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cy of an herbicide combining
bentazone and terbuthylazine – can weeds be
controlled with better environmental safety?†

Libânia Queirós,a Sirine Bouguerra,b Ruth Pereira,b Inês P. E. Macário,ac

Joana I. Santos,a Telma Veloso,ac Fernando J. M. Gonçalves, a Patŕıcia Pereiraa

and Joana Lúısa Pereira *a

Chemical herbicides have been extensively used in agriculture to control the negative impacts of weeds in

crops to improve agricultural yields. Authorized herbicidal active ingredients (AIs) have been combined in

multiple ways to produce distinct commercial formulations targeting diverse weeds. However,

interactions between AIs and co-formulants can result in unpredictable outcomes. In addition, the

efficacy against target weeds of application rates much lower than those commercially recommended

has been reported. In this context, the present work intends to assess the possibility of optimizing the

combination of AIs within a commercial formulation of bentazone and terbuthylazine towards

alternatives with decreased environmental hazardous potential, by considering both the mixture

composition and application rates. The putative interaction between bentazone and terbuthylazine (AIs),

as formulated within a commercial product and in alternative ratios and rates, was assessed, first, by

testing with selected aquatic (Raphidocelis subcapitata) and terrestrial (Brassica napus) non-target

sensitive indicators for environmental safety assessment, and then, by assessing the corresponding

efficacy against a major target weed (Portulaca oleracea). Results showed that (i) commercially

recommended rates represent a remarkable potential risk to soil and also aquatic ecosystems; (ii)

application rates 10-fold lower than recommended are effective in the control of the main target weed;

and (iii) a one-way formulation including only bentazone, which is already available on the market,

seems to represent an environmentally safer alternative to the two-way formulation in the control of P.

oleracea. These outcomes suggest that a more systematic assessment of the ecotoxicity, as well as the

efficacy, of the combinations of pesticides used in commercial products during design stages could

ensure a good performance of the agrochemicals against the targets, while improving their

environmental safety regarding impacts in non-target organisms.
Environmental signicance

Pesticides are one of the main environmental contaminants of worldwide concern. Millions of tonnes of pesticides have been intentionally applied per year
during the last decade to protect agricultural yields. Considering the negative impacts of pesticides on human and environmental health, reducing the total
amounts applied and replacing the commercial products with environmentally safe alternatives are both critical. Notably, this study shows that equivalent or
even better control of weeds, jointly with decreased undesired environmental effects, can be achieved by applying the active ingredients of commercial products
at reduced rates. This is possible through the optimization of the commercial products considering the effects of ratios and interactions between different active
ingredients within the formulation towards non-target sensitive indicators and target organisms.
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Introduction

Herbicides have been used in agriculture to control the negative
impact of weeds on crop productivity.1 Specically, approxi-
mately 50% of the 4 million tonnes of pesticides used world-
wide in 2019 corresponds to the class of herbicides.2 The
substantial and persistent use of these products has resulted in
water and soil contamination.1 Consequently, toxicant effects in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
both aquatic3 and terrestrial non-target organisms4 have been
frequently reported.

Regulatory requirements concerning the authorization,
placing on the market, use and control of pesticides have been
applied to protect human health and the environment from their
harmful effects [e.g. Regulation (EC) no. 1107/2009 in the EU5].
The agrochemical industry has met these requirements, for
instance through the development of alternative commercial
formulations.6,7 Although numerous different commercial
herbicide brands have been registered over the past decades,
research focused on the release of new active ingredients (AIs)
with new modes of action has been declining since the 80s–
90s.6,8 Due to the high costs of development and fall in incen-
tives, research has been focused on other innovative aspects, like
the combination of off-patent AIs with different co-formulants
adapted for specic conditions (e.g. alternative cropping and
delivery systems)6,9,10 or the combination of multiple AIs to
circumvent weed resistance.6,11–13 Furthermore, biological control
(i.e. ‘natural enemies’ of crop pests like fungi, bacteria, nema-
todes and others used as control agents) is another aspect that
has been drawing increasing interest and investment in the last
few decades.14–16 The optimization of the application rates of the
herbicides in the eld is another factor that can contribute to
reducing the risk of adverse side effects.17,18

Previous studies have suggested that the platforms involved
in the development of commercial products – including the
combined use of multiple AIs19–22 or AIs and other for-
mulants,23–25 and the optimization of recommended application
rates21,26,27 – have room for improvement in order to more effec-
tively treat the target species, in a safer way for the environment
(e.g. by reducing rates and applications). For instance, Queirós
et al.21 concluded that a commercial herbicide formulation
currently used as a concentrated oil dispersion of terbuthylazine
plus nicosulfuron (AIs) can be optimized to treat one of the main
target species mentioned on its label (Portulaca oleracea). The use
of only terbuthylazine at concentrations 10-fold lower than those
commercially recommended ensured total efficacy against the
weed, while reducing the environmental hazardous potential, as
assessed by testing with a sensitive aquatic model organism
(Lemna minor). The present study further explores the approach
applied in Queirós et al.,21 by innovatively assessing the safety of
a selected commercial pesticide (Asteca® Mays28) to both sensi-
tive aquatic and terrestrial models, thus covering two vital envi-
ronmental compartments within agroecosystems that can be
impacted by this compound.

Asteca® Mays28 is a commercial concentrated suspension
with herbicide action that contains bentazone and terbuthyla-
zine as AIs (200 g L�1 each). This commercial product is selec-
tive for maize and is intended to protect this crop against
several weeds like the purslane Portulaca oleracea and pigweeds
(Amaranthus blitoides, Amaranthus retroexus, and Amaranthus
graecizans). It is a post-emergence herbicide with contact and
residual action. It should be applied aer maize emergence,
when the weeds are at the 2–5 leaves stage (application dose of
3–4 L of concentrated product diluted in 250–500 L of water per
ha, corresponding to an application rate of 600–800 g of each AI
per ha). Bentazone and terbuthylazine belong to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
benzothiadiazine and triazine chemical families,28 respectively.
Both chemicals are photosynthesis inhibitors acting on photo-
system II (PSII).29–31 Once in PSII, they bind to the secondary
quinone (QB) and accept the electrons from the primary
quinone (QA), consequently interrupting the photosynthetic
electron transport and inhibiting the production of ATP and
carbon xation. This ultimately causes oxidative stress due to
the formation of reactive oxygen species at the PSII center.29,31

Bentazone and terbuthylazine inhibit photosynthesis by
binding at distinct sites of the QB-niche in PSII.29–31

By using Asteca® Mays as a case study, we intend specically
to (1) compare the sensitivity of two aquatic and two terrestrial
producers to the herbicides bentazone and terbuthylazine
individually; (2) assess the safety of mixtures of these herbicides
to the most sensitive aquatic and terrestrial non-target organ-
isms; (3) evaluate the efficacy of bentazone plus terbuthylazine
mixtures at the same and alternative ratios as used in the
selected commercial product against a main target weed; and
(4) investigate a possible contribution of the other formulants
used in the commercial formulation to the whole product
toxicity. Given the herbicidal nature of the commercial product
and specic action towards the photosynthetic activity,
producers were chosen over other groups when selecting non-
target organisms for the study. Specically, a producer
bearing a vascular system (the macrophyte Lemna gibba) and
another lacking a vascular system (the microalgae Raphidocelis
subcapitata) were selected to represent the aquatic compart-
ment, while a monocotyledon (Triticum aestivum) and a dicoty-
ledon (Brassica napus) were selected to represent the terrestrial
compartment. The overall hypothesis driving this work is that
the possibility of manipulating the ratio between AIs and
between the AIs and other co-formulants, and/or application
rates is feasible towards alternative formulations that maintain
efficacy levels against the target pests but concomitantly may
have reduced impacts on the environment as indicated by
representative non-target species.
Materials and methods
Chemicals

An herbicide commercial formulation (Asteca® Mays,
Ascenza®, Portugal) combining two active ingredients (AIs;
200 g L�1 bentazone plus 200 g L�1 terbuthylazine) with other
formulants (including fatty alcohol ethoxylate, sodium
hydroxide, 1,2-benzisothiazol-3(2H)-one, and propane-1,2-diol),
as well as the corresponding analytical standards of these AIs,
were used in this study. The analytical standards bentazone
(CAS: 25057-89-0) and terbuthylazine (CAS: 5915-41-3) were
purchased from Merck (Pestanal®, Sigma-Aldrich®, Stein-
heim). The stock solutions of the commercial product and
analytical standards were prepared in distilled water, acetone,
or in the test medium, as specied below for each assay.
Test organisms and assay protocols

The experimental approach used in this study was iteratively
sequential (Fig. 1). In a rst stage, non-target organisms from
Environ. Sci.: Adv., 2022, 1, 342–355 | 343
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Fig. 1 Schematic representation of the experimental design applied in the present study. The first stage (sensitivity assessment) refers to single
exposures of non-target aquatic and terrestrial producers (Raphidocelis subcapitata and Lemna gibba or Triticum aestivum and Brassica napus,
respectively) to bentazone (B) and terbuthylazine (T). The second stage addresses the exposure of the most sensitive species from each
compartment to mixtures of B and T (safety assessment). Estimated effective concentrations causing growth inhibition in x percent of the tested
organisms (ECx), herein assumed as predicted environmental concentrations (PECs), were then converted to application rates and finally tested
on the target weed Portulaca oleracea for efficacy assessment of alternative herbicide combinations.
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both aquatic (microalgae R. subcapitata and macrophyte L.
gibba) and terrestrial (monocotyledon T. aestivum and dicoty-
ledon B. napus) compartments were submitted to single expo-
sures to the herbicides bentazone and terbuthylazine. This
allowed the selection of the most sensitive organisms among
those tested to represent each compartment. Then, the repre-
sentative aquatic (R. subcapitata) and terrestrial (B. napus)
organisms were used in subsequent mixture assays to deter-
mine the safety of mixtures of these herbicides to these
compartments. At the end, a main target weed (P. oleracea) of
the commercial product combining these herbicides was
exposed to concentrations corresponding to levels of effect
(growth inhibition) on the non-target representatives ranging
from 1% to higher than 50% and respective mixture combina-
tions, for efficacy assessment.

Selection of representative sensitive non-target organisms.
Two species of producers of the aquatic (a microalga and
a macrophyte) and terrestrial (a monocotyledon and a dicoty-
ledon) compartments were exposed to bentazone and/or terbu-
thylazine for sensitivity assessment. Effective concentrations were
accordingly estimated to complement previously published
data.32 These sensitivity reference values supported the selection
of one aquatic and one terrestrial non-target organism as repre-
sentatives of the aquatic and terrestrial compartments, respec-
tively, for use in further mixture assays (see the next section).

The microalga Raphidocelis subcapitata was cyclically main-
tained in the laboratory in Woods Hole MBL medium,33 at 20 �
2 �C with a 16 hL : 8 hD photoperiod. The macrophyte Lemna
344 | Environ. Sci.: Adv., 2022, 1, 342–355
gibba was cultured under the same temperature and luminosity
conditions, but in the Steinberg medium.34 Growth inhibition
tests with R. subcapitata were performed accordingly to OECD
guideline 201 (ref. 35) adapted to 24-well microplates.36 Specif-
ically, microalgae at an initial density of 104 cells per mL were
exposed in triplicate to bentazone dissolved at different
concentrations in MBL (Table S1†) or to clean MBL (controls).
The microplates were incubated for 96 h at 23 � 1 �C under
continuous illumination (z6000 Lux). Once a day, the micro-
plates were manually shaken to prevent cell clumping and
promote gas exchange. Aer the 96 h exposure period, the nal
cell density in each well was determined following optical
density measurements at 440 nm (Shimadzu UV-1800) and
estimation based on a previously established calibration equa-
tion. The biomass yield (cells per mL) was calculated as the
difference between cell densities at the end and the beginning
of the test. Growth inhibition tests with L. gibba followed OECD
guideline 221 (ref. 34) adapted to the use of 6-well plates.37

Briey, 3 healthy colonies with 3 fronds each were inoculated
per well in triplicate to grow in the Steinberg medium at
a dened bentazone concentration range (Table S1†) during a 7
day exposure period. Six replicates were used for the controls,
which consisted of clean Steinberg medium. The microplates
were incubated at 23 � 1 �C, under continuous illumination
(z6000 Lux). Aer the 7 days, the number of fronds per well was
determined and the plants were dried for 24 h at 60 �C to assess
the nal dry weight. Biomass yield was calculated in terms of
the inoculated and nal number of fronds or dry weight.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Seeds of the monocotyledon Triticum aestivum (Visagricola –

Produtos Agŕıcolas S.A., Portugal) and the dicotyledon Brassica
napus (Flora Lusitana Lda., Portugal) were purchased from local
suppliers. Emergence and growth tests with T. aestivum and B.
napus were performed according to the ISO/DIS 11269-2
guideline.38 Stock solutions of bentazone and terbuthylazine
were prepared in acetone andmixed singly with OECD soil (ISO,
2004; pH ¼ 5.62–6.12; tested concentrations in Table S1†), by
dilutions in a xed volume of water that was added to the soil to
adjust soil water content to 60% of its maximum water holding
capacity. The soil was allowed to equilibrate for approximately
24 h. Twenty seeds were placed per circular plastic pot
(approximately 90 cm2 area) containing 200 g of dry-weight
OECD soil (replicate). A pincer was used to randomly place
the seeds in the surface and gently cover them with the soil.

A total of 4 replicates were used per treatment, except for the
regular (deionized water only) and carrier (deionized water with
acetone at the maximum concentration used of 0.7%) controls
that comprised a total of 10 replicates. A hole was made in each
replicate pot for the placement of a cotton rope, that was in
permanent contact with distilled water (enriched at the begin-
ning with 7 mL L�1 nutrients; Universal, ref. 140537; 6% N, 3%
P2O5, 6% K2O) added to another vessel placed under the test
pot, ensuring water supply by capillarity throughout the test.
The pots were incubated at 21 � 3 �C under a 16 hL : 8 hD

photoperiod (light intensity and humidity of approximately
6400 Lux and 43 � 10%, respectively). Aer germination of 50%
of the seeds in the controls, the test was validated, and an
exposure of 14 days started. During this period, the pots were
checked daily for adding water, assessing mortality, and
randomly changing the pot position to uniformize the
Table 1 ECx values and corresponding 95% confidence intervals (within
exposures of the aquatic and terrestrial non-target organisms used in this
Lemna gibba, the monocotyledon Triticum aestivum and the dicotyledon
period are presented for each case. Data are presented using mg L�1 or m
respectively

Species Parameter

Bentazone

EC10 EC20 E

Lemna gibba 7 d yield
(no. of fronds)

0.91
(0.55–1.26)

1.27
(0.90–1.64)

2
(

7 d yield (dry
weight)

0.57
(0.13–1.00)

1.08
(0.47–1.69)

3
(

Raphidocelis
subcapitata

96 h yield
(cells per mL)

2.61
(1.89–3.33)

3.52
(2.80–4.24)

5
(

Triticum aestivum 14 d biomass
(dry weight)

nd nd >

14 d emergence nd nd >
Brassica napus 14 d biomass

(no. of leaves)
1.37
(1.10–1.64)

1.89
(1.61–2.16)

3
(

14 d biomass
(no. of plants)

1.55
(1.07–2.03)

2.36
(1.82–2.90)

4
(

14 d biomass
(dry weight)

0.79
(0.49–1.09)

1.15
(0.83–1.46)

2
(

14 d emergence nd nd >

a Data retrieved from ref. 32; nd – not determined.

© 2022 The Author(s). Published by the Royal Society of Chemistry
luminosity conditions. At the end of the exposure, the total
number of emerged seeds (only the rst 5 plants to emerge were
kept per pot during exposure, but all germinated seeds were
counted), living plants and leaves (when applicable), and the dry
aerial biomass (dried until constant weight at 70 �C) were
determined for each replicate.

Response of the selected non-target organisms to mixtures
of bentazone and terbuthylazine for safety assessment. The
microalga R. subcapitata as the most sensitive to terbuthylazine
and the dicotyledon B. napus as the most sensitive to both
herbicides (Table 1) were selected as aquatic and terrestrial
representatives, respectively, for use in subsequent mixture
assays. Growth inhibition mixture assays with R. subcapitata
and B. napus were performed as described above. The mixtures
of bentazone and terbuthylazine tested (Table S1†) were plan-
ned based on the results of single-chemical tests. The obtained
experimental responses (biomass yield, in terms of cells per mL
and dry weight, for the microalga and oilseed rape, respectively)
were compared to the reference Concentration Addition (CA)
and Independent Action (IA) models to assess the most suitable
modelling approach [for more details on mixture theory see ref.
21 and 39]. Additional treatments corresponding to the
commercial product (Asteca® Mays) diluted to the same
concentration of AIs tested in treatments with analytical stan-
dards were set to assess a possible role of the other formulants
in the overall formulation toxicity in R. subcapitata and B. napus.

Response of a main target weed to mixtures of bentazone
and terbuthylazine for efficacy assessment. Seeds of the weed
Portulaca oleracea (Rocalba, S.A., Spain; ref. FNAM7920), which
is one of the main target pests controlled by Asteca® Mays as
mentioned on its product label,28 were purchased from a local
brackets) estimated for bentazone and terbuthylazine following single
study, namely themicroalga Raphidocelis subcapitata, the macrophyte
Brassica napus. The assessed parameter and corresponding exposure
g kg�1 dry weight as units for the aquatic and the soil compartments,

Terbuthylazine

C50 EC10 EC20 EC50

.25
1.86–2.64)

0.004a

(0.003–0.006)
0.008a

(0.006–0.010)
0.022a

(0.019–0.026)
.23
2.20–4.25)

nd 0.003
(0.000–0.007)

0.017
(0.008–0.026)

.86
5.15–6.56)

0.003a

(0.002–0.005)
0.006a

(0.004–0.008)
0.015a

(0.012–0.018)
14.29 1.29 (0.66–1.92) 2.46

(1.57–3.36)
7.45
(5.96–8.95)

14.29 nd nd >30.00
.24
2.97–3.53)

0.94
(0.74–1.14)

1.15
(0.98–1.33)

1.62
(1.47–1.78)

.84
4.20–5.49)

nd nd nd

.16
1.81–2.51)

0.51
(0.39–0.63)

0.66
(0.54–0.77)

1.01
(0.91–1.12)

30.00 nd nd >38.00

Environ. Sci.: Adv., 2022, 1, 342–355 | 345
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supplier. The experimental mixture test design applied was
conceived considering the ECx values calculated in the assays
with the non-target representatives (Fig. 1). This approach
intended to relate the safety of each treatment to non-target
organisms (rates tested corresponding to obtained levels of
effect from <1% to >50%) with the efficacy against the target
weed (signicant or non-signicant growth inhibition evalua-
tion), as detailed in the next section. In order to establish the
experimental mixture test design for the target weed (Fig. 1),
available European tools were used to relate application rates of
bentazone and terbuthylazine to the ECx obtained following the
assays with the non-target representatives R. subcapitata and B.
napus, by assuming that these ECx correspond to Predicted
Environmental Concentrations (PECs) in surface water [steps 1/
2 of the EU-FOCUS platform40] and soil [Tier-1 of PERSAM41–43].
Given that the commercial formulation is applied only once
a year, aer the crop emergence (as indicated on its label), and
that this study is not about a specic transport model/scenario,
lower steps of these tools including predened scenarios were
used (parametrization used in the simulations presented in
Table S3†). Regressions relating application rates to PECs at
0 days post-application (maximum concentrations) were ob-
tained for each herbicide regarding both surface water (R. sub-
capitata) and soil compartments (B. napus), by simulating
several application rates (Table S3†). Obtained regressions were
as follows for bentazone (surface water: eqn (1); n¼ 9, r2 ¼ 1.00;
soil: eqn (2); n ¼ 6, r2 ¼ 1.00) and terbuthylazine (surface water:
eqn (3); n ¼ 9, r2 ¼ 1.00; soil: eqn (4); n ¼ 6, r2 ¼ 1.00).

PECsurface water (ECx R. subcapitata) ¼ 0.3296 � application rate

targeted at P. oleracea (1)

PECsoil (ECx B. napus) ¼ 0.0075 � application rate targeted at P.

oleracea (2)

PECsurface water (ECx R. subcapitata) ¼ 0.02867 � application rate

targeted at P. oleracea (3)

PECsoil (ECx B. napus) ¼ 0.0075 � application rate targeted at P.

oleracea (4)

The commercial mixture (Asteca® Mays) was also tested for
assessing the role of the formulants other than the AIs in the
efficacy against the target. The application rate tested was 10-
fold lower than that recommended, for direct comparison with
an equivalent mixture containing only the AIs, at this same
concentration (marked with an asterisk in Fig. 1).

The vegetative vigor tests that were carried out with P. oler-
acea were adapted from OECD guideline 227.44 Specically, 20
seeds were placed with a pincer at a depth of approximately
3 mm in each circular plastic pot (approximately 90 cm2 area)
containing 200 g of dry-weight OECD soil (replicate; pH¼ 6.3). A
total of 3 replicates were used per treatment, except for the
controls that comprised 5 replicates. These plastic pots were
holed at the bottom for the placement of a cotton rope allowing
bottom watering throughout the test. Aer seeding, the pots
were incubated at 21 � 3 �C under a 16 hL : 8 hD photoperiod
346 | Environ. Sci.: Adv., 2022, 1, 342–355
(light intensity and humidity of 19 000 Lux and 56 � 4%,
respectively). Nutrients (7 mL L�1; Universal, ref. 140537; 6% N,
3% P2O5, 6% K2O) were added to the distilled water during
watering supply. Only the rst 5 germinated plants were kept in
each replicated pot. Aer a growing period of approximately 8
days, the test solutions prepared in distilled water were sprayed
(Turn'n'Spray, Bürkle, with 1.2 � 0.1 mL; see Fig. 1 and Table
S2† for application rates) over the 4-true leaf stage plants (rec-
ommended in the label of the commercial product: 2–5 leaves)
at a height of approximately 30 cm. The volume of test solution
sprayed was xed to 14.4 mL per pot. A nal volume of test
solution corresponding to more water per ha than recom-
mended in the commercial product (maximum of 500 L of water
per ha, as mentioned in the introduction) was used to ensure
the application of the intended mass of AI in the same area,
complying with the limitations of solubility of the AIs in water
(note the use of solvents in commercial products). The number
of leaves and height of the plants were determined at 21 and 28
days aer pulverization, and the shoots were harvested at the
end of the exposure (day 28) for dry weight records until
constant weight at 70 �C.
Data analysis

The records obtained in the single assays with the non-target
organisms (biomass yield in cells per mL for R. subcapitata, or
number of fronds and dry weight for L. gibba; emergence and
nal biomass in terms of dry weight and number of leaves and
plants for B. napus and T. aestivum, when applicable) were used
to estimate effective concentrations (ECx values) and the cor-
responding condence intervals by non-linear regression using
the least-squares method to t the data to the logistic equation.
The experimental responses obtained in the assays with the
non-target representatives (R. subcapitata – yield cells per mL; B.
napus – dry weight) were compared to the reference CA and IA
mixture models to identify the most suitable modelling
approach. Similarly, deviation functions to the reference
models, such as synergism/antagonism (S/A) and dose-level
(DL) or dose-ratio (DR) dependent effects were also tted to
the experimental data to assess whether they could more suit-
ably describe the experimental data.39 This analysis was per-
formed in a customized MS®Excel ® spreadsheet (ToxCalcMix,
version 1.0, last rev. 20/01/2016; AJA Nogueira, unpublished), as
explained in more detail in Queirós et al.21 In order to directly
assess the effects of single-chemical and mixture treatments in
the selected endpoints, a one-way analysis of variance (ANOVA)
approach was applied aer conrming the normality and
homoscedasticity of the data, followed by Tukey's post hoc test.
A signicance level of 0.05 was always used.
Results
Sensitivity of aquatic and terrestrial producers to bentazone
and terbuthylazine

Bentazone and terbuthylazine affected the growth of all the non-
target producers selected for this study. Table 1 presents the
effective concentrations of each herbicide that inhibited the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth by 10, 20 and 50% of L. gibba, R. subcapitata, T. aestivum
and B. napus. Both the aquatic and terrestrial organisms were
more sensitive to terbuthylazine than to bentazone. Consid-
ering the aquatic compartment, while the macrophyte was more
sensitive to bentazone than the microalga (frond number 7 day
EC50 ¼ 2.25 mg L�1, compared to yield cells per mL 96 h EC50 ¼
5.86 mg L�1, respectively), the latter presented higher sensitivity
to terbuthylazine, with a very low estimated EC50 value (yield
cells per mL 96 h EC50 ¼ 0.015 mg L�1). Taking into account
that the estimated ECx values for these herbicides are within the
same order of magnitude between species, the higher sensitivity
of the microalga to terbuthylazine supported the selection of
this producer as a non-target aquatic representative for the
mixture assessment. Additionally, the dicotyledon was selected
as the terrestrial representative for the mixture assays since it
was more sensitive to both herbicides than the monocotyledon.
Fig. 2 Response of Raphidocelis subcapitata in terms of yield (cells
per mL) following a 96 h exposure to bentazone (B) and terbuthylazine
(T), singly and in mixture. Bar graphs relating the concentration of B
and T with the average yield cells per mL for each treatment (a), and
the mean growth inhibition in treatments considering specifically the
commercial formulation Asteca® Mays and corresponding treatments
dosing the AIs in combination and singly (b). Error bars denote the
standard error and significant differences (n ¼ 3; Tukey's test, p < 0.05)
are assigned using lowercase letters. The isobologram (c) illustrates
the response to the mixture of AIs as predicted by CA – antagonism
model, using a TU mixture strength scaling (TU ¼ Ci/ECi) and a grey-
scale gradient indicative of the level of the effect (yield cells per mL).
Safety of bentazone plus terbuthylazine mixtures to the non-
target representatives

Themixture assay with the aquatic model R. subcapitata showed
that there was signicant growth inhibition under some of the
tested conditions, relative to the control group, following the
96 h exposure to the herbicides (Fig. 2A; F23,65 ¼ 18.32, p <
0.001). Specically, the treatments that triggered higher growth
inhibition rates were (1) the highest concentration of bentazone
(3026 mg L�1, approximately 20% inhibition); (2) the highest
concentration of terbuthylazine (19.89 mg L�1, approximately
40% inhibition); (3) the mixture comprising the two AIs at these
concentrations (3026 mg L�1 bentazone + 19.89 mg L�1 terbu-
thylazine, approximately 50% inhibition); and (4) the mixture of
the AIs at 2300 mg L�1 bentazone plus 15.12 mg L�1 terbuthyla-
zine (approximately 40% inhibition).

Three additional mixtures signicantly inhibited R. sub-
capitata's growth (1747 mg L�1 bentazone + 6.63 mg L�1 terbu-
thylazine; 1747 mg L�1 bentazone + 11.49 mg L�1 terbuthylazine;
1009 mg L�1 bentazone + 15.12 mg L�1 terbuthylazine), but the
percentage of inhibition was not higher than 17% under any of
these tested conditions. The mean growth inhibition observed
with the treatment dosing the commercial formulation
(Asteca® Mays 30 mg L�1 bentazone + 30 mg L�1 terbuthylazine;
Fig. 2B) is practically the same as that obtained for the corre-
sponding condition combining the two AIs at the same
concentrations (Fig. 2B), and at the treatment including only
the terbuthylazine. No signicant differences were found
among these treatments (F3,7 ¼ 4.04, p ¼ 0.058). These results
suggest that at the tested concentrations, the effect is mainly
caused by the AI terbuthylazine and that the co-formulants
apparently do not have a relevant role in the overall commer-
cial formulation's toxicity.

Overall, the toxic effects caused by the mixtures in R. sub-
capitata were not higher than those induced by the individual
application of each AI at similar concentrations. In fact, the
opposite occurred, as corroborated by the mixture modelling
analysis. The isobologram (Fig. 2C) indicates that antagonism
occurred throughout the whole mixture response surface
(convex curves), which is in line with the model that best tted
© 2022 The Author(s). Published by the Royal Society of Chemistry
the mixture data: CA model with an antagonistic type of devi-
ation (Table 2; CA-S/A), and the strong association between the
experimental data and the data predicted by this model
(Fig. S1,† R2 ¼ 0.8842). Regarding the S/A deviation of the CA
model, the value obtained for the ‘a’ parameter, which is clearly
above 0 (a ¼ 1.07, Table 2), conrms the antagonism interpre-
tation [more details in ref. 39]. Considering the mixture assay
with the terrestrial model organism B. napus, none of the tested
treatments signicantly affected germination (F26,54 ¼ 1.41, p ¼
Environ. Sci.: Adv., 2022, 1, 342–355 | 347
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Table 2 Statistical parameters resulting from the fitting of experimental data to the mixture toxicity reference models concentration addition
(CA) and independent action (IA), as well as to deviations from these models, specifically dose-level (DL) dependence, synergism/antagonism (S/
A) and dose-ratio (DR) dependence. Data reports to mixtures of bentazone (bent) and terbuthylazine (terb) tested in the selected non-target
organisms: the microalga Raphidocelis subcapitata and the oilseed rape Brassica napus. RMSD (Root Mean-Square Deviation) provides
a measure of the difference between predicted values and those obtained; SSE (Sum of Squared Errors) is the sum of the squared differences
between each observation and its group's mean, and df refers to the residual degrees of freedom; AIC (Akaike's Information Criterion) is
a complementary parameter to express the model fit (the lower the better); a, bDL, bbent and bterb are parameters used in the deviation functions
[functions in ref. 39]. The model that best fitted each dataset based on all the parameters is highlighted in bold

r2 RMSD SSE (df) AIC P (F-test) a bDL bbent bterb

R. subcapitata CA Baseline 0.597 — 4.824 (32) 986.09 <0.001 — — — —
DL 0.831 237020.879 2.022 � 1012 (30) 959.16 <0.001 2.12 0.58 — —
S/A 0.812 246770.746 2.253 � 1012 (31) 960.12 <0.001 1.07 — — —
DR 0.812 253650.421 2.252 � 1012 (29) 966.60 <0.001 0.72 — 0.22 0.50

IA Baseline 0.831 — 2.023 � 1012 (32) 953.08 <0.001 — — — —
DL 0.832 236518.759 2.014 (30) 959.00 <0.001 0.13 2.47 — —
S/A 0.831 233773.790 2.022 � 1012 (31) 956.01 <0.001 0.02 — — —
DR 0.831 240320.686 2.021 � 1012 (29) 962.49 <0.001 0.01 — �0.06 0.07

B. napus CA Baseline 0.619 — 0.112 (35) �227.76 <0.001 — — — —
DL 0.680 0.049 0.093 (33) �229.00 <0.001 �0.00 �621.96 — —
S/A 0.655 0.101 0.050 (34) �228.94 <0.001 �1.68 — — —
DR 0.744 0.044 0.075 (32) �234.94 <0.001 �0.69 — �7.62 6.93

IA Baseline 0.2489 — 0.150 (35) �215.70 <0.001 — — — —
DL 0.695 0.048 0.090 (33) �230.92 <0.001 �0.06 �119.12 — —
S/A 0.658 0.050 0.100 (34) �229.31 <0.001 �2.30 — — —
DR 0.759 0.056 0.074 (32) �235.76 <0.001 �1.26 — �5.22 3.96

Fig. 3 Dry weight of Brassica napus following a 14 day exposure to
bentazone (B) and terbuthylazine (T), singly and in mixture, or to
Asteca® Mays diluted to the same concentration tested in one of the
mixture treatments. The bars stand for the average of three replicates
and the error bars for the respective standard error. Significant
differences are presented for each treatment (Tukey's test, p < 0.05)
using lowercase letters.
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0.143). However, signicant effects were found at the end of the
14 day exposure period regarding other measured parameters
(i.e. nal average number of plants – F26,54 ¼ 25.43, p < 0.001;
leaf number – F26,54 ¼ 33.38, p < 0.001; dry weight – F26,54 ¼
32.30, p < 0.001). Generally, the plants exposed to concentra-
tions of bentazone higher than 1 mg kg�1, both singly or in
mixture with terbuthylazine, were more severely impaired, as
shown by a lower number of plants and leaves (Fig. S2†) and
lower weight (Fig. 3) by the end of the test. When applied singly,
terbuthylazine caused a signicant change in the number of
leaves only at the highest tested concentration, and the dry
weight at the two highest tested concentrations. Considering
specically the nal dry weight, growth inhibitions close to
100% were observed in the plants exposed to single concen-
trations of bentazone higher than 4.18 mg kg�1, or to mixtures
of bentazone and terbuthylazine at concentrations higher than
2.12 mg kg�1 and 0.38 mg kg�1, respectively (Fig. 3). Regarding
the treatment with the commercial formulation, the number of
survived plants is in average very similar to that of the equiva-
lent condition dosing only the AIs. Although there was a trend
for a slightly higher total number of leaves and related dry
weight, this was not statistically conrmed, which suggests that
co-formulants apparently do not have a role in the overall
toxicity of the commercial formulation. The modelling of B.
napus' dry weight (i.e. the parameter that better relates to the
nal biomass, due to the size variety of the leaves) responses to
the AI mixtures showed the best t for IA with a dose-ratio
dependence deviation (IA-DR, Table 2; Fig. 4). The association
between the experimental data and the response predicted by
this model was strong (R2 ¼ 0.891, Fig. S3†). The best t to this
particular model generally means that the toxicity depends on
the composition of the mixture. In mixtures where bentazone is
348 | Environ. Sci.: Adv., 2022, 1, 342–355
present at a higher relative dose compared to terbuthylazine,
synergism is observed, whereas antagonism occurs especially in
those mixtures where bentazone is present at very low relative
doses and terbuthylazine at higher relative doses (Fig. 4).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Isobologram illustrating the mixture response surface by
Brassica napus following the 14 day exposure to mixtures of benta-
zone and terbuthylazine as predicted by the IA – dose ratio model,
using a TU mixture strength scaling (TU ¼ Ci/ECi) and a grey-scale
gradient indicative of the level of the effect (final dry weight in mg
kg�1).
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Regarding the IA-DR model adjustment, the negative value ob-
tained for the parameter ‘a’ conrms the occurrence of syner-
gism, except for those mixture ratios where signicant positive
‘bs’ were obtained, which refer to antagonism [Table 2 (ref. 39)].
This is in agreement with the negative ‘bbent’ (synergism caused
by bentazone) and the positive ‘bterb’ (antagonism caused by
terbuthylazine). Therefore, and differently from the scenario
depicted aer mixture toxicity modelling of microalgae
responses, some tested mixture ratios were more toxic to B.
napus (synergism due mainly to bentazone) than the corre-
sponding concentrations of the herbicides dosed individually.
Fig. 5 Final number of plants (a) and dry weight (b) of Portulaca
oleracea following a 28 day exposure to bentazone (B) and terbu-
thylazine (T), singly and in mixture, or to Asteca® Mays diluted to the
same concentration tested in one of the other treatments. The marks
represent the average of three replicates and the error bars stand for
the respective standard error. Significant differences among treat-
ments (Tukey's test, p < 0.05) are presented using lowercase letters.
Efficacy of mixtures of bentazone with terbuthylazine against
a major target species

Signicant differences in the growth of P. oleracea were found
following the 28 day exposure to bentazone and/or terbuthyla-
zine, considering all the evaluated parameters, i.e. leaf number
(F17,40 ¼ 19.75, p < 0.001), plant number (F17,40 ¼ 81.47, p <
0.001), average height (F17,40 ¼ 8.19, p < 0.001) and dry weight
(F17,40 ¼ 15.60, p < 0.001). Nevertheless, only 4–5 from the 18
treatments assessed in the mixture assay satisfactorily pre-
vented the growth of the target species, i.e. lowered it by at least
50% compared to the control (see e.g. Fig. 5). Regarding the
single terbuthylazine applications, none of the tested applica-
tion rates were completely effective in inhibiting P. oleracea
growth (no signicant differences were found regarding all the
assessed parameters). Even so, it seems that there was
a tendency for a decrease in the dry weight and in the nal
number of plants per pot at the highest tested concentration
(70 g ha�1; Fig. 5). Single applications of bentazone were
effective only at 64 g ha�1, as shown by signicant effects for the
number of plants and dry weight, and at 600 g ha�1 (i.e. one of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the recommended application rates of bentazone in Asteca®
Mays), as noted by signicant effects regarding the number of
leaves and plants, height and dry weight (Fig. 5 and S4†). Thus,
while the non-target organisms were more sensitive to terbu-
thylazine than to bentazone (Table 1), the target weed was more
sensitive to bentazone. At application rates of 64 g ha�1 ben-
tazone, the growth inhibition calculated for the weed based on
the parameter dry weight was 64%. At close application rates of
terbuthylazine (70 g ha�1), the growth inhibition was only 47%
(dry weight). Curiously, one of the tested mixtures (3.20 g ha�1

bentazone + 0.39 g ha�1 terbuthylazine) potentiated the growth
Environ. Sci.: Adv., 2022, 1, 342–355 | 349
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of the target species, as clearly shown by a tendency for an
increase in the average height, and a statistically conrmed
increase in the number of leaves and dry weight (Fig. 5 and S4†).
The comparison of the response obtained in this treatment with
all the others, including the corresponding single applications,
suggests that these AIs may behave antagonistically whenmixed
at these specic concentrations. The mixture of bentazone with
terbuthylazine was signicantly effective in preventing the
growth of the target weed only at the highest rates tested (70 g
ha�1 of each). The experimental responses obtained for this
mixture condition were very similar to those obtained for the
equivalent commercial formulation treatment (Fig. 5 and S4†,
two last conditions of each graph representing AI mixture vs.
commercial formulation: 91 vs. 96%, 85 vs. 95%, 66 vs. 76% and
92 vs. 98% growth inhibition regarding the average number of
leaves and plants, height and dry weight, respectively). This
indicates that the co-formulants apparently do not have a role in
the overall toxicity of the commercial formulation. The 21 day
measurements regarding all the parameters except dry weight
were similar to those recorded at the end of the exposure
(28 days).

The only tested treatment signicantly preventing the
growth of the target weed (Fig. 5), and concomitantly repre-
senting application rates safe for both aquatic (<EC1) and
terrestrial (EC1–EC5) non-target representative species (Fig. 1;
see additionally the conversion of concentration units in Table
S4†), is the single application of 64 g ha�1 bentazone. However,
the growth inhibition obtained for this treatment was approxi-
mately 60% (average nal dry weight ¼ 0.16 � 0.09 g, compared
to 0.45 � 0.11 g in controls) and the difference was statistically
conrmed only for the number of plants and dry weight.
Comparatively, the highest rate of bentazone tested (600 g ha�1,
Fig. 5) totally eliminated the target weed. Despite this higher
application rate also translating into a surface-water concen-
tration of bentazone safe to the non-target aquatic model (<EC1

calculated for R. subcapitata), it likely represents risk to non-
target terrestrial species. Specically, the corresponding pre-
dicted concentration of bentazone in soil is higher than the
EC50 calculated for B. napus (Fig. 1 and Table S4†). As
mentioned above, one of the recommended application rates of
the commercial formulation corresponds to 600 g ha�1 benta-
zone mixed with 600 g ha�1 terbuthylazine [3 L ha�1 of the
concentrated product28]. Interestingly, the mixture assay
showed that the single application of bentazone at this
concentration is sufficient to completely kill one of the main
target weeds of Asteca® Mays. Importantly, while 600 g ha�1

bentazone can represent a risk to the non-target terrestrial
representative (PEC in soil higher than the EC50 calculated for B.
napus; Fig. 1), the addition of 600 g ha�1 terbuthylazine can also
compromise the aquatic non-target (PECsw higher than the
estimated EC50 for R. subcapitata; Table S4†). The other exper-
imental treatment that signicantly affected the growth of the
weed (70 g ha�1 bentazone + 70 g ha�1 terbuthylazine; Fig. 5)
caused remarkable levels of inhibition (92%) at corresponding
application rates about 10-fold lower than those recommended
in the commercial product.
350 | Environ. Sci.: Adv., 2022, 1, 342–355
Discussion

The present study addressed the sensitivity of non-target
organisms and a target weed to the herbicides bentazone and
terbuthylazine, as well as to their mixture. Terbuthylazine
hampered more the growth of the non-target organisms used in
this study (macrophyte, microalga, monocotyledon and dicoty-
ledon) than bentazone. Differently, the target weed P. oleracea
seemed to be slightly more sensitive to the latter (64 g ha�1

bentazone vs. 70 g ha�1 terbuthylazine). This can possibly be
related to differences in exposure and uptake routes [e.g. ref.
45]. Both non-target and target organisms were realistically
treated in this study. Aquatic non-target organisms (macrophyte
and microalgae) were exposed to the herbicides dissolved in the
aqueous medium, considering that part of the pesticide reaches
edge-of-eld waters through processes like runoff and leaching
aer application of the commercial products, and terrestrial
non-target species (monocotyledon and dicotyledon) were
exposed to soil contaminated by the herbicides, considering
that residues of pesticides adsorb on the soil both by direct
application of the products in the soil before the emergence of
the crops and by pulverization of the products over the emerged
crops. The target weed was pulverized with the herbicides,
which resulted in exposure by contact with the aerial part of the
plant, in a rst stage, and via contact with the contaminated soil
(i.e. part of the preparation applied drains and adsorbs on the
soil, resulting in subsequent chemical absorption by the roots),
in a second stage. Terbuthylazine is a systemic herbicide that is
mainly absorbed through the roots, but in part also through the
leaves.29 Distinctly, bentazone is a contact herbicide [e.g. ref. 46]
readily absorbed through the leaves46 that exerts an effect
mainly through the green parts of the plants, thus being
generally applied aer emergence via foliar application.47 Thus,
the foliar application of bentazone in the target weed should
have increased its efficacy. Both the time and type of applica-
tion, as well as variations in the uptake between species (e.g. via
leaves and roots or only via roots) are likely related with the
observed sensitivity differences. Since Asteca® Mays is a post-
emergence herbicide, the mixture of these two herbicides in
the commercial product should be linked to the distinct contact
and residual actions of bentazone and terbuthylazine, respec-
tively. On the one hand, the contact action will be important to
destroy the germinated weeds and, on the other hand, the
residual action will prevent the germination of new weeds.

Given that bentazone and terbuthylazine have the same
mode of action (i.e. inhibition of photosynthesis at PSII), a good
tting of the CA model to the mixture data regarding both the
microalga and oilseed rape was primarily expected. Neverthe-
less, this model adjusted better to the data only for the micro-
alga. A better tting to the experimental data was found for the
IA model in the case of B. napus. Additionally, different types of
deviations to the main models were noticed for the two organ-
isms (antagonism throughout the whole mixture response
surface for R. subcapitata, and dose-ratio dependence for the
terrestrial plant). This means that chemicals interacted in both
cases, but while the mixture was always less toxic than the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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toxicity of the individual compounds in R. subcapitata, specic
ratio combinations were more and other less toxic to B. napus.

The application of the commercial product at the recom-
mended rates corresponds to PECsoil values higher than the
calculated EC50 for each of the chemicals in B. napus, thus
representing a remarkable potential risk to this and likely also
to other non-target crop species through off-target soil
contamination. Note in addition the relevance of B. napus,
herein used as a non-target species model, as a crop species, for
instance in the Iberian Peninsula (e.g. ref. 48 and 49), which
raises concerns regarding potential ineld risks besides the
most commonly reasoned outeld risks (e.g. ref. 50). Further-
more, given that these herbicides present different times of
degradation in the soil [soil DT50 under eld conditions ¼ 7.5
and 21.8 days for bentazone and terbuthylazine, respectively51],
and that mixtures at lower levels of these chemicals as tested in
this study (maximum of 4.18 mg kg�1 bentazone and 0.38 mg
kg�1 terbuthylazine) behave synergistically (IA-DR) for specic
ratios, the potential risk to non-target plants should indeed be
seriously considered.

Overall, the results of this study suggest that the selected
commercial formulation combining bentazone and terbuthy-
lazine has been applied in the environment at application rates
much higher than those required to kill the target weed P.
oleracea. Application rates 10-fold lower than recommended
were totally efficient in inhibiting the growth of the target weed.
This overdosing conicts with a proper policy to efficiently
manage the well-known risks of environmental contamination
by pesticides and consequent noxious effects in non-target
organisms.52 More generally, it conicts with well-established
priorities for the sustainable governance of environmental
protection and agricultural production as imprinted for
instance in the European Green Deal,53 and particularly in the
Farm to Fork strategy aiming for a fair, healthy and environ-
mentally friendly food system.54 Off-target losses occur during
application of the pesticides by pulverization in the eld (e.g.
ref. 55), and this is possibly linked to the recommendation of
higher rates. The application in the laboratory is performed in
a more controlled environment (e.g. ref. 56), and variables such
as immediate transport by wind were not herein considered.
Despite that, the application by pulverization in the lab also
resulted in some losses to the area surrounding each replicate
pot (pots were pulverized individually), and a difference of an
order of magnitude in the application rates to compensate off-
target losses seems empirically high. Moreover, since off-
target losses in the eld should also result in increased levels
of contamination of eld and edge-of-eld non-target environ-
ments, the assumption of substantial losses should additionally
be reected in supplementary measures to protect these
ecosystems.4

The total efficacy of another herbicide at rates 10-fold lower
than recommended was also conrmed in a previous study
from our lab.21 Although in ref. 21 the commercial formulation
combining terbuthylazine with another herbicide (nic-
osulfuron) showed much lower efficacy than the equivalent
mixture of the AIs only in the control of the target weed (P.
oleracea), the single application of terbuthylazine at rates 10-
© 2022 The Author(s). Published by the Royal Society of Chemistry
fold lower than those recommended in the product label
reduced the growth of the plant to nearly null records (growth
inhibition ¼ 88%). Herein, the other formulants of Asteca®
Mays did not have a relevant role in the overall toxicity of the
formulation, but the trend for a good herbicidal performance at
much lower rates of AIs than recommended was also observed.
The maximum concentration of terbuthylazine tested singly
herein (70 g ha�1) caused a 47% dry-weight-based growth
inhibition (illustrated in Fig. 5), which reects a comparatively
milder effect that should be likely due to differences in the
experimental conditions applied in the two studies (e.g.
different soil types). Other cases of efficacy of pesticides against
target species at much lower application rates than recom-
mended are found in the literature. For example, multiple
studies performed during a 3 year period in the USA showed
that half or in some cases even a quarter of the recommended
application rates of several post-emergence herbicides (e.g.
aciuorfen, bentazone, aciuorfen plus bentazon, and chlor-
imuron) caused similar weedmanagement success compared to
full rates.57 In addition to decreasing potential risks to the
environment, the application of lower rates can also reduce the
costs of treatment for the farmers (e.g. ref. 17). The results ob-
tained in the present study overall suggest that the single
application of only one of the AIs used in Asteca® Mays (i.e.
bentazone) at application rates between 64 g ha�1 and 600 g
ha�1 (i.e. possibly lower than the application rate proposed in
the commercial product – 600/800 g ha�1; yet note that inter-
mediate rates between 64 g ha�1 and 600 g ha�1 have not been
tested herein) would be environmentally safer (PECsw < EC1

calculated for R. subcapitata; EC1 < PECsoil > EC50 calculated for
B. napus) than the two-way formulation. Namely, although the
treatment corresponding to 70 g ha�1 bentazone with 70 g ha�1

terbuthylazine has been very effective against the target weed,
this specic application rate of terbuthylazine corresponds to
PECsoil and PECsw between the EC20 and the EC50 calculated for
B. napus and R. subcapitata, respectively. This PECsw for terbu-
thylazine is also higher than the estimated EC50 for the other
non-target species considered in the present study (L. gibba).
This additionally corroborates the argued risks that the appli-
cation of this herbicide combination may represent to edge-of-
eld freshwater ecosystems. Moreover, it should be taken into
account that no indications of a synergic action of these two AIs
were found in any of the mixture treatments tested in the
present study towards P. oleracea, which suggests that this
mixture used in the commercial product may not represent the
most advantageous option for the control of this target weed.
Considering the AIs rather than the whole formulation,
a commercial product containing only bentazone at application
rates lower than those currently used (64–600 g ha�1) seems to
be a suitable and environmentally friendlier alternative to treat
P. oleracea. Curiously, a commercial product containing only
bentazone known as Kaos® is already sold by the same
company of Asteca® Mays, and P. oleracea is also one of the
main target weeds of this alternative formulation.58 Neverthe-
less, the recommended application rates of this alternative
product also seem to be much higher than needed to kill this
weed. Namely, a minimum of 1200 g ha�1 and a maximum of
Environ. Sci.: Adv., 2022, 1, 342–355 | 351
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1920 g ha�1 are recommended for application inmaize and rice,
respectively.58 These rates correspond to a PECsoil higher than
the calculated EC50 for B. napus, and to a PECsw between the EC1

and the EC5 for R. subcapitata.
In addition to the off-target losses of the pesticides during

application that depend on weather and also specic conditions
of the application site (e.g. ref. 55), the recommendation for use
of high rates by the manufacturers is likely to be related to
differences in the susceptibility by several target species, as well
as to the circumvention of weed resistance (e.g. ref. 59 and 60).
While the products are designed to kill all the target species
mentioned on the label, including the most tolerant, the
potential of weed resistance should also be considered in the
selection of the dose. In fact, the effect of the pesticide's dosage
in the development of resistance has been debated over the past
years (e.g. ref. 61 and 62). For instance, several studies from
Powles et al. have shown that recurrent exposure to low doses of
the same herbicide may result in herbicide resistance develop-
ment (e.g. ref. 63–65). It is important to ensure that the appli-
cation of low rates of herbicides, as suggested in the present
study, does not promote the development of weed resistance
through an incomplete control of the weeds and hereditary
transmission of resistance traits. Strategies other than dose
manipulation have been used to tackle weed resistance, like the
mixture and the alternation between pesticides with different
modes of action, as it is assumed that resistance typically
develops due to continuous use of active ingredients with
similar toxic mechanisms, which thus increases selection
pressure for pesticide-resistant biotypes (e.g. ref. 66). Overall,
potential of herbicide resistance for different application rates,
as well as herbicide combinations, should be carefully analysed
prior to commercialization to optimize the overall efficacy and
reduce the risks to non-target ora and fauna.67–70

Current ndings highlight the promising applicability of the
approach used to improve environmental safety of herbicides at
design stages concomitantly considering the efficacy towards
target species. Still, it would be important to further test the
efficacy of environmentally safer alternative application rates
found under eld conditions. This is due to a potential variation
of specic variables (e.g. temperature, wind, land conditions)
affecting the fate and behavior of the pesticides in the eld. For
further application, the step of environmental safety assess-
ment can be adjusted according to the needs. For instance, to
test other types of pesticide products such as insecticides,
sensitive non-target insects must be preferred. This step can
include more species in case a broader representativeness is
desired. Alternatively, and depending on data availability,
species sensitivity distributions can be used for a more
comprehensive understanding of environmental hazards
involved.

Conclusions

This study reinforces the importance of assessing the effects of
pesticides in non-target representatives of both the aquatic and
terrestrial compartments for appraising their environmental
safety. In fact, we show herein by using a marketed commercial
352 | Environ. Sci.: Adv., 2022, 1, 342–355
formulation combining bentazone and terbuthylazine as
a model that licensed application rates of bentazone are safe on
non-target aquatic organisms but have a remarkable hazardous
potential on non-target terrestrial species. Terbuthylazine rep-
resented risk to both aquatic and terrestrial organisms at
application rates much lower than recommended. A one-way
formulation including bentazone (as an AI), which is actually
already available on the market, seems to represent an envi-
ronmentally safer alternative to the two-way formulation
combining bentazone with terbuthylazine in the control of the
target weed P. oleracea. Moreover, our results suggest that the
recommended application rates of bentazone in any of the
commercial formulations are not the most suitable to treat this
target weed. In spite of their efficacy against the weed, they
represent a potential risk to soil ecosystems. The availability on
the market of commercial products specic for each weed
species would be theoretically ideal, but most likely not prac-
ticable. However, the systematic adjustment of the recom-
mended application rates during design stages considering
each target species, by making use of well-developed testing and
modelling frameworks as those used in the present study,
should certainly be valuable to promote environmental safety
within agroecosystems. By picturing our case-study with
Asteca® Mays, one can appraise that such an adjustment would
translate into a remarkable reduction of approximately 10-fold
for bentazone and terbuthylazine reaching off-site ecosystems.
If one dramatically hypothesizes that this 10-fold reduction
could apply to herbicides in general, the amount of herbicidal
AIs applied would decline from approximately 2 thousand
tonnes [total of AIs used in 2019 (ref. 71)] to 0.2 thousand tonnes
in a year in a small country such as Portugal. The potential
benets of the addressed approach reinforce the importance of
testing on the efficacy of proposed alternative formulations
under eld conditions in further studies.
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