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A B S T R A C T   

Increasing the diversity in the sites of action of herbicides is an important method for delaying and preventing 
herbicide resistance in weed populations. Benzoylprop-ethyl, a lipid biosynthesis inhibitor, is used to increase the 
diversity of herbicide sites of action and control ACCase- and ALS-resistant Avena sterilis subsp. ludoviciana 
(Durieu.) Gillet & Magne) populations in Iran. Drought stress, especially in arid and semiarid areas, affects weed 
physiology and performance of herbicides. Accordingly, a series of dose-response assays was conducted to 
evaluate the efficacy of benzoylprop-ethyl under drought- (60% Field Capacity) and non-drought-stress (90% 
Field Capacity) conditions on A. sterilis subsp. ludoviciana. Also, some biochemical and physiological traits of 
A. sterilis subsp. ludoviciana including leaf chlorophyll content, leaf greenness index, photosynthesis rate and 
stomatal conductance were investigated under the drought and non-drought regimes. The efficacy of 
benzoylprop-ethyl decreased significantly under drought condition. The effective dose reducing dry weight by 
90% in relation to the untreated control (i.e., ED90) for the drought-stressed plants was significantly (P < 0.01) 
higher than that of the non-drought-stressed plants, where it was 895 (�112.6) and 1543 (�205.3) g a.i. ha� 1, 
respectively. The drought index (the ratio of the ED90 at 60% FC relative to ED90 at 90% FC) was 1.68 (�0.16) 
and thus, significantly higher than 1. Leaf chlorophyll content (chl a and chl b) and leaf greenness index 
increased under drought conditions, while the photosynthesis rate, stomatal conductance, and the chl a/b 
decreased. The efficacy reduction of benzoylprop-ethyl on drought-stressed plants might be due to photosyn
thesis reduction and reduced stomatal conductance leading to reduced herbicide uptake. Tracking local weather 
forecasts, monitoring water soil content and irrigating the field before herbicide application were suggested to 
overcome the detrimental effect of drought stress on the efficacy of benzoylprop-ethyl. Potential tactics such as 
using adjuvants, different formulations and early application timing of benzoylprop-ethyl to tackle the problem 
were proposed for future studies.   

1. Introduction 

Avena sterilis subsp. ludoviciana (Durieu.) Gillet & Magne (winter 
wild oat) is one important weed species competing with major crops 
(Bajwa et al., 2017). This noxious weed species is a common weed in 
sub-tropical, temperate and semi-arid regions around the world. As a 
competitive weed species of cereal crops, A. sterilis subsp. ludoviciana 
can cause substantial crop yield reduction (e.g., up to 44% in wheat 
(Triticum aestivum L.)) (Montazeri, 2007). 

Herbicides are often reliable and cost-effective for weed control, 

however; the dominance and overreliance on herbicides leads to 
herbicide-resistant weed biotypes, (also in A. sterilis subsp. ludoviciana). 
Herbicide resistant A. sterilis subsp. ludoviciana populations have been 
reported from Australia, France, and Iran (Heap, 2019). ACCase- and 
ALS-inhibiting herbicides continue to be used for the control of many 
weed species, including Avena spp. Not surprisingly, ACCase- and 
ALS-resistant A. sterilis subsp. ludoviciana populations continue to be a 
major concern in cereal production. Delaying and preventing herbicide 
resistance is vital to increasing the diversity in herbicide sites of action 
(SOA) i.e., herbicide rotation in the field. 
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Accordingly, it may make sense to re-adopt herbicide active in
gredients that are no longer frequently used in the field. Benzoylprop- 
ethyl, a lipid biosynthesis inhibitor, is an old post-emergence selective 
herbicide belonging to dichloroaniline propionate family. Benzoylprop- 
ethyl was introduced for control of Avena spp. and Hordeum spontaneum 
(K. Koch.) (wild barley) in winter wheat (Zand et al., 2017). 
Benzoylprop-ethyl was introduced under the trade name of Suffix in Iran 
in 1975 (Zand et al., 2017) but, due to high-use rate (recommended field 
rate of 1000 g a.i. ha� 1) and narrow weed control spectrum (only con
trolling Avena spp. and H. spantaneum), benzoylprop-ethyl was replaced 
by more effective, broad control spectrum and low-use herbicides, 
including ACCase- and ALS-inhibitors since the 1990s. Nevertheless, due 
to the widespread distribution of H. spantaneum and ACCase- and 
ALS-resistant A. sterilis subsp. ludoviciana populations around Iran, 
benzoylprop-ethyl was re-introduced to the market in 2017 under a new 
trade name, Piraffix®. However, the efficacy of this new product has 
been questioned under drought stress conditions. 

The performance of herbicides is influenced by environmental fac
tors such as light, CO2, temperature, and soil water content (Varanasi 
et al., 2016). Environmental conditions not only influence herbicide 
performance but also affect the physiological traits and growth of the 
plant. For instance, it was shown that ultraviolet light reduced the 
performance of clethodim and tralkoxydim due to photodegradation 
(McMullan, 1996). Elevated CO2 concentration reduced the efficacy of 
glyphosate on Chloris gayana Kunth (rhodes grass) and Paspalum dila
tatum Poir. (dallisgrass) due to increased plant biomass and leaf area 
(Manea et al., 2011). 

Climate changes more often than not, relate to an increase in the 
concentration of greenhouse gases such as atmospheric CO2 that may 
lead to high global temperature and drought (Jugulam et al., 2018). Due 
to global climate change, herbicide performance reduction caused by 
environmental factors might be pronounced, possibly due to alterations 
in climate factors, such as increased CO2 concentration, high tempera
tures and drought. These factors not only modify the physicochemical 
traits of the herbicide, leading to changes in the penetration and trans
location of herbicides in the plants, but can also change the anatomy (e. 
g., an increased leaf thickness and a decreased stomata number), 
morphology, growth and fundamental physiological mechanisms, 
through which herbicides absorb, translocate and sequestrate in plants 
(Varanasi et al., 2016). 

Drought stress increases the environmental factors affecting herbi
cide performance, due to lower precipitation rate and higher air tem
perature caused by global climatic change, especially in arid areas. 
Several studies have investigated the effect of drought on the perfor
mance of herbicides and physiological traits of plants. For example, it 
was reported that the efficacy of fenoxaprop, diclofop, flamprop, 
sethoxydim, imazamethabenz, mesosulfuron þ iodosulfuron was 
reduced under drought conditions (Aghabeigi and Khodadadi, 2017; 
Radchenko et al., 2014; Xie et al., 1993, 1997). Even though it was 
generally accepted that drought stress, as a side effect of climate change, 
can reduce the efficacy of some herbicides, it may not be generalized to 
all herbicides, because it has been stated that the effects of climate 
change might not only change herbicides having dissimilar SOAs but 
also within herbicides with similar SOAs (Varanasi et al., 2016). 
Therefore, it is necessary to assess the efficacy of each herbicide under 
drought stress conditions individually. If a performance reduction oc
curs, it is necessary to calculate the amount of efficacy reduction and 
determine the field rates required to reach an adequate control level, i. 
e., ED90, for weeds grown under drought condition. 

In addition to the influence on the performance of herbicides, 
drought stress can affect the physiological parameters of plants. It is 
necessary to know the biology and behavior of weeds under different 
environmental and climate change conditions, especially drought stress 
situations, in order to achieve appropriate weed management. Fortu
nately, attentions were directed to this issue (Jugulam et al., 2018; 
Varanasi et al., 2016; Ziska and Dukes, 2011). The first reaction of plants 

to drought stress is stomatal conductance reduction or stomatal closure 
(Cornic, 2000). Also, photosynthesis reduction occurs due to a limitation 
in CO2 uptake (Flexas et al., 2002). Plant leaf chlorophyll content can 
also be affected by drought stress condition (Schütz and Fangmeier, 
2001). 

As a country located in arid and dry regions of the earth, Iran faces a 
lack of precipitation and spatial and temporal variability in rainfall. 
Drought stress conditions do affect herbicide efficacy. Accordingly, the 
objective of this study was to assess the possible effect of drought stress 
on the efficiency of benzoylprop-ethyl and the physiological traits of 
A. sterilis subsp. ludoviciana. Also, we wanted to determine the dose of 
benzoylprop-ethyl required for an adequate control level of this noxious 
weed species under drought stress condition. 

2. Materials and methods 

2.1. Plant material and seed germination 

Seeds of A. sterilis subsp. ludoviciana were collected at maturity in 
July 2017 from the research field of the Faculty of Agriculture, Tabiat 
Modares University, Tehran, Iran (35� 440 25.94100N, 51� 90 56.74700E, 
1265 m asl). The seeds were stored at room temperature under dry 
conditions until the start of experiments in November 2017 and in 
March 2018. To promote germination and to break dormancy, the seeds 
were dehulled and kept at 4 �C for seven days. The seeds were placed in 
9-cm diameter glass Petri-dishes containing one layer of filter paper 
(Whatman No. 1), which was saturated with 10 ml distilled water. 
Subsequently, the dishes were put in zipped polythene bags and were 
incubated in a darkened growth chamber (4 �C for seven days) at the 
Department of Agronomy, Faculty of Agriculture, Tarbiat Modares 
University, Tehran, Iran. Seeds with a visible radicle were considered 
germinated and they were used in greenhouse experiments. 

2.2. Dose-response experiment 

Ten germinated seeds were selected and seeded at 1 cm soil depth in 
2 L (10-cm diameter) black plastic bags. The bags were filled with a 
potting mixture of field soil and peat (1:1 v/v). After emergence, the 
plants were thinned to five plants per bag. The experiments were carried 
out at the Department of Agronomy, Faculty of Agriculture, Tarbiat 
Modares University, Tehran, Iran in a greenhouse with a 25/17 � 3 �C 
and 16/8-h day/night cycle with a supplemental light (457 μmol m� 2 

s� 1). 
The plants grew at two different irrigation regimes. Half of them 

were irrigated to 90% of field capacity (90% FC, from now on referred to 
as non-drought-stressed), while the rest were watered to 60% of FC 
(from now on referred to as drought-stressed). The non-drought-stressed 
plants were watered to reach a soil water content equal to 90% of FC 
throughout the experiments. The drought-stressed plants were watered 
similarly to the non-drought-stressed plants except for 14 days where 
the soil moisture was kept to be 60% of FC from seven days before 
herbicide spraying to seven days after herbicide spraying. According to 
Monaco et al. (2002) environmental factors one to two weeks before and 
after using herbicides can affect absorption of foliar applied herbicides. 
To measure volumetric soil water content, a TRIME-FM TDR (Time 
Domain Reflectometry, IMKO Micromodultechnik, Ettlingen, Germany) 
was used. 

The seedlings of A. sterilis subsp. ludoviciana were sprayed with nine 
different doses of benzoylprop-ethyl (piraffix 20% EC, manufactured by 
Pira Kesht Chemical Co., Tehran 1413884511, Iran) at the one-to the 
two-tillering stage (growth stage BBCH 21–22 according to Hess et al. 
(1997). The doses of benzoylprop-ethyl were 0, 96,172, 290, 556, 1000 
(recommended label rate), 1800, 3240, 5832 g a.i. ha� 1. There were four 
replications (bags) per dose. The herbicide was sprayed with a 
rechargeable electric-knapsack sprayer equipped with an even nozzle 
(8001 E, Ag Spray Equipment), delivering 283.4 L ha� 1 at a pressure of 

S. Alizade et al.                                                                                                                                                                                                                                 



Crop Protection 137 (2020) 105292

3

250 kPa. The speed of spraying was 5 km h� 1 with a nozzle height of 50 
cm above the top of weed plants. The bags were arranged in a 
completely randomized design with four replications (bags). The 
experiment was repeated twice in the same greenhouse with two week 
intervals. Four weeks after herbicide treatment, the plants were cut at 
the soil surface and dried at 80 �C for 72 h and weighed. 

2.3. Physiological properties of A. sterilis subsp. ludoviciana under 
drought stress 

Similar to the dose-response experiment above, the plants were 
subjected to two irrigation regimes (FC 90% and 60%) seven days before 
the tillering stage (growth stage BBCH 21–22). One week after the start 
of the irrigation treatment, physiological properties were measured. 
Herbicide was also applied at the same growth stage in the previous 
experiment. 

Chlorophyll contents, including Chl a, Chl b, and Chl a/b ratio, were 
measured as described by Hiscox and Israelstam (1979). Photosynthetic 
rate and stomatal conductance of the youngest leaf were measured 
simultaneously using a portable gas exchange system (LI-COR 6400, 
Li-Cor Inc, Lincoln, NE, USA). Within the measuring chamber, the 
following conditions were maintained: leaf temperature 35 �C, reference 
CO2 content 350 μmol mol� 1, and PAR 1400 μmol m� 2 s� 1. The IRGA 
(infra-red gas analyzer) was matched manually, and levels of reference 
CO2 and reference H2O were stable before taking measurements. A Plant 
Chlorophyll Content Meter (SPAD-502 plus, Konica Minolta, Osaka, 
Japan) measured the plant leaf greenness index of the same leaf used for 
measuring photosynthesis rate and stomatal conductance. The plant leaf 
greenness was recorded in order to compare it with the extracted chlo
rophyll content. There is a strong correlation between the extracted 
chlorophyll content and the plant leaf greenness index (Ferrell et al., 
2003). 

2.4. Statistical analysis 

2.4.1. Dose-response experiment 
A new two-step analytical approach was used to summarize the dose- 

response analyses (Ritz et al., 2019). 
At step one, a four-parameter log-logistic model (Eq. (1)) (Seefeldt 

et al., 1995) describes the relationship of the dry weight, Y, as a function 
of the dose, x (g a.i. ha� 1). 

Y ¼ cþ
d – c

1 ​ þ exp ​ ½bðlog ​ ðxÞ ​ – ​ log ​ ðED50ÞÞ�
(1) 

Parameter c is the lower limit of the response curve at infinite large 
herbicide dose, and d is the upper limit of mean response when herbicide 
was not used, i.e., herbicide doses are zero. ED50 denotes the effective 
dosage (g a.i. ha� 1) that reduces dry weight by 50% (halfway between 
the d and c parameter), and b is the relative slope of the curve around 
ED50. 

Based on the analysis of residuals, a transform both sides technique 
(Box-Cox data transformation) was used because of variance heteroge
neity (Ritz et al., 2019). The transform-both-sides method implies that 
both the left and the right side of Eq. (1) are transformed with a suitable 
function λ. It will keep the original scale of the parameter estimates, but 
make sure that the variance and the distribution of the residuals have 
constant variance and are normally distributed (Ritz et al., 2019). 

A sequential reduction of parameters within an experiment was 
tested using a lack of fit test (P > 0.05) (Jeske et al., 2009; Ritz et al., 
2019). For both dose-response experiments, the test for lack of fit 
allowed us to assume the b, d, and c were similar within experiments. 

After fitting the dose-response models (Ritz et al., 2015a, 2015b), the 
effective doses (g a.i. ha� 1) reducing dry weight by 90% (ED90), 50% 
(ED50), and 10% (ED10) were calculated for each herbicide drought 
combination. To quantify the relative efficacy of benzoylprop-ethyl 
under drought condition, the ratio called Drought Index, (DI) was 

calculated (Eq. (2)). 

DI¼
ED90ðDroughtÞ

ED90 ðNo DroughtÞ
(2) 

If the DI is not significantly different from 1.00, the EDx is not 
different from unity meaning there is no difference of efficacy in relation 
to drought. 

In the second step, a meta-analytic random effects model (Ritz et al., 
2019) was used to analyze the parameters, including: b, c, d, ED10, ED50 
and ED90, and DI, obtained from Eqs (1) and (2) as responses. The 
number of experiments and irrigation regimes were considered as 
random and fixed effects, respectively. Finally, appropriate pairwise 
comparisons were made to compare the parameres of drought-stressed 
and non-drought-stressed plants. The DIs averaged by meta-analytic 
approach was compared to 1.00 using a Z-test. As mentioned above, 
the DI equal to 1.00 signifies similar efficacy of benzoylprop-ethyl for 
the two irrigation regimes. 

The add-on packages drc (Ritz et al., 2015a) and metafor (Viechtba
uer, 2010), were used for fitting the log-logistic models and the 
meta-analytic approach, respectively. The multiple comparisons was 
carried out using multcomp package (Hothorn et al., 2008). The three 
mentioned add-on packages are available in the R statistical software (R 
Core Team, 2013). 

2.4.2. Physiological properties of A. sterilis subsp. ludoviciana 
The effects of irrigation regimes on the physiological properties of 

A. sterilis subsp. ludoviciana were determined using a t-test. Whenever 
the variances were unequal, an unequal variance t-test, i.e. Welch’s t-test 
was carried out. The significant difference between the two irrigation 
regimes was tested at the 0.05 probability level. 

3. Results 

3.1. Dose-response experiment 

Fig. 1 illustrates the dose-response curves for the two identical ex
periments. The sequential test for lack of fit tests (P > 0.05) showed that 
the slope (b), upper (d) and lower limits (c) were similar within exper
iments. The curves were parallel, which means that the DI is indepen
dent of the response levels considered within each experiment. In 
experiment 1, the b, c, and d parameters were 2.6, 1.4, and 5.5, 
respectively; while in experiment 2, they were estimated to be 1.8, 1.4, 
and 4.6. The ED50 varied somewhat between the experiments (Fig. 1A 
and B). In experiment 1, the ED50 was 633 (�57.7) and 419 (�41.8) for 
the drought- and non-drought-stressed plants, respectively. In experi
ment 2, they were 624 (�99.9) and 220 (�30.0) for the drought- and 
non-drought-stressed plants, respectively. The differences between the 
two experiments are not surprising, as Ritz et al. (2015b) also stated this 
is due to variability of responses in biology. It is also worth noting that 
dose-response curves are not always similar for many reasons. For 
example, various environmental factors in an experiment are not always 
the same in other, otherwise identical, experiments. 

The meta-analysis approach averaged the parameters and DI 
(Table 1). The ED10, ED50, and ED90 were significantly different between 
the drought-stress and the non-drought-stress conditions (Table 1). The 
estimated ED90 for the non-drought-stressed was 895 g. a.i. ha� 1, being 
lower than the recommended label rate (1000 g. ai. ha -1), while the 
ED90 for the drought-stressed was 1543 g a.i. ha� 1, and thus well above 
the recommended rate. In addition, the DI (Eq. (2)) of 1.68 (�0.16) was 
significantly higher than 1.00, which means that drought-treated plants 
at ED90 required about 1.7 more herbicide than the no-drought plants. 
The higher ED values (e.g., ED50 and ED90) under the drought condition 
and the DI > 1 clearly showed that bezoylprop-ethyl efficacy was 
reduced significantly, due to lack of water in the soil. 
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3.2. Physiological properties of A. sterilis subsp. ludoviciana 

The t-test result showed a significant difference (P < 0.05) between 
the two irrigation regimes considering the chlorophyll contents (chl a 
and chl b), chl a/b ratio and leaf greenness index. The leaf chlorophyll 
contents including chl a and chl b for the plants exposed to the drought- 
stress conditions were 1.5- and 3.5-times higher than that of the non- 
drought-treated plants, respectively (Fig. 2A and B). A similar trend 
was observed for the leaf greenness index, where the leaf greenness 
index of the drought-treated plants was 1.2-times higher than that of the 
non-drought-treated plants (Fig. 2D). In contrast, it was found that A. 
sterilis subsp. ludoviciana leaves grown in drought conditions had a chl a/ 
b ratio of 1.6 compared with 3.5 in those plants grown under normal 
conditions (Fig. 2C). There were also significant differences (P < 0.05) in 
the photosynthesis rate and stomatal conductance between the two 
irrigation regimes, where the non-drought-stressed plants had a higher 
photosynthesis rate and stomatal conductance than that of the drought- 
stressed plants (Fig. 3A and B). 

4. Discussion 

Under drought stress conditions, the dose of benzoylprop-ethyl 
required for obtaining a 90% reduction in dry weight was increased 
by a factor 1.7. It means that the stressful drought condition significantly 

diminished the efficacy of benzoylprop-ethyl. In order to overcome the 
inhibition inefficacy caused by drought at the ED90 level, an extra 
amount of around 648 g a.i. ha� 1 of benzoylprop-ethyl was required as 
opposed to normal conditions. The adverse effect of drought on herbi
cide performance was similar in previous studies, e.g., the efficacy of 
fenoxaprop, diclofop, flamprop, and imazamethabenz on A. fatua was 
reduced when the plants were exposed to drought (Xie et al., 1993, 
1997). Aghabeigi and Khodadadi (2017) reported that the efficiency of 
clodinafop-propargyl and mesosulfuron-methyl also decreased by 
drought stress when they were applied to control A. sterilis subsp. 
ludoviciana. However, the adverse effect level of drought depended on 
the type of herbicide used and the weed population. That means it is 
necessary to quantify the adverse effects of drought on the performance 
of each herbicide in controlling individual weed species separately, due 
to the diversity of herbicide sites of action, formulation, and physico
chemical properties (e.g., pKa, Kow, and water solubility). 

Our results clearly provided evidence for the efficacy reduction of 
benzoylprop-ethyl due to soil water deficit. Understanding and quanti
fying the relationship between drought stress and herbicide perfor
mance may help describe observed A. sterilis subsp. ludoviciana control 
failures with benzoylprop-ethyl. The lower performance of the herbicide 
can be related to the alteration of the physiological traits of A. sterilis 
subsp. ludoviciana as discussed below. Several studies have investigated 
the effect of drought on the physiological traits of different horticultural 

Fig. 1. Response of drought-treated (FC ¼ 60%) and non-drought-treated (FC ¼ 90%) A. sterilis subsp. ludoviciana to benzoylprop-ethyl in experiment 1 (A) and 
experiment 2 (B). The estimated parameters (ED10, ED50, ED90, Lower limit, Upper limit, and slope) and drought index (DI) are presented in Table 1. 

Table 1 
The parameters estimated by the log-logistic model for the drought-treated and the non-drought-treated plants were averaged over the experiments using the meta- 
analysis approach. The values in parenthesis represent standard errors.  

Irrigation regimes (FC%) Slope (b) Upper limit (d) Lower limit (c) EDx (g a.i. ha� 1) DIa 

ED10 ED50 ED90 

90 2.2 (0.48) ns 5.5 (0.16) ns 1.4 (0.076) ns 118 (66.1) 
* 

312 (84.1) 
*** 

895 (112.6) 
** 

1.68 (0.16) *** 

60 2.2 (0.48) 5.5 (.16) 1.4 (0.076) 227 (57.3) 592 (95.1) 1543 (205.3) 

ns Non-significant. 
*** Significant at 0.001 level. 
** Significant at 0.01 level. 
* Significant at 0.05 level. 

a Drought Index is the ratio of the ED50 of the drought-treated plants (FC 60%) to the non-drought-treated plants (FC 90%) i.e. ED50 drought/ED50 Non-drought. 
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and agronomic plants but arrived at different conclusions. To our 
knowledge, this is the first report evaluating the effect of drought on the 
physiological characteristics of the troublesome weed species, A. sterilis 
subsp. ludoviciana. 

In the present study, the content of chl a and chl b, and leaf greenness 
index increased due to drought conditions, while the photosynthesis 
rate, stomatal conductance, and the chl a/b ratio decreased. There is a 
general agreement that chlorophyll content of leaves decrease under 
drought stress conditions (Guerfel et al., 2009; Mafakheri et al., 2010; 
Sanchez et al., 1983; Schütz and Fangmeier, 2001). In contrast to the 
mentioned general agreement i.e., the reduction of chlorophyll content 
of leaves due to drought stress, there are evidences showing that the 
chlorophyll content of leaves including chl a and chl b, and leaf green
ness index increased under drought conditions (Rahbarian et al., 2011), 

as we observed in this study. The increased chlorophyll content has been 
attributed to a decrease in leaf area (Rahbarian et al., 2011). A negative 
relationship between leaf greenness index (i.e., SPAD values) and spe
cific leaf area and leaf water content was reported by Marenco et al. 
(2009). Accordingly, we also assumed that increased chlorophyll con
tent and greenness index might be related to a reduction in specific leaf 
area and leaf water content of A. sterilis subsp. ludoviciana due to drought 
stress. Also, Ziska and Dukes (2011) stated that water-stressed plants 
tend to reduce their leaf area leading to an adverse effect on foliar 
herbicide efficacy. 

Thickness, chemical composition and permeability of the cuticle 
barrier for herbicide entrance into plant leaf are influenced by envi
ronmental factors, such as heat and drought stress conditions (Hance 
and Cessna, 1990). For instance, it was shown that cuticle thickness and 
epicuticular wax in Xanthium strumarium L. (cocklebur) and Abutilon 
theophrastic Medicus (velvetleaf) increased through drought stress 
(Levene and Owen, 1995). So, cuticle thickness can decrease herbicide 
performance as stated by Aghabeigi and Khodadadi (2017). 

Photosynthetic reduction and reduced stomatal conductance can 
modify the performance of herbicides (Varanasi et al., 2016). It was also 
speculated, that the decreased stomatal conductance might have 
reduced glyphosate uptake, resulting in lower performance (Fernando 

Fig. 2. Effect of drought-stress (FC 60%) and non-drought-stress (FC 90%) 
conditions on the chlorophyll (Chl) a (A), Chl b (B), Chl a/b ratio (C), and 
greenness index (D) of A. sterilis subsp. ludoviciana. Different letters on each 
column show statistically significant differences between treatments at P 
< 0.05. 

Fig. 3. Effect of drought-stress (FC 60%) and non-drought-stress (FC 90%) 
conditions on the photosynthesis rate (A) and stomatal conductance (B) of 
A. sterilis subsp. ludoviciana. Different letters on each column show statistically 
significant differences between treatments at P < 0.05. 
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et al., 2016). The reduced benzoylprop-ethyl efficacy could have been 
associated with photosynthesis reduction and reduced stomatal 
conductance under drought stress conditions, because stomatal aper
tures are closed during drought-stress conditions, which leads to a 
decrease in stomatal conductance (Cornic, 2000). Finally, photosyn
thesis is reduced (Flexas et al., 2002; Kogan and Bayer, 1996). Moreover, 
the leaf absorption of benzoylprop-ethyl as a post-emergence foliar 
applied herbicide might be decreased due to stomatal closure leading. It 
is stated that changes in photosynthesis rate can affect herbicide efficacy 
indirectly by altering the absorption and translocation of herbicides 
(Varanasi et al., 2016). 

Another explanation for the efficacy reduction of benzoylprop-ethyl 
can be a higher activity of antioxidant enzymes, as efficacy reduction of 
fenoxaprop under drought condition also has been attributed to an in
crease in the activity of antioxidant enzymes, such as catalase and 
peroxidase (Radchenko et al., 2014). 

5. Conclusions 

Avena sterilis subsp. ludoviciana developed resistance to many ALS 
and ACCase inhibiting herbicides in some parts of the world. 
Benzoylprop-ethyl is used to increase the chemical diversity of herbi
cides allowing the farmers to delay and prevent ALS- and ACCase- 
resistant A. sterilis subsp. ludoviciana populations. The efficacy of 
benzoylprop-ethyl was questionable in Iran, an arid and semiarid area, 
due to drought stress. We documented that drought stress significantly 
reduced benzoylprop-ethyl efficacy. The performance of benzoylprop- 
ethyl under drought stress conditions was reduced by a factor of 1.68 
in comparison with non-drought-stressed conditions. The benzoylprop- 
ethyl efficacy reduction associated with photosynthesis reduction and 
reduced stomatal conductance for the plants grown in drought stress 
conditions. Water scarcity in the arid area can cause a lack of weed 
control. The increasing benzoylprop-ethyl rate cannot be an appropriate 
suggestion to overcome the issue as increased herbicide dose is not 
allowed and can also result in environmental hazards and extra costs. To 
avoid the efficacy reduction of benzoylprop-ethyl, we recommend that 
farmers monitor the water soil content of the field regularly and irrigate 
the field before herbicide application, so that at the time of herbicide 
application the water soil content is equal to the field capacity. Tracking 
local weather forecasts before herbicide application can help farmers in 
arid regions. The use of adjuvants can also overcome the performance 
reduction of benzoylprop-ethyl (Zhou et al., 2007). Levene and Owen 
(1995) also showed that adjuvants, including urea ammonium nitrate 
and crop oil concentrate, increased absorption of bentazon into the 
leaves of water-stressed X. strumarium and A. theophrastic. In addition, 
using different formulations of benzoylprop-ethyl and early herbicide 
application timing may also help for compensate the adverse effects of 
drought stress on benzoylprop-ethyl efficacy for the control of A. sterilis 
subsp. ludoviciana. However, future studies are required to evaluate 
these suggested approaches i.e., using adjuvants, different formulations 
and early application timing of benzoylprop-ethyl under field conditions 
to overcome the problem. Doing further field experiments is also sug
gested in order to see if selectivity changes between crops and the target 
weeds under drought stress conditions. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Saeid Alizade: Methodology, Data curation, Writing - review & 
editing. Eshagh Keshtkar: Conceptualization, Software, Writing - 
original draft, Writing - review & editing, Supervision. Ali Mokhtasi- 

Bidgoli: Conceptualization, Writing - review & editing. Hamid-Reza 
Sasanfar: Conceptualization, Writing - review & editing. Jens C. 
Streibig: Software, Writing - review & editing, Supervision. 

Acknowledgements 

The authors are grateful to Jason Allen Teem, University of Copen
hagen, Denmark, for reviewing and proofreading of the manuscript. This 
paper is based on work supported by Tarbiat Modares University, Iran 
(Grant No. 9530671003). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cropro.2020.105292. 

References 

Aghabeigi, M., Khodadadi, M., 2017. Effect of clodinafop-propargyl and mesosulfuron- 
methyl herbicides on wild oat (Avena ludoviciana) control under moisture stress 
condition. Int. J. Plant Soil Sci. 20, 1–7. 

Bajwa, A.A., Akhter, M.J., Iqbal, N., Peerzada, A.M., Hanif, Z., Manalil, S., Hashim, S., 
Ali, H.H., Kebaso, L., Frimpong, D., 2017. Biology and management of Avena fatua 
and Avena ludoviciana: two noxious weed species of agro-ecosystems. Environ. Sci. 
Pollut. Control Ser. 24, 19465–19479. 

Cornic, G., 2000. Drought stress inhibits photosynthesis by decreasing stomatal 
aperture–not by affecting ATP synthesis. Trends Plant Sci. 5, 187–188. 

Fernando, N., Manalil, S., Florentine, S.K., Chauhan, B.S., Seneweera, S., 2016. 
Glyphosate resistance of C3 and C4 weeds under rising atmospheric CO2. Front. 
Plant Sci. 7, 910-910.  

Ferrell, J.A., Earl, H.J., Vencill, W.K., 2003. The effect of selected herbicides on CO2 
assimilation, chlorophyll fluorescence, and stomatal conductance in johnsongrass 
(Sorghum halepense L). Weed Sci. 51, 28–31. 

Flexas, J., Bota, J., Escalona, J.M., Sampol, B., Medrano, H., 2002. Effects of drought on 
photosynthesis in grapevines under field conditions: an evaluation of stomatal and 
mesophyll limitations. Funct. Plant Biol. 29, 461–471. 

Guerfel, M., Baccouri, O., Boujnah, D., Chaïbi, W., Zarrouk, M., 2009. Impacts of water 
stress on gas exchange, water relations, chlorophyll content and leaf structure in the 
two main Tunisian olive (Olea europaea L.) cultivars. Sci. Hortic. 119, 257–263. 

Hance, R., Cessna, A., 1990. Environmental Chemistry of Herbicides. CRC Press. 
Heap, I., 2019. The International Survey of Herbicide Resistant Weeds, vol. 12, p. 28. 

Online. Internet. 2019. www.weedscience.org. 
Hess, M., Barralis, G., Bleiholder, H., Buhr, L., Eggers, T.H., Hack, H., Stauss, R., 1997. 

Use of the extended BBCH scale—general for the descriptions of the growth stages of 
mono; and dicotyledonous weed species. Weed Res. 37, 433–441. 

Hiscox, J., Israelstam, G., 1979. A method for the extraction of chlorophyll from leaf 
tissue without maceration. Can. J. Bot. 57, 1332–1334. 

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric 
models. Biom. J. 50, 346–363. 

Jeske, D.R., Xu, H.K., Blessinger, T., Jensen, P., Trumble, J., 2009. Testing for the 
equality of EC50 values in the presence of unequal slopes with application to toxicity 
of selenium types. J. Agric. Biol. Environ. Stat. 14, 469–483. 

Jugulam, M., Varanasi, A., Varanasi, V., Prasad, P.V.V., 2018. Climate Change Influence 
on Herbicide Efficacy and Weed Management, Food Security and Climate Change, 
pp. 433–448. 

Kogan, M., Bayer, D.J.P.b., 1996. Herbicide uptake as influenced by plant water status. 
Pestic. Biochem. Physiol. 56, 174–182. 

Levene, B.C., Owen, M.D.K., 1995. Effect of moisture stress and leaf age on bentazon 
absorption in common cocklebur (Xanthium strumarium) and velvetleaf (Abutilon 
theophrasti). Weed Sci. 43, 7–12. 

Mafakheri, A., Siosemardeh, A., Bahramnejad, B., Struik, P., Sohrabi, Y., 2010. Effect of 
Drought Stress on Yield, Proline and Chlorophyll Contents in Three Chickpea 
Cultivars. 

Manea, A., Leishman, M.R., Downey, P.O., 2011. Exotic C4 grasses have increased 
tolerance to glyphosate under elevated carbon dioxide. Weed Sci. 59, 28–36. 

Marenco, R.A., Antezana-Vera, S.A., Nascimento, H.C.S., 2009. Relationship between 
specific leaf area, leaf thickness, leaf water content and SPAD-502 readings in six 
Amazonian tree species. Photosynthetica 47, 184–190. 

McMullan, P.M., 1996. Grass herbicide efficacy as influenced by adjuvant, Spray solution 
pH, and ultraviolet light. Weed Technol. 10, 72–77. 

Monaco, T.J., Weller, S.C., Ashton, F.M., 2002. Weed Science: Principles and Practices. 
John Wiley & Sons. 

Montazeri, M., 2007. Influence of winter wild oat (Avena ludoviciana), annual canary 
grass (Phalaris minor) and wild mustard (Sinapis arvensis) at different density on 
yield and yield component of wheat. Pajouhesh Va Sazandgi 74, 72–78. 

R Core Team, 2013. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria, ISBN 3-900051-07-0. URL. 
http://www.R-project.org/.  

Radchenko, M.P., Sychuk, А.M., Morderer, Y.Y., 2014. Decrease of the herbicide 
fenoxaprop phytotoxicity in drought conditions: the role of the antioxidant 
enzymatic system. J. Plant Protect. Res. 54, 390–394. 

S. Alizade et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.cropro.2020.105292
https://doi.org/10.1016/j.cropro.2020.105292
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref1
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref1
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref1
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref2
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref2
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref2
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref2
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref3
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref3
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref4
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref4
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref4
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref5
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref5
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref5
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref6
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref6
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref6
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref7
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref7
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref7
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref8
http://www.weedscience.org
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref10
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref10
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref10
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref11
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref11
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref12
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref12
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref13
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref13
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref13
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref14
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref14
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref14
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref15
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref15
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref16
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref16
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref16
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref17
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref17
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref17
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref18
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref18
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref19
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref19
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref19
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref20
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref20
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref21
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref21
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref22
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref22
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref22
http://www.R-project.org/
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref24
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref24
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref24


Crop Protection 137 (2020) 105292

7

Rahbarian, R., Khavari-Nejad, R., Ganjeali, A., Bagheri, A., Najafi, F., 2011. Drought 
stress effects on photosynthesis, chlorophyll fluorescence and water relations in 
tolerant and susceptible chickpea (cicer arietinum L.) genotypes. Acta Biologica 
Cracoviensia s. Botanica 53, 47–56. 

Ritz, C., Baty, F., Streibig, J.C., Gerhard, D., 2015a. Dose-response analysis using R. PloS 
One 10, e0146021. 

Ritz, C., Jensen, S.M., Gerhard, D., Streibig, J.C., 2019. Dose-Response Analysis with R. 
CRC Press LLC. 

Ritz, C., Kniss, A.R., Streibig, J.C., 2015b. Research methods in weed science: statistics. 
Weed Sci. 63, 166–187. 

Sanchez, R.A., Hall, A.J., Trapani, N., de Hunau, R.C., 1983. Effects of water stress on the 
chlorophyll content, nitrogen level and photosynthesis of leaves of two maize 
genotypes. Photosynth. Res. 4, 35–47. 

Schütz, M., Fangmeier, A., 2001. Growth and yield responses of spring wheat (Triticum 
aestivum L. cv. Minaret) to elevated CO2 and water limitation. Environ. Pollut. 114, 
187–194. 

Seefeldt, S.S., Jensen, J.E., Fuerst, E.P., 1995. Log-logistic analysis of herbicide dose- 
response relationships. Weed Technol. 9, 218–227. 

Varanasi, A., Prasad, P.V.V., Jugulam, M., 2016. Chapter three - impact of climate 
change factors on weeds and herbicide efficacy. In: Sparks, D.L. (Ed.), Advances in 
Agronomy. Academic Press, pp. 107–146. 

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. J. Stat. 
Software 36, 1–48. 

Xie, H., Hsiao, A., Quick, W., 1993. Influence of water deficit on the phytotoxicity of 
imazamethabenz and fenoxaprop among five wild oat populations. Environ. Exp. 
Bot. 33, 283–291. 

Xie, H., Hsiao, A., Quick, W., 1997. Influence of drought on graminicide phytotoxicity in 
wild oat (Avena fatua) grown under different temperature and humidity conditions. 
J. Plant Growth Regul. 16, 233–237. 

Zand, E., Nezamabadi, N., Baghestani, M.A., Shimi, P., Mousavi, S.K., 2017. A Guide to 
Chemical Control of Weeds in Iran. JDM Press. 

Zhou, J., Tao, B., Messersmith, C.G., Nalewaja, J.D., 2007. Glyphosate efficacy on 
velvetleaf (Abutilon theophrasti) is affected by stress. Weed Sci. 55, 240–244. 

Ziska, L.H., Dukes, J.S., 2011. Weed Biology and Climate Change. Blackwell Publishing 
Ltd. 

S. Alizade et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0261-2194(20)30225-8/sref25
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref25
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref25
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref25
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref26
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref26
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref27
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref27
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref28
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref28
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref29
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref29
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref29
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref30
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref30
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref30
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref31
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref31
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref32
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref32
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref32
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref33
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref33
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref34
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref34
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref34
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref35
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref35
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref35
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref36
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref36
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref37
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref37
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref38
http://refhub.elsevier.com/S0261-2194(20)30225-8/sref38

	Effect of water deficit stress on benzoylprop-ethyl performance and physiological traits of winter wild oat (Avena sterilis ...
	1 Introduction
	2 Materials and methods
	2.1 Plant material and seed germination
	2.2 Dose-response experiment
	2.3 Physiological properties of A. sterilis subsp. ludoviciana under drought stress
	2.4 Statistical analysis
	2.4.1 Dose-response experiment
	2.4.2 Physiological properties of A. sterilis subsp. ludoviciana


	3 Results
	3.1 Dose-response experiment
	3.2 Physiological properties of A. sterilis subsp. ludoviciana

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supplementary data
	References


