weed control with minimal carryover impact on 
non-target plants.

The experimental materials, including herbicide stock solutions and spiked soils with varying herbicide doses, were 
prepared according to the methods outlined in the previous study [42]. The soils were sealed in the bags and incubated in 
the glasshouse for 24 hours before planting of the tested crops.

A randomized complete block design was applied with 3 replicates of each treatment combination (i.e., 6 crops x 1 
soil x 8 doses x 3 replications). Each treatment included three biological replicates, with two plants per pot, across eight 
herbicide concentrations, six crop species, and four herbicides. Eight doses were applied to determine the accurate 
toxicity thresholds values [43]. Following Burgos et al. [43], a broad dose range was prioritized over additional replication 
to ensure informative model fits. While the experiment was conducted once, the inclusion of three biological replicates 
ensures robustness and reproducibility of the results. Similar experimental designs have been used in previous herbicide 
bioassays [22,42,44,45].

Plastic pots (0.676 L); dimensions of 16 cm (H) x 6.5 cm x 6.5 cm (W) were each filled with 0.85 kg of soil. The experi-
mental management, including plant watering, was conducted following the method described previously [42]. Four seeds 
were directly sown in each pot and covered with a plastic sheet to minimise moisture loss during germination. Seedling 
emergence was monitored daily for 7 days and recorded prior to thinning. The final emergence percentages were cal-
culated relative to the number of seeds sown per pot. At 7 days after emergence, the seedlings were thinned to retain 
two uniform plants per pot. Throughout the experiment, pots were weighed daily to ensure soil moisture was consistently 
maintained at 80% of field capacity by applying deionized water to the sandy surface. To avoid nutrient deficiencies and 
promote healthy plant growth, a complete nutrient solution was administered on a weekly basis. Detailed information on 
the fertilizer application rates can be found in the S1 Table.

At 28 days after sowing, the plants were harvested and gently washed to remove soil from the roots. All intact plants 
were patted dry on paper towels after washing. The separated fresh roots and shoots were weighed, and maximum shoot 
lengths were manually measured with a ruler. Root length was measured with a digital image analysing system (Win-
RHIZO 2007d, Regent Instrument, Quebec, Canada). Root and shoot dry weight data were collected after materials were 
dried in an oven at 65°C for 48 hours to a constant weight.

Data analysis

Plant data were converted to percentages relative to the means of untreated controls for shoot and root biomass and 
length to compare responses among species to each herbicide and concentrations by using the following equation [46],

	
Inhibition (%) =

(
1 –

Lt
L0

)
× 100%

	 (1)

where L
t
 represents the dry biomass and length of shoots and roots measured in the herbicide-treated soil and L

0
 rep-

resents those parameters in the nontreated soil conditions.
Seedling emergence data were analysed using a three-factor analysis of variance (ANOVA) to assess the effects of 

crop species, herbicide treatment, and their interaction. Tukey’s Honest Significant Difference (HSD) post hoc test was 
subsequently applied to identify pairwise differences among treatment combinations. To further quantify herbicide effects, 
dose−response curves were fitted for each crop-herbicide combination using the ‘drc’ package in R environment [47]. 
From these curves, the effective dose required to reduce crop emergence by 50% (ED

50
) was calculated.

To examine variation of growth inhibition, statistical analysis was performed by a three-way factorial analysis of vari-
ance (ANOVA) for 6 tested species under the 8 herbicide application doses with 4 herbicides using open-source statistical 
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software R [48]. Two-way ANOVA was applied to explore the interaction effects of different herbicides and crops on the 
growth inhibition at the recommended application rate. The averages of growth reduction were compared by using Tukey’s 
HSD test and P-values were determined to evaluate the differences between combination of crops with dicot and mono-
cots and herbicides which have a different mode of actions. QQ plots and fitted vs. residual plots were used post-hoc to 
assess assumptions regarding normality and homogeneity of variance.

Dose−response curves were fitted individually to each herbicide by crop combination using the ‘drc’ package [47] in 
R. From these the effective doses of herbicides (ED) required to reduce plant growth by 20% (ED

20
) and 50% (ED

50
) 

were calculated. Based on previous work [42], two dose response models were assessed for this study: the log-logistic 
equation:

	
Y = C+

D – C
1+ exp (B (log X – log E)) 	 (2)

and the Weibull type 2 equation:

	 Y = C+ (D – C)exp (–exp (B (log X – log E)))	 (3)

where Y is the response of plant growth variable, C denotes the lower limit of the response when the dose X is very large; 
D is the upper limit when the dose X approaches 0. B is the slope around the point of inflection (ED

50
). The non-linear four 

parameter log-logistic model (Equation 2) was fitted to the shoot and root dry biomass and shoot length responses of all 
tested species. In some cases, the biomass and length of evaluated species are set to zero at maximum toxicity, which 
implies no shoot or root growth. Root lengths of all evaluated species were fitted by the three parameter Weibull type 2 
model (Equation 3).

The best fitting dose response model was determined using the Akaike’s information criterion (AIC) [49,50]. The lack-
of-fit test was also applied to evaluate p-values with the function of modelFit() (p value >0.05 means good fit of the model) 
[51]. Following the recommendation of [52], the actual biomass and length data were used to estimate ED values against 
the herbicide concentrations for each species and herbicide from dose−response curves.

Results

Emergence of crops affected by herbicides

A three-way ANOVA revealed significant interactions between herbicide treatments and crops species, indicating that 
herbicide effects on seedling emergence vary by plant species (p < 0.001) (S2 Table). Clopyralid notably reduced emer-
gence in lentil (50% reduction at 29 μg kg-1) and also affected chickpea and fieldpea at higher concentrations (Fig 1A, 
Supplementary S3 Table). Emergence of all species was not significantly affected by pyroxasulfone (Fig 1B). Wheat was 
particularly sensitive to propyzamide and trifluralin, with complete emergence inhibition at 100 μg kg-1 and over 375 μg kg-

1, respectively (Figs 1C and 1D, S3 Table).

Herbicide by crop interactions at label rate

A three-way ANOVA revealed significant interactions between crop species, herbicide types, and application doses for all 
tested plant growth responses (S4 Table).

Legumes (chickpea, fieldpea, lentil) were highly sensitive to clopyralid, showing severe shoot length and biomass inhi-
bition, and even plant death at doses above the label rate (Fig 2). At the recommended rate of clopyralid, shoot length and 
biomass of legumes were more severely inhibited by 40−75 and 65−83%, respectively (p < 0.05) compared to other tested 
crops (Fig 2). In contrast, canola was less affected, with shoot inhibition at the label rate (50 μg kg-1) remaining below 
40%, significantly lower than the inhibition observed in legumes (Fig 2A).
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At the label rate of pyroxasulfone (63 μg kg-1), canola showed the highest shoot growth inhibition (42–64%), followed 
by lupin (42%), and wheat (30%) (Figs 2A, 2E, and 2F). However, root biomass was most reduced in canola (92%), lentil 
(59%) and lupin (50%), statistically more than in wheat, chickpea and fieldpea (~17–30%) (p < 0.05) (Fig 2). Root length 
was more affected than biomass at this dose.

At the propyzamide recommended rate (310 μg kg-1), wheat showed 100% shoot and root growth inhibition due to lack 
of emergence (Fig 2F).

Shoot growth was decreased by 2–30% at the recommended trifluralin dose (375 μg kg-1), but no significant response 
was observed across all species (Figs 2A–2F). However, wheat root length was severely inhibited (83.4%), much more 
than its biomass inhibition (51.6%) (Fig 2F) and significantly higher inhibition than other tested species (12.9–46.7%) 
(p < 0.05) (Fig 2F).

Clopyralid toxicity thresholds

As expected, clopyralid significantly disrupted legumes growth, with shoot and root development being more severely 
inhibited than in wheat and canola (p < 0.05) (S1 Fig). Wheat exhibited high tolerance, showing less than 20% shoot 
reduction even at the highest clopyralid concentration (450 μg kg-1), while canola showed mild visual toxicity symptoms 
(slight twisting of the new leaves and pale-yellow leaves) but had uncertain ED values due to its relative resilience  
(Table 4). In contrast, legumes (chickpea, fieldpea, lentil, and lupin) were highly sensitive. The ED

50
 values for shoot 

Fig 1.  Effect of increasing soilborne concentrations of herbicides (A) clopyralid, (B) pyroxasulfone, (C) propyzamide, and (D) trifluralin on 
emergence of crops (compared to untreated control). Bars are standard error means of three replicates ± SE (n = 3).

https://doi.org/10.1371/journal.pone.0330225.g001

https://doi.org/10.1371/journal.pone.0330225.g001
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growth in all legumes were below the recommended application dose (Table 4), except for lupin, which showed 50% inhi-
bition only at doses above the label rate (S1c Fig).

The required amount of clopyralid causing 20% inhibition in legume crops occurred at the second lowest concentration 
applied (8 μg kg-1) (S6 Table). Fieldpea was particularly vulnerable, with an ED

50
 for shoot biomass estimated at just 3 μg 

kg-1 soil, lower than the minimum clopyralid concentration tested (6 μg kg-1 soil) (Table 4; Fig 3A).
Root growth inhibition in legumes ranged from 40−85% at the label rate (Figs 1B–1E), with ED

50
 values for root length 

below 10 μg kg-1 soil (Table 4). Chickpea and lentil showed 50% root biomass inhibition at only 4−5 μg kg-1, while fieldpea 
and lupin had higher ED

50
 values for root biomass (27 and 67 μg kg-1), indicating slightly greater root tolerance compared 

to shoot responses (Table 4, Figs 3A and 3B).

Pyroxasulfone toxicity thresholds

Canola was the most sensitive crop to pyroxasulfone, showing significant shoot biomass (30%) and shoot length (20%) 
reductions even at the lowest concentration (7 μg kg-1 dry soil) (S1a and S1c Figs). Its ED

50
 values for shoot biomass and 

length were 21 and 93 μg kg-1, respectively, which was significantly lower than other crops (p < 0.05) (Table 5, Fig 3C).

Fig 2.  Shoot and root responses of crops to herbicides at the recommended application rates. Bars are standard error means of three repli-
cates ± SE (n = 3).

https://doi.org/10.1371/journal.pone.0330225.g002

https://doi.org/10.1371/journal.pone.0330225.g002
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Root growth inhibition (25−40%) at the lowest dose was similar across canola, lentil, and wheat (S1b Fig), but canola 
root biomass and length were highly sensitive with ED

50
 values of just 8 and 6 μg kg-1, respectively. These values were 

markedly lower than those of other species, which ranged from 27–808 μg kg-1 for root and for shoots inhibition between 
12–53 μg kg-1 (Table 5, Fig 3D). All evaluated crops experienced over 50% root elongation reduction, with no significant 
differences among species (p < 0.05) (Figs 1A–1F).

Notably, the estimated ED
20

 of canola for both shoot and root growth were below the minimum application rate, while 
chickpea and fieldpea showed relative tolerance, making their ED

20
 estimates less reliable (S7 Table).

Propyzamide and trifluralin toxicity thresholds

Wheat was the most susceptible crop to both propyzamide and trifluralin, which are primarily used for grass weed 
control. Even at low concentrations (30 μg kg-1 for propyzamide and 42 μg kg-1 for trifluralin), wheat shoot biomass was 
reduced by 20 and 11.5%, respectively, compared with untreated plants (S1a Fig). At higher trifluralin concentrations 
over the label rate, all tested species showed significant shoot growth inhibition (S1a and S1c Figs). Wheat had the 
lowest ED

50
 values for shoot growth (Fig 3E), which were 10–52 times and 1.3–7 times lower than those of other tested 

crops (Tables 6 and 7).
Root length of wheat was particularly sensitive to trifluralin, with a 67% reduction at the lowest dose, significantly more 

than other evaluated crops (−1 to 0.4%) (p < 0.05) (S1d Fig). The ED
50

 values for wheat root length and biomass under 
propyzamide exposure were 22 and 46 μg kg-1 soil, respectively (Table 6 and Fig 3F), up to 67 times lower than for other 
tested species. For trifluralin, ED

50
 values for wheat root biomass and length were 347 and 194 μg kg-1 soil, respectively 

(Table 7, Figs 3G and 3H), still lower than those of other tested crops (Table 7). Overall, the ED
20

 values for wheat root 
and shoot growth were below these herbicides label rates, highlighting its high sensitivity (S8 and S9 Tables).

Discussion

Residual herbicides, even in low concentrations, can significantly affect crop performance. This study found that one 
or more herbicides had the potential to cause significant phytotoxic effects in all crops at concentrations below recom-
mended application rates and below extractable concentrations detected in a recent field survey of pre-sowing herbicide 
residues in field soils around Australia [22]. These results suggest the risk of early crop damage and yield loss due to 
residual herbicides in very light-textured soils. This expands on our previous research that demonstrated that soil residual 
diuron herbicide exhibit varying levels of phytotoxicity across different crops, such as canola, chickpea, and wheat [42]. 

Table 4.  Estimated dose−response thresholds to clopyralid herbicide (μg kg-1soil) causing 50% (ED50) inhibition to shoot and root parameters 
of tested species.

Crops Shoot biomass Root biomass Shoot length Root length

ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI

Canola 1240 (276-5570) 513 (17-15870) 134 (2e-18-1e + 22) 1738 (20-147430)

Chickpea 8 (5-13) 4 (2-8) 11 (7-15) 4 (2-5)

Fieldpea 3 (2-5) 27 (18-40) 16 (9-30) 7 (5-9)

Lentil 7 (4-12) 5 (2-14) 19 (16-24) 6 (3-12)

Lupin 18 (11-31) 67 (11-418) 179 (114-280) 9 (6-15)

Wheat 2994 (312-28738) 821 (342-1969) 690 (NaN) 274 (152-494)

Note- NaN means “Not a Number” as the value cannot be identified. NaN values in the confidence intervals (CI) indicate that the model was unable to 
estimate variability due to limited or highly variable data. Wide confidence intervals reflect high uncertainty in the ED estimates, likely caused by small 
sample sizes or poor model fit. Future studies should consider increasing sample size and improving dose-response design to reduce variability and 
improve confidence in ED estimates.

https://doi.org/10.1371/journal.pone.0330225.t004

https://doi.org/10.1371/journal.pone.0330225.t004
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Fig 3.  Log-logistic dose−response assays for shoot and root biomass of fieldpea (A and B) against clopyralid; canola (C and D) versus 
pyroxasulfone; wheat (E and F) versus propyzamide and wheat (G for root dry biomass and H for root length) against trifluralin. The shaded 
area represents the model fit at 95% confidence level. The most sensitive species to different herbicides are presented in this figure.

https://doi.org/10.1371/journal.pone.0330225.g003

https://doi.org/10.1371/journal.pone.0330225.g003


PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 11 / 19

The present findings provide a basis for assessing plant back risk of common winter crops in light-textured soils by identi-
fying ED

50
 values for four commonly used herbicides with different modes of action.

The present ED50 values represent a worst-case scenario for herbicide mobility and bioavailability, since they were 
obtained using a single, highly permeable soil type, a sand with low organic matter. While this approach aligns with estab-
lished risk assessment practices, soil properties such as clay content, organic matter, pH, microbial activity, and structure 
significantly influence herbicide sorption, persistence, and phytotoxicity [5,53]. The fate of herbicides in soil is primarily 
determined by sorption and degradation processes, which are influenced by soil characteristics such as texture, mineral-
ogy, and organic matter contents [54–56].

In the present study, we observed that each of the four herbicides tested has potential carryover toxicity on susceptible 
rotational crops under worse-case scenarios where bioavailability is at a maximum (i.e., in sand where organic matter and 

Table 5.  Estimated dose−response thresholds to pyroxasulfone herbicide (μg kg-1soil) causing 50% (ED50) inhibition to shoot and root param-
eters of tested species.

Crops Shoot biomass Root biomass Shoot length Root length

ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI

Canola 21(14-31) 8 (6-11) 93 (73-117) 6 (4-9)

Chickpea 1497 (0.9-2493400) 808 (319-2046) 2125 (66-67996) 53 (37-75)

Fieldpea 4147 (247-61667) 525 (278-989) 2474 (502-12190) 34 (22-52)

Lentil 3471 (480-25099) 27 (17-44) 671 (531-847) 12 (8-18)

Lupin 159 (77-330) 66 (27-164) 297 (225-392) 17 (10-28)

Wheat 330 (135-807) 295 (140-621) 347 (291-414) 22 (16-30)

https://doi.org/10.1371/journal.pone.0330225.t005

Table 6.  Estimated dose-response thresholds to propyzamide herbicide (μg kg-1 soil) causing 50% (ED50) inhibition to shoot and root parame-
ters of tested species.

Crops Shoot biomass Root biomass Shoot length Root length

ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI

Canola 592 (485-722) 748 (534-1047) 955 (434-2099) 525 (424-649)

Chickpea 3062 (2551-3674) 2155 (1788-2597) 4528 (1871-10959) 714 (598-852)

Fieldpea 2703 (2307-3167) 2443 (1812-3294) 3291 (2473-4381) 638 (432-943)

Lentil 2431 (2073-2851) 1666 (1483-1871) 3024 (2710-3374) 1469 (1305-1654)

Lupin 1199 (828-1736) 605 (458-801) 1025 (938-1122) 370 (292-470)

Wheat 59 (54-65) 46 (39-54) 61 (50-75) 22 (16-30)

https://doi.org/10.1371/journal.pone.0330225.t006

Table 7.  Estimated dose−response thresholds to trifluralin herbicide (μg kg-1 soil) causing 50% (ED50) inhibition to shoot and root parameters 
of tested species.

Crops Shoot biomass Root biomass Shoot length Root length

ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI ED50 and 95% CI

Canola 1032 (803-1262) 1014 (810-1270) 1391 (1070-1807) 828 (664-1033)

Chickpea 1154 (837-1471) 824 (607-1119) 1734 (1426-2108) 601 (515-702)

Fieldpea 681 (484-879) 731 (563-950) 938 (786-1119) 492 (432-561)

Lentil 613 (397-829) 379 (179-801) 1104 (1034-1178) 295 (163-533)

Lupin 3222 (1843-4601) 6273 (1995-19723) 4604 (3151-6728) 625 (497-786)

Wheat 475 (278-811) 347 (264-456) 479 (275-833) 194 (161-235)

https://doi.org/10.1371/journal.pone.0330225.t007

https://doi.org/10.1371/journal.pone.0330225.t005
https://doi.org/10.1371/journal.pone.0330225.t006
https://doi.org/10.1371/journal.pone.0330225.t007
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clay content are negligible). While this leads to low ED values, it could prove useful for extrapolating results to other soils by 
providing a worst-case baseline. The low ED values indicate that the plant is highly sensitive to herbicides, which is par-
ticularly relevant for sandy soils due to their low adsorption ability. This baseline can serve as a reference point for under-
standing how herbicides might behave in more retentive soils. Adjusting the ED values according to expected partitioning 
onto soils (for example, by considering the soil adsorption coefficient, Kd), can help account for differences in soil properties. 
While effective dose (ED) values can be extrapolated across soil types using partition coefficients (Kd) [57] there is currently 
insufficient evidence to assume linear and predictable relationship to soil properties [58]. Future research is needed on a 
broader range of soil types to derive such relationships. By incorporating these adjustments, we can more accurately predict 
herbicide behaviour in different soils, thus improving risk assessment and guiding safer agricultural practices.

The plant back risk of clopyralid on the tested crops

Clopyralid targets broadleaf weeds, therefore plant back risks for legume crops are expected. Similar to previous studies, 
our research showed a severe impact of clopyralid on grain legumes compared to wheat and canola. Below the label 
application rate, clopyralid suppressed lentil seed emergence by 50% (Fig 2A). Higher soil concentrations of clopyralid 
further delayed grain legumes emergence, possibly due to auxin-like effects, which may disturb normal seedling growth 
and lead to improper establishment [12,24,59,60].

The present findings, consistent with previous research, indicate that clopyralid severely impacts the growth of legume 
cultivars like chickpea, fieldpea, and lentil, highlighting the risk of plant back injuries in susceptible grain legumes even at 
low concentrations [12]. This is reflected in the recommended plant back interval for legumes of 9 months to 2 years [61]. 
Despite aligning with previous findings that lupin is less affected by clopyralid (Congreve and Cameron [62], Peirce et al. 
[63]), the specific reasons behind lupin’s tolerance to this herbicide remain unclear in the literature.

Of greater concern were the ED
20

 values we found for grain legumes that were below the maximum residue load of 6 
μg kg-1 that was detected in Australian field soils in the upper 0–10 cm depth [22]. Twisting of new shoots and stems of 
grain legumes (except for lupin) were observed at a clopyralid dose of 6 μg kg-1. This is likely due to herbicide’s mode 
of action including auxin imbalanced and increases abscisic acid (ABA) production, leading to plant senescence and 
increased ethylene levels, ultimately uncontrolled and inhibited growth of the plants [24,64]. Juras and Irvine [65] reported 
no adverse impacts to chickpea, lentil and field beans 11 months after clopyralid application at 100 g a.e ha-1 which they 
attributed to high soil moisture and temperatures promoting soil microbial degradation [66]. In contrast, the dry summer 
fallow, a trend to earlier sowing and declining growing season rainfall in the Western Australia wheatbelt may increase 
risks in a rotational legume crops. Moreover, clopyralid’s high solubility and low adsorption capacity allows it to penetrate 
more deeply into the sub-surface soil with low microbial activity, enhancing persistence [62,67].

Rose et al. [22] found higher ED
50

 values for lupin than in this study although suppression of lupin growth was observed 
in both studies. Sandy soil type likely explains the lower values in this study. The present findings are consistent with 
previous studies by Lindenmayer [68] and Bukun et al. [69], which suggest that the adsorption behaviour of clopyralid is 
significantly and positively correlated with the clay, organic matter and silt contents of soils. Consequently, the low levels 
of these properties in this washed sand soil may lead to reduce herbicide adsorption and lower biodegradation, resulting 
in increased plant phytotoxicity.

Therefore, this study supports label recommendations that restrict crop rotation for grain legumes after higher rates of 
clopyralid application, particularly in sandy soils, while wheat and canola are relatively tolerant to clopyralid and can be 
planted as rotational crops.

The plant back risk of pyroxasulfone on the tested crops

This study shows that canola is the most susceptible crop to pyroxasulfone, which is mainly used to control grass weeds 
and some young dicots. The estimated ED

50
 of canola shoot biomass response (21 μg kg-1) was below the label rate 



PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 13 / 19

which is consistent with the result of Walsh et al. [70] (ED
50

 = 40 g ha-1 or ~25 μg kg-1), and reflects translocation of chem-
ical from the roots to the shoots of the plants [64]. The ED

50
 for canola from this study was lower than pyroxasulfone 

residues (27 μg kg-1) detected in the Australian field soils, according to soil-survey results in 2016 [22].
As reported by Congreve and Cameron [61], plant back injuries may occur in canola, wheat, chickpea, fieldpea, and 

lupin within 9 months after applying pyroxasulfone (70 g ha-1). In canola plants treated with higher concentrations of 
pyroxasulfone, only cotyledons emerged, and no additional leaves appeared due to a decrease in fatty acid synthesis 
inhibiting cell division and expansion at the new shoot and root growth point [25,71,72]. The roots of all tested species are 
more sensitive to pyroxasulfone than shoots, not only in terms of lower ED

20
 (S7 Table) and ED

50
 values, but also their 

root length inhibition, which varied from 20 to 40% at the lowest concentration (Table 7 and S1d Fig).
Based on research by Yamaji et al. [73], plumules or mesocotyls in direct contact with soil containing residual pyroxa-

sulfone herbicide absorb the substance primarily through their roots, leading to a more pronounced effect on the roots 
compared to the shoots. Wheat and fieldpea were the most tolerant to pyroxasulfone among the evaluated species. Simi-
lar to this study, previous researchers have reported the tolerance of legumes and wheat to pyroxasulfone in terms of their 
overall survival rates (>95%) and shoot biomass inhibition under 10% at field application rate (100 g ha-1) [70].

Although 30% decrease in wheat shoot growth occurred at the label rate in this experiment, wheat yield may not be inhib-
ited due to recovery in later growth stages. For example, Timothy and Larry [74] reported that there was no yield reduction in 
wheat plants despite temporary injury at 120 g pyroxasulfone ha-1. Thus, the results of this study indicate that pyroxasulfone 
can be used safely in wheat crops to control grass weeds, which is similar to recommendations in previous studies [75,76].

The plant back risk of propyzamide and trifluralin on the tested crops

Wheat was the most sensitive to propyzamide and trifluralin herbicides as these herbicides are predominantly used to 
control grass weed. The emergence of wheat was extremely sensitive to propyzamide as 50% inhibition occurred below 
the label rate (Fig 1C). Seedling emergence of wheat was completely retarded by propyzamide and trifluralin concentra-
tions at 100 μg kg-1 and over 375 μg kg-1, respectively (Figs 1C and 1D). Due to binding of propyzamide to the microtubule 
protein tubulin, susceptible wheat crops experience mitosis retardation and loss of microtubule structure, inhibiting the 
growth of shoots and roots [77]. Wheat and oat did not emerge at trifluralin doses above 300 μg kg-1 due to interrupting 
meristematic cell division through the absorption of the hypocotyl and radicles [78–80].

As no shoots emerged at the field application rate of propyzamide, it is possible that propyzamide inhibits cell division 
at the root tips, potentially halting wheat shoot development. This result agrees with earlier studies by Corre-Hellou and 
Crozat [81], Rouchaud et al. [82] and Vouzounis and Americanos [83], which found that propyzamide herbicide inhibited 
shoot growth of barley, winter wheat, and oats. Wheat exhibited the smallest ED

50
 (22–46 μg kg-1) for root length and 

biomass response to propyzamide among the tested species. ED
20

 for root inhibition of wheat (12.6–27 μg kg-1) was esti-
mated at lower than minimum propyzamide dose (30 μg kg-1) (S8 Table). The lowest dose of propyzamide reduced wheat 
root length by 67%, leading to swelling and clubbing of root tips by disrupting microtubule function during mitotic cell 
division, potentially causing root tip cell death, with greater root damage than shoot damage in sensitive species likely due 
to root absorption and inhibited cell elongation [84,85].

Trifluralin also had less impact on the shoots of all tested species than roots, due to limited translocation and activity 
in leaves, fruit, or seeds [86] but continued disruption of mitosis in the roots [87]. In this study, ED

50
 values of trifluralin for 

shoot biomass in wheat and lupin were 475 μg kg-1 and 3222 μg kg-1, respectively. These values were 1.2 and 2.8 times 
lower than the ED

50
 values (559 and 9034 μg kg-1) estimated by Rose et al. [22], likely due to the lower organic carbon 

content (0.13%) in the current experimental soil, which increased trifluralin bioavailability and plant back constraints com-
pared to soil with 1% organic carbon in Rose et al. [22] study.

Root length of wheat was extremely impacted by trifluralin since its ED
50

 values are relatively low (Table 7). Root elon-
gation of wheat was inhibited by 83% at the trifluralin field application dose, while other species were decreased less than 
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50%. The ED
50

 of wheat root length was 2.5-fold lower than the dose of trifluralin required to reduce 50% shoot length. 
The impact of trifluralin on the roots over shoots were reported by earlier researchers, Almeida and Rodrigues [88], who 
assessed trifluralin residues in different plant parts and noted that residues were obvious in the roots rather than shoots.

A maximum concentration of trifluralin residues was observed in Australian field soils (590 and 5345 μg kg-1) in 2015 
and 2016 [22], as well as in other soils around the world in the range of 200 to over 1200 μg kg-1 [89–93]. ED

50
 values 

for wheat growth response (194–479 μg kg-1) from this study were lower than these soil trifluralin residues. However, the 
potential plant back risk of wheat crops due to trifluralin carryover effects in field soils may vary significantly depending on 
soil type and the location of trifluralin within the soil. For example, Chauhan et al. [94] reported that the highest concen-
tration of trifluralin residue is likely found in the inter-row areas and near the soil surface due to soil displacement during 
sowing and restricted movement through the soil profile. Deep sowing of the crop may mitigate exposure to higher con-
centrations of trifluralin in the top soil, with the bioavailability of its residues potentially decreasing over time and differing 
significantly across soil types [95]. Therefore, we recommend caution in situations where sandy soil types are present, 
especially when considering rotation restrictions for cereal crops following the application of propyzamide and trifluralin 
herbicides over short periods.

Limitations and future directions

We recognize that the use of a single, highly permeable soil type, a sand with low organic matter, represents a worst-
case scenario for herbicide mobility and bioavailability. While this approach is commonly employed in risk assessment to 
ensure conservative estimates, the variability of soil types and field conditions will produce different and mostly lower soil 
solution herbicide concentrations than the equivalent rate applied to sand. Therefore, site-specific soil characteristics such 
as soil texture, pH, organic matter content, and microbial activity should be considered when interpreting and applying 
these findings in practical settings. In addition, our results provide some indication of potential injury to seedlings, but the 
effect on final crop yield will likely be dependent on a range of seasonal and edaphic factors. When setting ED

50
 values 

for varied soil types and crop species, the reproducibility of values can be tested by repetition of trials. Alternatively, as in 
the present study the experimental design aligns with establishes herbicide bioassay practices [22,44,45]. Burgos et al. 
[43] suggest that a broader dose range can be more informative than additional replication when model fitting is adequate. 
Nevertheless, additional dose-response experiments would provide increasing confidence in the reliability of ED

x
 values 

for different environmental conditions.
For practical weed management on farms, many farmers rotate herbicides among different modes of action and use 

binary or tertiary herbicide combinations to control weeds effectively and prevent weed resistance [96,97]. Even though 
mixtures of herbicides are widely used, the consequences of combined carryover effects on plant back injury risk of 
rotational crops are not well understood. Therefore, this knowledge gap is another piece of information that is required for 
minimising and avoiding plant back injury to crops from herbicide residues.

Conclusions

This study evaluated the responses of canola, chickpea, fieldpea, lentil, lupin and wheat to the herbicides clopyralid, 
pyroxasulfone, propyzamide and trifluralin. Grain legumes and canola were most sensitive to clopyralid and pyroxasul-
fone, respectively, while wheat was most affected by propyzamide and trifluralin. Trifluralin severely inhibited root length 
across all crops, with wheat emergence completely retarded below label rates of propyzamide and trifluralin, and lentil 
highly sensitive to clopyralid field application rate. The relative phytotoxicity of herbicides varied by crop: for wheat, pro-
pyzamide > trifluralin > pyroxasulfone > clopyralid; for canola, pyroxasulfone > trifluralin > propyzamide > clopyralid; and for 
grain legumes, clopyralid > trifluralin > propyzamide > pyroxasulfone. The approximate ED

20
 values of clopyralid for legumes 

(<6 μg kg-1) and ED
50

 values of pyroxasulfone except from shoot length for canola (6−21 μg kg-1) were lower than the 
estimated residues load (6 μg kg-1) and (27 μg kg-1), respectively, found in Australian field soils. Similarly, trifluralin ED

50
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values for wheat were below global soil residue levels (~200−1200 μg kg-1), indicating a potential risk of phytotoxicity to 
subsequent non-target crops, but several other factors that will influence whether toxicity is realised. Glasshouse bioas-
says proved useful for estimating plant back injury risk but field validation remains essential. These findings highlight the 
importance of herbicide selection and crop rotation planning. Farmers should avoid planting sensitive crops such as lentil 
or canola in fields recently treated with herbicides that have high persistence and phytotoxicity. Herbicide applications 
should always follow label guidelines to ensure safe use. While glasshouse trials offer insights into early crop responses, 
they don’t necessarily reflect final yield outcomes. Future research should focus on refining ED

10
 and ED

20
 values for crop 

emergence in susceptible species through targeted studies with selected herbicides. It should also investigate herbicide 
persistence across various soil types and environmental conditions, as well as the impact of herbicide mixtures on rota-
tional crops. These efforts are essential to minimize plant loss and ensure successful crop establishment and productivity.

Supporting information

S1 Fig.  Relative shoot and root inhibition (% compared to untreated control) versus various herbicide concen-
trations, d1 is the lowest tested rate and d7 is the maximum application rates for each herbicide (the application 
rates (μg kg-1 soil) are shown in the Table 4.3). (a) shoot dry weight inhibition, (b) root dry weight inhibition, (c) shoot 
length inhibition and (d) root length.
(DOCX)

S1 Table.  Mixture of nutrient solution. 
(DOCX)

S2 Table.  Three factor analysis of variance results (mean squares and significance) for the effect of crop species, 
herbicides, herbicide doses and their interactions on crop emergence. 
(DOCX)

S3 Table.  Estimated dose−response thresholds to clopyralid herbicide (μg kg-1soil) causing 50% (ED50) inhibition 
to emergence of crops. 
(DOCX)

S4 Table.  Three factor analysis of variance results (mean squares and significance) for the effect of crop species, 
herbicides, herbicide doses and their interactions on crop growth responses. 
(DOCX)

S5 Table.  Two factor analysis of variance results (mean squares and significance) for the effect of crop species, 
herbicides and their interactions on crop growth responses at label rate. 
(DOCX)

S6 Table.  Estimated dose-response thresholds to clopyralid herbicide (µg kg-1soil) causing 20% (ED20) inhibition 
to shoot and root parameters of tested species at 4 weeks after sowing. 
(DOCX)

S7 Table.  Estimated dose-response thresholds to pyroxasulfone herbicide (µg kg-1soil) causing 20% (ED20) inhibi-
tion to shoot and root parameters of tested species at 4 weeks after sowing. 
(DOCX)

S8 Table.  Estimated dose-response thresholds to propyzamide herbicide (µg kg-1soil) causing 20% (ED20) inhibi-
tion to shoot and root parameters of tested species at 4 weeks after sowing. 
(DOCX)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s009


PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 16 / 19

S9 Table.  Estimated dose-response thresholds to trifluralin herbicide (µg kg-1soil) causing 20% (ED20) inhibition 
to shoot and root parameters of tested species at 4 weeks after sowing. 
(DOCX)

S1 Data.  Supporting data_paper 2. 
(XLSX)

Acknowledgments

WP received the support of a John Allwright Fellowship Award from the Australian Centre for International Agricultural 
Research (ACIAR). This work has been supported by the Cooperative Research Centre for High Performance Soils (proj-
ect 2019/4_2.001) whose activities are funded by the Australian Government’s Cooperative Research Centre Program.

Author contributions

Conceptualization: Win Win Pyone, Richard W. Bell, Michael T. Rose, Gavan S. McGrath.

Data curation: Win Win Pyone.

Formal analysis: Win Win Pyone.

Funding acquisition: Richard W. Bell, Michael T. Rose.

Investigation: Win Win Pyone.

Methodology: Win Win Pyone, Richard W. Bell, Michael T. Rose, Gavan S. McGrath.

Project administration: Richard W. Bell, Michael T. Rose, Gavan S. McGrath.

Supervision: Richard W. Bell, Michael T. Rose, Gavan S. McGrath.

Visualization: Win Win Pyone.

Writing – original draft: Win Win Pyone.

Writing – review & editing: Win Win Pyone, Richard W. Bell, Michael T. Rose, Gavan S. McGrath.

References
	 1.	 FAO. Food and agriculture organization of the United Nations statistic division. Food Agric Organ United Nations Stat Div. http://www.fao.org/statis-

tics. 2023

	 2.	 Mayerová M, Madaras M, Soukup J. Effect of chemical weed control on crop yields in different crop rotations in a long-term field trial. Crop Protec-
tion. 2018;114:215–22.

	 3.	 Llewellyn R, D’Emden F, Kuehne G. Extensive use of no-tillage in grain growing regions of Australia. Field Crops Research. 2012;132:9.

	 4.	 Wylie P. High profit farming in Northern Australia. Barton, ACT, Australia: Grains Research and Development Corporation. 2008.

	 5.	 Curran WS. Persistence of herbicides in soil. Crops & Soils. 2016;49(5):16–21. https://doi.org/10.2134/cs2016-49-0504

	 6.	 Pekarek RA, Garvey PV, Monks DW, Jennings KM, MacRae AW. Sulfentrazone carryover to vegetables and cotton. Weed Technology. 
2010;24(1):20–4.

	 7.	 Robinson DE, McNaughton KE. Saflufenacil carryover injury varies among rotational crops. Weed Technology. 2012;26(2):177–82.

	 8.	 McMahon G, Lawrence P, O’Grady T. Weed control in sugarcane. Brisbane: BSES. 2000.

	 9.	 Scursoni JA, Montoya JC, Vigna MR, Gigón R, Istilart C, Pugni JPR. Impact of imazamox and imazapyr carryover on wheat, barley, and oat. Weed 
Technology. 2017;31(6):838–46.

	10.	 Riddle RN, O’Sullivan J, Swanton CJ, Van Acker RC. Crop response to carryover of mesotrione residues in the field. Weed Technology. 
2013;27(1):92–100.

	11.	 Fleming J, McNee T, Cook T, Manning B. Weed control in summer crops 2012-132012. 2012.

	12.	 Yates RJ, Steel EJ, Edwards TJ, Harrison RJ, Hackney BF, Howieson JG. Adverse consequences of herbicide residues on legumes in dryland 
agriculture. Field Crops Research. 2024;308:109271. https://doi.org/10.1016/j.fcr.2024.109271

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330225.s011
http://www.fao.org/statistics
http://www.fao.org/statistics
https://doi.org/10.2134/cs2016-49-0504
https://doi.org/10.1016/j.fcr.2024.109271


PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 17 / 19

	13.	 Moyer JR. Sulfonylurea herbicide effects on following crops. Weed Technology. 1995;9(2):373–9.

	14.	 Nguyen DB, Rose MT, Rose TJ, Morris SG, Van Zwieten L. Impact of glyphosate on soil microbial biomass and respiration: a meta-analysis. Soil 
Biology and Biochemistry. 2016;92:50–7.

	15.	 Saha S, Kulshrestha G. Hydrolysis kinetics of the sulfonylurea herbicide sulfosulfuron. Int J Environmental and Analytical Chemistry. 
2008;88(12):891–8.

	16.	 Shaner D, Brunk G, Nissen S, Westra P, Chen W. Role of soil sorption and microbial degradation on dissipation of mesotrione in plant-available 
soil water. J Environ Qual. 2012;41(1):170–8. https://doi.org/10.2134/jeq2011.0187 PMID: 22218185

	17.	 Helling CS. The science of soil residual herbicides. Soil residual herbicides: science and management Topics in Canadian Weed Science. 2005;3:3–22.

	18.	 Đurović R, Gajić-Umiljendić J, Đorđević T. Effects of organic matter and clay content in soil on pesticide adsorption processes. Pesticidi i fitome-
dicina. 2009;24(1).

	19.	 Shaner DL. Herbicide handbook. Weed Science Society of America. 2014.

	20.	 Rahman A, Dowsett CA, Trolove MR, James TK. Soil residual activity and plantback periods for the herbicides saflufenacil and topramezone. N Z 
Plant Prot. 2014;67:298–303.

	21.	 Harries M, Flower KC, Scanlan CA, Rose MT, Renton M. Interactions between crop sequences, weed populations and herbicide use in Western 
Australian broadacre farms: findings of a six-year survey. Crop and Pasture Science. 2020;71(5):491–505.

	22.	 Rose MT, Zhang P, Rose TJ, Scanlan CA, McGrath G, Van Zwieten L. Herbicide residues in Australian grain cropping soils at sowing and their 
relevance to crop growth. Sci Total Environ. 2022;833:155105. https://doi.org/10.1016/j.scitotenv.2022.155105 PMID: 35398436

	23.	 Corredor M, Mellado JR, Montoya MR. EC (EE) process in the reduction of the herbicide clopyralid on mercury electrodes. Electrochimica Acta. 
2006;51(20):4302–8.

	24.	 Tu M, Hurd C, Randall JM. Weed control methods handbook: tools & techniques for use in natural areas. 2001.

	25.	 Tanetani Y, Kaku K, Kawai K, Fujioka T, Shimizu T. Action mechanism of a novel herbicide, pyroxasulfone. Pesticide Biochemistry and Physiology. 
2009;95(1):47–55.

	26.	 Boutsalis P, Gill GS, Preston C. Control of rigid ryegrass in Australian wheat production with pyroxasulfone. Weed Technology. 2014;28(2):332–9.

	27.	 Congreve M, Cameron J. Soil behaviour of pre-emergent herbicides in Australian farming systems: a reference manual for agronomic advisers. 
Canberra, ACT: Grains Research and Development Corporation. 2014.

	28.	 Haskins B. Using pre-emergent herbicides in conservation farming systems: weed management. NSW Department of Primary Industries. 2012.

	29.	 Westra EP, Shaner DL, Westra PH, Chapman PL. Dissipation and leaching of pyroxasulfone and S-metolachlor. Weed Technology. 
2014;28(1):72–81.

	30.	 Mueller TC, Steckel LE. Efficacy and dissipation of pyroxasulfone and three chloroacetamides in a Tennessee field soil. Weed Science. 
2011;59(4):574–9.

	31.	 USEPA. Propyzamide new uses (Chicory, Belgian Endive, Dandelion Leaves, and Berry Group 13): Revised Tier II Drinking Water Exposure 
Assessment. 2007. https://www3.epa.gov/pesticides/chem_search/cleared_reviews/csr_PC-101701_22-Oct-07_a.pdf

	32.	 Deuber R. Ciência das plantas daninhas 1: fundamentos. Jaboticanbal: Legis Luma Ltda. 1992.

	33.	 Chen J, Goggin D, Han H, Busi R, Yu Q, Powles S. Enhanced Trifluralin Metabolism Can Confer Resistance in Lolium rigidum. J Agric Food Chem. 
2018;66(29):7589–96. https://doi.org/10.1021/acs.jafc.8b02283 PMID: 29965748

	34.	 Blume YB, Nyporko AY, Yemets AI, Baird WV. Structural modeling of the interaction of plant alpha-tubulin with dinitroaniline and phosphoroamidate 
herbicides. Cell Biol Int. 2003;27(3):171–4. https://doi.org/10.1016/s1065-6995(02)00298-6 PMID: 12681297

	35.	 Nyporko AY, Blume YB. Spatial distribution of tubulin mutations conferring resistance to antimicrotubular compounds. Springer. 2008.

	36.	 Nyporko AI, Blium IB. Structural mechanisms of interaction of cyanoacrylates with plant tubulin. Tsitol Genet. 2014;48(1):10–7. PMID: 24791469

	37.	 Breviario D, Nick P. Plant tubulins: a melting pot for basic questions and promising applications. Transgenic Res. 2000;9(6):383–93. https://doi.
org/10.1023/a:1026598710430 PMID: 11206967

	38.	 Sanders PF, Seiber JN. A chamber for measuring volatilization of pesticides from model soil and water disposal systems. Chemosphere. 
1983;12(7–8):999–1012.

	39.	 Calderón M, Hermosín M, Cornejo J, Moreno F. Movilidad de trifluralina en laboreo tradicional y de conservación. Estudios de la Zona No Saturada 
del Suelo. 1999;:83–8.

	40.	 Le Person A, Mellouki A, Muñoz A, Borras E, Martin-Reviejo M, Wirtz K. Trifluralin: photolysis under sunlight conditions and reaction with HO* 
radicals. Chemosphere. 2007;67(2):376–83. https://doi.org/10.1016/j.chemosphere.2006.09.023 PMID: 17166544

	41.	 Rayment GE, Lyons DJ. Soil chemical methods: Australasia. CSIRO publishing. 2011.

	42.	 Pyone WW, Bell RW, Rose MT, McGrath G. Phytotoxicity risk assessment of diuron residues in sands on wheat, chickpea, and canola. PLoS One. 
2024;19(12):e0306865. https://doi.org/10.1371/journal.pone.0306865 PMID: 39642176

	43.	 Burgos NR, Tranel PJ, Streibig JC, Davis VM, Shaner D, Norsworthy JK. Confirmation of resistance to herbicides and evaluation of resistance 
levels. Weed Science. 2013;61(1):4–20.

https://doi.org/10.2134/jeq2011.0187
http://www.ncbi.nlm.nih.gov/pubmed/22218185
https://doi.org/10.1016/j.scitotenv.2022.155105
http://www.ncbi.nlm.nih.gov/pubmed/35398436
https://www3.epa.gov/pesticides/chem_search/cleared_reviews/csr_PC-101701_22-Oct-07_a.pdf
https://doi.org/10.1021/acs.jafc.8b02283
http://www.ncbi.nlm.nih.gov/pubmed/29965748
https://doi.org/10.1016/s1065-6995(02)00298-6
http://www.ncbi.nlm.nih.gov/pubmed/12681297
http://www.ncbi.nlm.nih.gov/pubmed/24791469
https://doi.org/10.1023/a:1026598710430
https://doi.org/10.1023/a:1026598710430
http://www.ncbi.nlm.nih.gov/pubmed/11206967
https://doi.org/10.1016/j.chemosphere.2006.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17166544
https://doi.org/10.1371/journal.pone.0306865
http://www.ncbi.nlm.nih.gov/pubmed/39642176


PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 18 / 19

	44.	 Burgos NR. Whole-plant and seed bioassays for resistance confirmation. Weed Science. 2015;63(SP1):152–65.

	45.	 Rose TJ, Claassens A, Scanlan C, Zwieten LV, Rose M. Glyphosate residues in Australian soils and implications for crop growth. 2017.

	46.	 Szmigielski AM, Johnson EN, Schoenau JJ. A bioassay evaluation of pyroxasulfone behavior in prairie soils. J Pesticide Science. 2014;39(1):22–8.

	47.	 Ritz C, Baty F, Streibig JC, Gerhard D. Dose-Response Analysis Using R. PLOS ONE. 2016;10(12):e0146021.

	48.	 R Core Team. R: A Language and Environment for Statistical Computing. 2021 Available from: https://www.R-project.org/

	49.	 Posada D, Buckley TR. Model selection and model averaging in phylogenetics: advantages of akaike information criterion and bayesian 
approaches over likelihood ratio tests. Syst Biol. 2004;53(5):793–808. https://doi.org/10.1080/10635150490522304 PMID: 15545256

	50.	 Sakamoto Y, Kitagawa G. Akaike information criterion statistics. Dordrecht, The Netherlands: Kluwer Academic Publishers. 1987. https://doi.
org/10.5555/26853

	51.	 Ritz C, Baty F, Streibig JC, Gerhard D. Dose-Response Analysis Using R. PLoS One. 2015;10(12):e0146021. https://doi.org/10.1371/journal.
pone.0146021 PMID: 26717316

	52.	 Knezevic SZ, Streibig JC, Ritz C. Utilizing R Software Package for Dose-Response Studies: The Concept and Data Analysis. Weed Technology. 
2007;21(3):840–8. https://doi.org/10.1614/wt-06-161.1

	53.	 Parven A, Meftaul IM, Venkateswarlu K, Megharaj M. Herbicides in modern sustainable agriculture: environmental fate, ecological implications, and 
human health concerns. International Journal of Environmental Science and Technology. 2025;22(2):1181–202.

	54.	 Vagi MC, Petsas AS. Sorption/desorption, leaching, and transport behavior of pesticides in soils: a review on recent advances and published scien-
tific research. Pesticides in Soils: Occurrence, Fate, Control and Remediation. 2022:137–95.

	55.	 Chirukuri R, Atmakuru R. Sorption characteristics and persistence of herbicide bispyribac sodium in different global soils. Chemosphere. 
2015;138:932–9. https://doi.org/10.1016/j.chemosphere.2014.12.029 PMID: 25577693

	56.	 Włodarczyk M, Siwek H. The influence of humidity and soil texture on the degradation process of selected herbicides immobilized in alginate matrix 
in soil under laboratory conditions. Polish J Soil Science. 2017;50(1):121.

	57.	 Oliveira Jr RS, Koskinen WC, Ferreira FA. Sorption and leaching potential of herbicides on Brazilian soils. Weed Research. 2001;41(2):97–110.

	58.	 Wauchope RD, Yeh S, Linders JBHJ, Kloskowski R, Tanaka K, Rubin B, et al. Pesticide soil sorption parameters: theory, measurement, uses, 
limitations and reliability. Pest Manag Sci. 2002;58(5):419–45. https://doi.org/10.1002/ps.489 PMID: 11997969

	59.	 Rao I, Madhulety T. Role of herbicides in improving crop yields. Developments in Physiology, Biochemistry and Molecular Biology of Plants. 
2005;1:203–87.

	60.	 Cox C. Clopyralid—herbicide fact sheet. J Pestic Reform. 1998;18(4):15–9.

	61.	 Congreve M, Cameron J. Rotational crop constraints for herbicides used in Australian farming systems. Australia: Grains Research and Develop-
ment Corporation. 2019.

	62.	 Congreve M, Cameron J. Soil behaviour of pre-emergent herbicides in Australian farming systems– a national reference manual for advisers. 3rd 
ed. Australia: GRDC. 2023.

	63.	 Peirce JR, Rayner BJ, D’Antuono MF, Ruchs C, Kidd C, Reeves AW. Response of Skeleton Weed (’Chondrilla juncea’ L.) to Continuous Cropping. 
Plant Protection Quarterly. 2010;25(1):26–33.

	64.	 Bogdan JP, CCA. Herbicide Injury in Pulse Crops. https://saskpulse.com/resources/herbicide-injury-in-pulse-crops/. 2023

	65.	 Juras LT, Irvine AR. Pulse recrop on clopyralid residue–implications for thistle management in Saskatchewan. In Soils and Crops Workshop. 2002.

	66.	 Baloch R, Grant R. The effect of a range of environmental factors on the degradation rate of clopyralid in soil under aerobic conditions. 1991.

	67.	 Douglas A. Residual herbicides - carryover and behaviour in dry conditions. https://www.agric.wa.gov.au/grains-research-development/residu-
al-herbicides-carryover-and-behaviour-dry-conditions. 2023

	68.	 Lindenmayer RB. Understanding aminocyclopyrachlor behavior in soil and plants. Colorado State University. 2012.

	69.	 Bukun B, Shaner DL, Nissen SJ, Westra P, Brunk G. Comparison of the interactions of aminopyralid vs. clopyralid with soil. Weed Science. 
2010;58(4):473–7.

	70.	 Walsh MJ, Fowler TM, Crowe B, Ambe T, Powles SB. The potential for pyroxasulfone to selectively control resistant and susceptible rigid ryegrass 
(Lolium rigidum) biotypes in Australian grain crop production systems. Weed Technology. 2011;25(1):30–7.

	71.	 Tanetani Y. Action mechanism of isoxazoline-type herbicides. J Pesticide Science. 2012;37(3):261–2.

	72.	 Yamaji Y, Honda H, Kobayashi M, Hanai R, Inoue J. Weed control efficacy of a novel herbicide, pyroxasulfone. J Pesticide Science. 
2014;39(3):165–9.

	73.	 Yamaji Y, Honda H, Hanai R, Inoue J. Soil and environmental factors affecting the efficacy of pyroxasulfone for weed control. J Pestic Sci. 
2016;41(1):1–5. https://doi.org/10.1584/jpestics.D15-047 PMID: 30364756

	74.	 Grey TL, Newsom LJ. Winter Wheat Response to Weed Control and Residual Herbicides. Wheat Improvement, Management and Utilization. 
InTech. 2017. https://doi.org/10.5772/67305

	75.	 Chhokar RS, Sharma RK. Weed control in wheat with pyroxasulfone and its combinations with other herbicides. Weed Biology and Management. 
2023;23(2):58–70.

https://www.R-project.org/
https://doi.org/10.1080/10635150490522304
http://www.ncbi.nlm.nih.gov/pubmed/15545256
https://doi.org/10.5555/26853
https://doi.org/10.5555/26853
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1371/journal.pone.0146021
http://www.ncbi.nlm.nih.gov/pubmed/26717316
https://doi.org/10.1614/wt-06-161.1
https://doi.org/10.1016/j.chemosphere.2014.12.029
http://www.ncbi.nlm.nih.gov/pubmed/25577693
https://doi.org/10.1002/ps.489
http://www.ncbi.nlm.nih.gov/pubmed/11997969
https://saskpulse.com/resources/herbicide-injury-in-pulse-crops/
https://www.agric.wa.gov.au/grains-research-development/residual-herbicides-carryover-and-behaviour-dry-conditions
https://www.agric.wa.gov.au/grains-research-development/residual-herbicides-carryover-and-behaviour-dry-conditions
https://doi.org/10.1584/jpestics.D15-047
http://www.ncbi.nlm.nih.gov/pubmed/30364756
https://doi.org/10.5772/67305


PLOS One | https://doi.org/10.1371/journal.pone.0330225  August 21, 2025 19 / 19

	76.	 Johnson EN, Wang Z, Geddes CM, Coles K, Hamman B, Beres BL. Pyroxasulfone Is Effective for Management of Bromus spp. in Winter Wheat in 
Western Canada. Weed Technology. 2018;32(6):739–48.

	77.	 Vaughn KC, Lehnen LP. Mitotic disrupter herbicides. Weed Science. 1991;39(3).

	78.	 Chowdhury IF, Doran GS, Stodart BJ, Chen C, Wu H. Trifluralin and atrazine sensitivity to selected cereal and legume crops. Agronomy. 
2020;10(4):587.

	79.	 Rodrigues BN, Almeida F. Guia de Herbicidas. 5 ed. Londrina, PR. 2005.

	80.	 Senseman S. Herbicide handbook. 9th ed. Lawrence, KS: Weed Sci. Soc of Amer. 2007.

	81.	 Corre-Hellou G, Crozat Y. Assessment of root system dynamics of species grown in mixtures under field conditions using herbicide injection and 
15N natural abundance methods: A case study with pea, barley and mustard. Plant and Soil. 2005;276(1):177–92.

	82.	 Rouchaud J, Moons C, Benoit F, Ceustermans N, Maraite H. Concentrations of the herbicides propyzamide, chlorpropham, and of their metabolites 
in soil and lettuce under field conditions. Bull Environ Contam Toxicol. 1987;38(2):240–6. https://doi.org/10.1007/BF01606668 PMID: 3801695

	83.	 Vouzounis NA, Americanos PG. Residual activity of fourteen soil-applied herbicides determined by bioassays in field trials. Miscellaneous Reports 
82. 2002(1-9).

	84.	 Shariq IS, Ibrahim AA, Haseeb AK. Modes of action of different classes of herbicides. In: Andrew P, Jessica K, Lina S, editors. Herbicides. Rijeka: 
IntechOpen. 2015:Ch. 8.

	85.	 Akashi T, Izumi K, Nagano E, Enomoto M, Mizuno K, Shibaoka H. Effects of Propyzamide on Tobacco Cell Microtubules In Vivo and In Vitro. Plant 
and Cell Physiology. 1988;29(6):1053–62.

	86.	 Fernandes TC, Pizano MA, Marin-Morales MA. Characterization, modes of action and effects of trifluralin: a review. IntechOpen. 2013: 489–515.

	87.	 Bayer D, Foy C, Mallory T, Cutter E. Morphological and histological effects of trifluralin on root development. American Journal of Botany. 
1967;54(8):945–52.

	88.	 Almeida F d, Rodrigues BN. Guia de herbicidas: contribuição para o uso adequado em plantio direto e convencional. Londrina: Iapar. 1985.

	89.	 Karasali H, Pavlidis G, Marousopoulou A, Ambrus A. Occurrence and distribution of trifluralin, ethalfluralin, and pendimethalin in soils used for long-
term intensive cotton cultivation in central Greece. J Environ Sci Health B. 2017;52(10):719–28. https://doi.org/10.1080/03601234.2017.1356678 
PMID: 28937929

	90.	 Mörtl M, Maloschik E, Juracsek J, Szekacs A. Pesticide contamination in surface water and soil in Hungary. Növénytermelés. 
2010;59(Supplement):263–6.

	91.	 Szekacs A, Moertl M, Fekete G, Fejes Á, Darvas B, Dombos M. Monitoring and biological evaluation of surface water and soil micropollutants in 
Hungary. Carpathian J Earth and Environmental Sciences. 2014;9(3):47–60.

	92.	 Dierksmeier G. Pesticide contamination in the Cuban agricultural environment. TrAC Trends in Analytical Chemistry. 1996;15(5):154–9.

	93.	 Luchini LC, Peres TB, de Andréa MM. Monitoring of pesticide residues in a cotton crop soil. J Environ Sci Health B. 2000;35(1):51–9. https://doi.
org/10.1080/03601230009373253 PMID: 10693054

	94.	 Chauhan BS, Gill G, Preston C. Tillage systems affect trifluralin bioavailability in soil. Weed Science. 2006;54(5):941–7.

	95.	 Webster G, Shaykewich C, Kanhai S, Reimer G. Availability of the herbicide trifluralin for control of wild oats as influenced by soil characteristics in 
four Manitoba soils. Canadian J Soil Science. 1978;58(3):397–404.

	96.	 Bianchi L, Anunciato VM, Gazola T, Perissato SM, de Carvalho Dias R, Tropaldi L, et al. Effects of glyphosate and clethodim alone and in mixture 
in sourgrass (Digitaria insularis). Crop Protection. 2020;138:105322. https://doi.org/10.1016/j.cropro.2020.105322

	97.	 Busi R, Beckie HJ. Are herbicide mixtures unaffected by resistance? A case study with Lolium rigidum. Weed Research. 2021;61(2):92–9.

https://doi.org/10.1007/BF01606668
http://www.ncbi.nlm.nih.gov/pubmed/3801695
https://doi.org/10.1080/03601234.2017.1356678
http://www.ncbi.nlm.nih.gov/pubmed/28937929
https://doi.org/10.1080/03601230009373253
https://doi.org/10.1080/03601230009373253
http://www.ncbi.nlm.nih.gov/pubmed/10693054
https://doi.org/10.1016/j.cropro.2020.105322

