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Abstract 

The current regulatory approach to address aquatic mixture toxicity for pesticides in the EU (EFSA J 11:3290, 2013) is 
rather complex: in typical cases it requires conducting the entire mixture risk assessment scheme for every exposure 
scenario separately (e.g. 6–8 ecotoxicological endpoints, for each of the nine exposure scenarios for the European 
Central Zone with 24 common mitigation measure combinations result in over 1700 sub-scenarios to be assessed). 
This article discusses the available concepts for a mixture toxicity assessment, the key questions raised and the imple-
mentation of these questions in existing risk assessment approaches. Based on this, an alternative, more efficient 
assessment scheme for aquatic mixture risk assessment (AMiRA) is proposed with the aim of facilitating the practical 
conduct and interpretation of the assessment while addressing the key questions and preserving the level of protec-
tion. The scheme assesses product risk (including a check for non-additive effects), the presence of a risk driver and 
gains efficiency by the straightforward use of risk quotients (RQ) to calculate mixture risk quotients (RQmix) that are 
equivalent to the calculation of exposure toxicity ratios for a mixture (ETRmix,CA = Exposure-Toxicity-Ratio for mixtures 
based on concentration addition) proposed by EFSA (EFSA J 11:3290, 2013). A case study is provided underlining the 
equivalence of the proposed approach to the EFSA (EFSA J 11:3290, 2013) decision tree.
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Background
In the regulation of plant protection products (PPP), risk 
assessments are a key requirement to ensure human and 
environmental safety. In these risk assessments hazard 
and exposure for the active substances are addressed. 
However, PPP are sometimes formulated and applied 
as mixture products, in which two or more active sub-
stances are combined to, e.g. increase the efficacy to a 
broader range of pest organisms or for resistance man-
agement. Thus, in recent years the assessment of mixture 
toxicity (i.e. toxicity from application of a product with 
multiple constituents, not from e.g. spray series) has 
increasingly gained interest, resulting in the development 

of conceptual frameworks and guidance documents 
addressing the mixture toxicity risk assessment for 
human health and the environment [3, 4, 11, 24, 25, 
27–29]. In theory, mixture effects from pesticides can be 
expected for all environmental situations in which active 
substances co-occur resulting in a multitude of potential 
mixture compositions to be assessed for their risk, so 
some filter needs to be applied to get to mixtures of con-
cern. Active substances which are most likely to co-occur 
and occur at the highest relative concentrations are those 
formulated and applied together.

In Europe, mixture risk is addressed in new legal 
requirements to consider potential interactions between 
active substances (a.s.) that triggered the development 
of mixture risk assessment approaches. Regulation (EC) 
No. 1107/2009, Article 29, states that “…] interaction 
between the active substance, safeners, synergists and co-
formulants shall be taken into account in the evaluation 

Open Access

*Correspondence:  anja.gladbach@bayer.com
2 Bayer AG, Crop Science Division, Alfred‑Nobel‑Str. 50, 40789 Monheim 
am Rhein, Germany
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-7008-9499
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-022-00594-3&domain=pdf


Page 2 of 17Dietrich et al. Environmental Sciences Europe           (2022) 34:16 

of plant protection products.” For an environmental risk 
assessment, the highest exposure and consequent risk is 
to be expected at the edge-of-field for aquatic organisms. 
Thus, a first focus area was the integration of mixture risk 
assessments in aquatic risk assessments [2, 18, 22, 28].

A basic concept of the mixture assessment is to use 
endpoints from existing studies in order to avoid unnec-
essary testing, for both animal welfare reasons and 
efficiency regarding the preparation and review of regula-
tory submissions. Given the multitude of potential mix-
ture compositions (even after identifying for mixtures of 
concern) due to, e.g. different environmental behaviour 
of active substances in a mixture toxicity is increasingly 
addressed by toxicity calculations based on established 
concepts like Concentration Addition (CA) or Independ-
ent Action (IA) rather than the generation of new data. 
Key concepts of all mixture risk assessment approaches 
are to assess the toxicity of mixtures based on CA, IA or 
other assumptions, the existence of a risk driver or the 
proportion of the substances in a mixture vs. the propor-
tion in the environment [2, 18, 22, 28].

The regulatory approach to address aquatic mixture 
risk of pesticides in the EU, i.e. the guidance on tiered 
risk assessment for plant protection products (PPP) for 
aquatic organisms in edge-of-field surface waters [14], 
combines several of these concepts. Large parts of EFSAs 
approach are based on previous publications by EFSA, 
namely the guidance on birds and mammals [13] and the 
scientific opinion on the science behind the development 
of a risk assessment of PPPs on bees [12]. The previously 
published approaches were adapted by EFSA [14] consid-
ering the specific characteristics of aquatic risk assess-
ment by relying on review literature [2, 22, 28].

The approach proposed by EFSA [14], however, is a 
rather complex 10-step decision tree including the com-
parison of measured vs calculated product toxicity (and 
the subsequent use of either one depending on the com-
parison outcome), the check for a toxicity driver and 
potential synergism or antagonism. Although this deci-
sion tree captures all relevant aspects and questions in 
aquatic mixture risk assessment, opportunities to focus 
the risk assessment on the most critical scenarios exist 
but are often not implemented in regulatory practice. 
One key aspect here is the sentence: “Note, this mixture 
RA scheme has to be carried out for each endpoint and 
exposure scenario separately unless it is evident that one 
specific endpoint/exposure scenario combination clearly 
drives the risk.” (EFSA [14], point 2.5). For aquatic risk 
assessments in EU legislation, exposure is estimated 
based on FOCUS [16], a scenario-based, stepwise proce-
dure for exposure in edge-of-field surface waters. While 
Step 1 and 2 result in one or two worst-case exposure 
scenarios across EU, step 3 already considers numerous 

different scenarios across EU (ponds, ditches, streams, 
e.g. 9 for the central zone) and step 4 allows taking into 
account matrixes of exposure reduction measures (drift 
and run-off buffers of different widths combined with 
drift reduction between 50 and 90%) to identify meas-
ures needed to ensure acceptable risk for the use under 
evaluation. Depending on the risk profile of the active 
substance, different FOCUS steps might be needed to 
conclude a risk assessment and for the different active 
substances in a mixture, the most sensitive aquatic 
taxa can be different. With this combination of FOCUS 
steps and 6–8 eco-endpoints (acute/chronic for differ-
ent taxa), the scenario and eco endpoint specific mixture 
risk assessment can result in hundreds of pages of com-
plex calculations and the identification of a worst-case 
scenario is not necessarily straightforward for a mixture 
product.

Tools have been designed to address the complex cal-
culations as per the aquatic guidance decision tree and 
make them easier to conduct and implement in a regu-
latory submission and assessment (e.g. [9, 19]). However, 
these tools only facilitate the conduct of the multiple 
calculations, but do not remove the complexity of the 
required assessments in terms of numerous scenarios to 
be addressed and the associated efforts in interpretation 
of the results and conclusions on calculated risks and 
management needs.

Recently, Chen et al. [8] proposed a framework for risk 
assessment for pesticide mixtures on aquatic ecosystems 
in China, aiming to reduce unnecessary complexity and 
workload by introducing a screening stage prior to a risk 
assessment scheme similar to the approach by EFSA [14]. 
Furthermore, elaborated developments regarding tiered 
assessment schemes took place in Europe to improve 
concepts from existing risk assessment schemes (e.g. the 
identification of risk or toxicity drivers and the use of 
alternative methods for calculating mixture toxicity [23]. 
However, the shortcoming of not removing complexity 
is even acknowledged in the tools referred to above e.g. 
regarding the Toxic Unit (TU) approach recommended 
in EFSA [14] stating that this "seems to add rather more 
complexity than facilitating the MixTox assessment (as 
initially intended)". Any simplification whilst maintain-
ing the level of protection would be of benefit. Only few 
risk assessment schemes have been proposed so far spe-
cifically aiming to clearly reduce the complexity of the 
approach by EFSA [14] while preserving its level of pro-
tection [10, 31].

In the present study, the key questions raised in a mix-
ture risk assessment and the implementation of these 
questions in existing risk assessment approaches for 
aquatic mixture risk assessment under Regulation (EC) 
1107/2009 are discussed (whilst as a general approach, it 
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may well be applicable elsewhere). Finally, an alternative 
simplified approach for aquatic mixture risk assessment 
(AMiRA) is developed with the aim to facilitate the prac-
tical conduct of a risk assessment while answering the 
key questions and preserving the level of protection.

Key questions for a mixture risk assessment
For mixture risk assessments the following points need 
to be considered: (1) concepts regarding the combination 
toxicity of substances (e.g. interaction or applicability of 
CA and IA); (2) risk assessment calculation for predicted 
mixture toxicity (ETR vs. RQ); (3) consideration of a 
worst-case exposure scenario; (4) identification of sub-
stances which drive the exposure or risk assessment and 
(5) use of measured or calculated mixture toxicity.

The first two points have been broadly discussed in 
the scientific literature. Therefore, detailed information 
about these two points is provided in the supplemen-
tal material S1. The remaining three points have not yet 
been discussed in detail. Therefore, these points are out-
lined in detail in the following sections.

Identifying a regulatory worst‑case exposure scenario
As outlined above, European regulation requires captur-
ing the variability in exposure resulting from different 
soil, climate and other conditions for the risk assessment 
of pesticides [16]. In Europe, a standard set of nine sur-
face water exposure scenarios is used for the risk assess-
ment [1], with an increasing number of scenarios to be 
assessed when the consideration of mitigation measures 
at FOCUS steps 3/4 is necessary to show an accept-
able risk from a use: for each of the nine pond, ditch and 
stream scenarios there are 28 potential mitigation meas-
ure combinations from different spray buffers, vegetation 
strips and nozzle reductions, resulting in a total of 252 
sub-scenarios to be assessed for each considered aquatic 
toxicity endpoint. However, depending on the risk profile 
of substances, risk mitigation options might only be nec-
essary for a subset of scenarios and/or taxa.

Given the tiered approach of FOCUS (with lower steps 
being more conservative) and the fact that for the risk 
assessment of individual active substances calculations 
will only be conducted to the level needed to pass the 
risk assessment, the individual active substances within 
a mixture may not necessarily have reached equivalent 
steps in the FOCUS evaluation.

Since the predicted environmental concentrations 
(PECs) of individual active substances are different in 
each of the scenarios a fundamental question in the mix-
ture risk assessment is, whether it is possible to define a 
worst-case mixture exposure scenario out of these based 
on PECs of individual substances or whether a worst-
case can only be defined for the risk assessment when 

the composition and subsequent potential toxicity of 
mixtures associated with each scenario are taken into 
account.

One option is to conduct the risk assessment for every 
single scenario separately and to select the worst-case 
risk assessment afterwards. Another option is to search 
for a worst-case scenario among the candidate scenarios 
up front, just selecting the scenario with the worst-case 
exposure in total (i.e. the scenario with the highest sum 
of PECs of individual substances) or an artificial worst-
case scenario consisting of each worst-case PECs from 
multiple scenarios [8]. Although the latter approach 
clearly results in a (likely overly conservative) worst-case 
exposure scenario, both approaches neglect the spe-
cific toxicity of the individual substances in the mixture. 
An advanced alternative is a scenario selection based 
on worst-case risk quotients (RQs). Risk quotients are 
defined as the ratio between the exposure (i.e. PECs) and 
a toxicological endpoint (i.e. ECx) including an assess-
ment factor (AF) defined in e.g. the aquatic guidance 
document by EFSA [14]:

The quotient ECx/AF corresponds to the regulatory 
acceptable concentration (RAC) or to the predicted no-
effect concentration (PNEC).

A combined risk quotient from the mixture RQmix can 
be obtained by summing up the RQs from the single sub-
stances (RQmix = ∑RQ). This combined risk quotient can 
be used to select a worst-case risk scenario.

To illustrate the worst-case character of a scenario 
selection based on RQmix, an example is shown in 
Table 1. It can be seen that the RQmix calculation is equiv-
alent to the calculation of ETRmix,CA values based on the 
assumption of concentration addition (CA) that are used 
by EFSA [14] to calculate mixture toxicity. The worst-
case scenario indicated by the highest RQmix therefore 
corresponds to the worst-case risk assessment from all 
scenarios.

Hence, in conclusion, it has been illustrated that a 
scenario selection based on the worst-case RQmix cor-
responds to the worst-case risk assessment from all sce-
narios when CA-based mixture risk has been calculated.

In summary, there are three main reasons for using 
(mixture) risk quotients in the context of scenario selec-
tion for the risk assessment:

1)	 Risk quotients closely relate to the idea of the risk 
assessment itself, providing an immediate and intui-
tive understanding of (un)acceptability of a risk 

(1)RQ =

PEC

ECx/AF
.
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without additional information necessary on AF or 
acceptability criteria.

2)	 The use of mixture risk quotients allows ranking of 
and an identification of a worst-case risk assessment.

3)	 Risk quotient calculation is part of the aquatic risk 
assessment for individual active substances and after 
the selection of a worst-case scenario the individ-
ual substance RQs can directly be summed up and 
used for a risk assessment of the mixture (instead of 
investing in additional calculations of scenario-spe-
cific PECmix and ETRmix values, which are mathe-
matically equivalent as shown in the Additional file 1: 
S1).

Identification of substances which drive the exposure 
or risk assessment
In a mixture of chemicals some chemicals will contribute 
more to the mixture toxicity than others. Usually, only a 
handful of substances contribute to the vast majority of 
the mixture toxicity [15, 21, 30]. If one substance is the 
main contributor to the overall toxicity of a mixture (usu-
ally attributed to a ≥ 90% contribution, e.g. EFSA [14]), it 
may be sufficient to conduct the risk assessment only for 
that one substance.

Brown [7] demonstrated the estimation of the toxic-
ity of a mixture by adding up proportional toxicities 
obtained from the ratio between the concentration of a 
mixture component and its toxicological endpoint:

The ratio between single proportional toxicities (so-
called ‘toxic units’, TU) and their sum are used to quan-
tify the magnitude of toxicity contribution [15, 21, 30]. 
Notably, the concept of proportional toxicities and their 
summation correspond to the concentration addition 

(2)TUi =

ci

ECxi
.

concept for calculating mixture toxicity, i.e. the concepts 
are transferrable.

If the identified toxicity driver in a product (= fixed 
composition) is only present in a low proportional con-
centration in an environmental mixture, it may actually 
not drive the environmental risk; other, less toxic com-
ponents are risk drivers due to proportional high concen-
trations in the environment. These differences between 
concentrations in a product and environmental concen-
trations of active substances may arise based on the dif-
ferent environmental fate and transport after emission. 
Hence, from the perspective of a risk assessor, a risk 
driver would be more appropriate than the toxicity driver 
obtained from the evaluation of TUs.

An alternative approach could therefore be based on 
proportional risk rather than on proportional toxicity. 
A proportional risk quotient (PRQ) could simply be cal-
culated by applying the concept used for TU to the ratio 
between RQs from single substances and the overall 
RQmix:

A risk driver could then be identified if one substance 
clearly drives the risk from the mixture, i.e. if the maxi-
mum RQ from one active substance represents the vast 
majority of the RQmix (similar to the maximum cumula-
tive ratio approach by [26]. This approach is only valid if 
no synergism has been detected.

To quantify the deviation between measured and 
calculated mixture toxicity, the model deviation ratio 
(MDR) has been introduced [5]. It is calculated by 
dividing the calculated mixture toxicity by the observed 
mixture toxicity. If the MDR markedly differs from 1, 
the calculated mixture toxicity contradicts the meas-
ured mixture toxicity. Potential antagonism is identi-
fied for small MDRs (< 0.2) and potential synergism 

(3)PRQi =

RQi

RQmix

Table 1  Example with toxicity and exposure values for hypothetical substances and scenarios based on worst-case RQmix

a  The calculated RQmix is identical to the CA-based ETRmix,CA multiplied by the assessment factor (AF = 100)
b  Selected worst-case scenario

Substance A Substance B Mixture riska

EC50 [mg a.s./L] 1.1 82

RAC [mg a.s./L] 0.011 0.82

Scenario PEC [mg a.s./L] RQ PEC [mg a.s./L] RQ RQmix AF*ETRmix,CA

1 0.001 0.091 0.317 0.387 0.477 0.477

2 0.002 0.182 0.291 0.355 0.537 0.537

3 0.007 0.636 0.211 0.257 0.894 0.894

4 0.006 0.545 0.256 0.312 0.858 0.858

5b 0.008 0.727 0.195 0.238 0.965 0.965
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is identified for high MDRs (> 5). In case of apparent 
antagonism (MDR < 0.2) the calculated mixture risk 
exceeds the measured mixture risk at least by a factor 
of five, meaning that the risk from a single risk driving 
substance would exceed the measured mixture risk at 
least by a factor of 4.5 (90% * 5). Hence, the PRQ cal-
culations are considered to be conservative for appar-
ent antagonism. As depending on the toxicity profile 
of substances sensitivity differences for different taxo-
nomic groups might be larger or smaller, an assessment 
for a risk driver must be carried out for each taxonomic 
group separately.

In the current EFSA [14] decision tree, it is not clearly 
stated whether the composition of a mixture refers to the 
product composition or the environmental concentra-
tions, i.e. if the assessment is identifying a toxicity or risk 
driver. Consequently, depending on the interpretation of 
the term “composition” different assessments for either 
a toxicity or risk driver lead to different conclusions in 
the decision tree. For instance, a calculation tool for 
EFSA [14] developed and released by FPS Health, Food 
Chain Safety and Environment for Belgium [17], consid-
ers the product composition to derive TU and identifies 
a toxicity driver; whereas an alternative calculation tool 
developed as an initiative of regulators from different 
European member states [19] considers environmental 
concentrations and consequently derives a risk driver. 
The FAQ accompanying the latter calculation tool high-
lights the following: “Note also that the driver is often 
based on the product composition (as stated in the guid-
ance) but this is scientifically not correct (as clarified in 
an email exchange with EFSA). The tool (assessment Step 
5-Driver assessment) can be used to check if this is rel-
evant in the specific case (i.e. if the results of Eq.  14 are 
different in case the proportions are based on the composi-
tion of the product instead of the composition at the PEC-
mix, the latter of which may lead to different results for the 
FOCUS scenarios under assessment)”. This clarification of 
the influence of the composition used (product vs envi-
ronment) and the impact on the conclusion on a toxic-
ity or risk driver is a very important addition. With this 
additional clarification, the here proposed PRQ is in line 
with the assessment intended in the EFSA [14] decision 
tree.

Using measured or calculated mixture toxicity
When measured mixture toxicity data are missing, cal-
culated mixture toxicity based on component-based 
approaches are considered the second best option [18]. 
In order to not increase testing requirements, the con-
ceptual use of calculated mixture toxicity is widely con-
sidered to be acceptable [14, 22].

If measured data are available, there are essential ques-
tions arising from the use of these data:

1)	 Does the calculated mixture toxicity differ from the 
results from the measured data (and if yes, do meas-
ured data show higher or lower toxicity than the cal-
culated toxicity and what are potential reasons for 
this)?

2)	 Are the results from laboratory tests representative 
for the application of the mixture under field condi-
tions (i.e. does the formulation composition in the 
toxicological tests reflect the mixture composition of 
the substances in the field and is information on eco-
logically relevant metabolites available from formula-
tion testing)?

3)	 If required: Do substances other than active sub-
stances need to be considered in the mixture risk 
assessment or overall exposure levels (e.g. metabo-
lites and or other formulation components)?

Belden et  al. [5] observed that 88% of the reviewed 
experiments evaluating the CA model (regardless of MoA 
and pesticide target groups) had MDRs ranging between 
0.5 and 2.0 (about 5% of MDRs were less than 0.5 and 
about 5% were greater than 2.0). According to EFSA [14] 
a deviation factor of five (0.2 ≤ MDR ≤ 5) is considered to 
be acceptable to account for biological and other varia-
tion in testing.

Whether the results from laboratory tests are repre-
sentative for the application of the mixture under field 
conditions can be evaluated by comparing the calculated 
mixture toxicity based on (i) the mixture composition as 
used in the toxicological tests and (ii) the mixture com-
position as expected from realistic exposure scenarios 
(i.e. using PECs from FOCUS surface water scenarios). 
However, although this comparison of mixture composi-
tion is an important point, in the absence of synergy (as 
determined by MDR) it is an unnecessary complication 
for the risk assessment and protection will be ensured 
by a CA approach. The allowed magnitude of deviation 
has then to be based on expert judgement (e.g. maximum 
deviation of 20% as proposed by EFSA [14] and chen 
et al. [8].

It is generally advised to check whether metabolites 
of toxicological relevance have to be included into the 
mixture risk assessment exposure level [14]. Although 
metabolites are in most cases less toxic than the respec-
tive parent substances the risk from exposure to them is 
assessed by calculating metabolite PECs. With both tox-
icity and exposure information available, they thus can 
be included in a quantitative CA mixture risk assessment 
if they are identified as contributing significantly to the 
risk. However, typically there is little information about 
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metabolite concentrations available from a toxicity study 
with a specific formulation because usually only the con-
centrations of the active substances within the tested 
product are confirmed analytically. In addition, the expo-
sure differences between specific FOCUS surface water 
scenarios (especially between pond, ditch and stream 
scenarios) can be very pronounced in practice. Therefore, 
it is difficult to compare the toxicity of the product based 
on formulation composition and the toxicity of the prod-
uct based on PECs under field conditions and the usabil-
ity of measured data are usually very limited. Exposure 
by spray drift best represents the conditions of both the 
aquatic test system and in the environment after entry 
of a product into the waterbody, as here no environmen-
tal degradation and (re)distribution processes affect the 
composition of ingredients. Since the mixture risk assess-
ment according to EFSA [14] should only be based on 
measured mixture toxicity data if the mixture composi-
tion in the tested product in laboratory tests is similar 
to the mixture composition at the PECmix in terms of 
the relative proportions of the individual a.s., and with 
metabolites not being present in the initial product com-
position, only calculated mixture toxicity can take into 
account both active substances and relevant metabolites. 
It thus can be argued to always use calculated mixture 
toxicity for the mixture risk assessment and use meas-
ured data within a risk assessment for the product after 
spray-drift entry.

Risk assessment approaches by EFSA [14] and Chen 
et al. [8]
The guidance on tiered risk assessment for plant protec-
tion products for aquatic organisms in edge-of-field sur-
face waters by EFSA [14] is the most relevant approach to 
address aquatic mixture risk for pesticides in the EU, this 
approach is discussed in detail in the following section. 
Chen et  al. [8] recently proposed a framework for risk 
assessment for pesticide mixtures on aquatic ecosystems 
in China similar to EFSA [14] but including a screening 
stage, this approach is thus considered as well.

Risk assessment scheme by EFSA [14]
The risk assessment by EFSA [14] is based on the concept 
of CA and an approach which initially includes:

1)	 The detection of potential antagonism/synergism by 
calculating the model deviation ratio (MDR = calcu-
lated mixture toxicity/measured mixture toxicity).

2)	 A check for ‘toxicological similarity’ by comparison 
of calculated ECxmix values based on (i) formulation 
composition and (ii) PEC proportions.

3)	 A check for toxicity driving single active substances.

Following this initial review, the decision scheme by 
EFSA [14] can result in three types of risk assessment:

1)	 The risk assessment could be based on calculated 
mixture toxicity if (i) measured mixture toxicity data 
are not available (Step 1) and no synergy is demon-
strated or anticipated (Step 7) or (ii) if uncertainty 
over the measured data (e.g. unexplained antago-
nism, Step 9) remains or if (iii) the measured mixture 
composition is not toxicologically similar to the mix-
ture composition at PECmix (Step 3) and no toxicity 
driver could be identified (Step 5).

2)	 The risk assessment could be based on measured 
mixture toxicity if the measured and calculated 
mixture toxicity differ by less than a factor of five 
(0.2 ≤ MDR ≤ 5, Step 2) and the measured mixture 
composition is similar to the mixture composition at 
PECmix (Step 3).

3)	 The risk assessment could be based on a single active 
substances if it clearly drives the mixture toxicity 
(Step 5).

Measured mixture toxicity data are not strictly required 
to conduct the risk assessment, but have to be taken into 
account if there is evidence for synergistic interaction 
from the comparison of the CA model against existing 
measured data. An overview about the different steps is 
given in Fig. 1. Note that the check for the apparent syn-
ergism (step 10 in EFSA, [14]) is missing in the flowchart, 
because without exception it always leads to the same 
subsequent step (step 3 in EFSA [14]).

Overall, there are many branches and decisions within 
the decision tree all leading to the final evaluation of 
ETRs based on measured or calculated mixture toxicity 
or single active substances.

Notably, the opportunity to use RQmix instead of 
ETRmix-CA for the risk assessment is offered in EFSA [14] 
for single species mixture risk assessments but is only 
linked to the case of different AFs although the endpoints 
to be used for the mixture risk assessment refer to the 
same taxonomic group. However, in the associated calcu-
lation tool, RQmix is offered not just when AFs differ but 
also when data of different species other than standard 
tier 1 are used. This highlights the additional advantage 
of the RQ metric enabling a direct comparison across 
different tiers of a risk assessment which is not possible 
with ETRmix. Based on the fact that CA has been devel-
oped and evaluated for tier 1 standard laboratory data, 
more research is needed to evaluate whether RQmix cal-
culations are also robust when including higher-tier tox-
icity data. Therefore, in principle, RQmix could replace 
ETRmix for all situations where tier 1 standard data are 
used in the risk assessment since it has been shown for 
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Fig. 1  Flowchart for mixture toxicity risk assessment scheme by EFSA [14]. aSkip step 5 and proceed with step 8 using modified ETR trigger values 
(according to EFSA [14], the ETR trigger should be divided by the MDR) if synergism was detected at step 2 (MDR > 5)
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both approaches that they are equivalent. There are some 
points limiting the efficiency of the approach by EFSA 
[14] outlined in the following:

1)	 There should be no need to check for toxicity drivers 
(step 5 in EFSA, [14]) after interaction (i.e. antago-
nism/synergism) was detected. In general, this step 
would be more appropriate prior to the mixture 
toxicity risk assessment to enhance an efficient risk 
assessment (currently, the check for a risk/toxicity 
driver is conducted regardless of the magnitude of 
the overall risk). Furthermore, the use of a risk driver 
would be a preferable alternative to the use of a toxic-
ity driver in order to also consider the exposure level 
and thus to increase the level of protection.

2)	 The absence of measured data requires a decision 
whether synergistic effects are evident (step 7 in 
EFSA, [14]). In the absence of measured data allow-
ing an MDR calculation, this could include any rel-
evant toxicological information including read across 
from other species and chemicals based on mode 
of action or TK/TD information on the mixture. 
If apparent synergism is detected (MDR > 5), the 
scheme suggests that the ETR trigger is divided by 
the MDR to account for this is the assessment. How-
ever, if the mixture ratio tested was similar to that 
being assessed, the measured toxicity could be used 
directly rather than applying an additional AF and 
basing the assessment on calculated mixture toxicity

3)	 Step 3 in EFSA [14] is used to check whether meas-
ured or calculated mixture toxicity data could/
should be used for the risk assessment. It does so by 
comparing measured toxicity data for the product 
(ECxprod) to calculated ECxmix values based on indi-
vidual substance toxicity and environmental expo-
sure. Based on the decision tree provided in EFSA 
[14] in addition to proceeding from Step 2 to Step 
3, it is also possible to return to Step 3 from Steps 9 
and 10 (recheck for antagonism/synergism). As steps 
9 and 10 are reached after Step 2 (= MDR analysis 
showing that the measured mixture toxicity devi-
ates much from the calculated one) this duplicates 
the work and could be overcome by directly con-
tinuing to work with the calculated toxicity. Further-
more, another inconsistency can be seen at step 10 
in EFSA ([14], recheck for synergism): It is only pos-
sible to reach Step 10, when measured data are used. 
However, the question regarding measured data are 
again raised in this step although it has already been 
answered (when no measured data are available, one 
should proceed with Step 8, where the risk assess-
ment is based on calculated mixture toxicity). Hence, 

Step 10 can generally be skipped and one can directly 
proceed with Step 3.

4)	 The approach by EFSA [14] requires conducting 
the entire risk assessment scheme for every expo-
sure scenario separately (e.g. six to eight toxicologi-
cal endpoints, depending on the PPP type, for each 
of e.g. nine exposure scenarios for the European 
Central Zone with 24 common mitigation measure 
combinations result in over 1700 sub-scenarios to be 
assessed).

Risk assessment scheme by Chen et al. [8]
In general, the approach by Chen et  al. [8] can be con-
sidered an extended variation of the approach by EFSA 
[14] using some of EFSA’s concepts (e.g. the calculation 
of MDR and the check for toxic similarity are essentially 
similar). Chen et al. [8] aimed to reduce the workload for 
a mixture toxicity assessment by introducing a prelimi-
nary screening stage (tier 0) and adjusted widely accepted 
scientific concepts (e.g. the concept of concentration 
addition) to local needs (e.g. use of local scenarios). The 
tier 0 risk assessment is a screening stage focussing on 
single a.s. analyses. Risk quotients (RQs) of single a.s. are 
calculated by dividing the PEC of the a.s. by the respec-
tive PNEC (PNEC = EC50mix/uncertainty  factor). Meas-
ured and calculated mixture toxicity are not relevant 
at this stage and the entire mixture toxicity risk assess-
ment can be omitted by prior analysis of single active 
substances. The risk assessment has to be conducted for 
the taxonomic groups of aquatic vertebrates (i.e. fish), 
aquatic invertebrates (i.e. daphnids), and primary pro-
ducers (i.e. green algae). Chen et al. [8] propose the use 
of worst-case PECs from all exposure scenarios to create 
one worst-case exposure scenario, subsequently leading 
to (potentially overly conservative) worst-case RQs.

The use of a worst-case exposure scenario is based on 
the concept of a “risk envelope approach”, an approach 
commonly used in environmental risk assessments to 
cover less critical scenarios by conducting a risk assess-
ment for the identified worst-case scenario. The risk 
envelope thus yields intrinsic conservatism for all sce-
narios less critical than the worst-case, allows to focus 
the risk assessment on the most sensitive scenario and/
or organism and therefore can dramatically reduce the 
workload negating the need for assessing (and regulatory 
review of ) less critical scenarios.

Additionally, potential refinements (e.g. PEC refine-
ments) are conducted prior to mixture toxicity analyses 
at tier 1 of the risk assessment scheme. While measured 
mixture toxicity is not needed at tier 0 in Chen et al. [8], 
it becomes mandatory when entering tier 1.
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Tier 1 from Chen et al. [8] is then generally similar to 
the approach by EFSA [14]: concentration addition (CA) 
is also used as default assumption for calculated mixture 
toxicity, the ‘toxicological similarity’ (TS) corresponds 
to step 3 from EFSA [14] and Chen et al. [8] propose the 
same thresholds for TS and MDR analyses. For the final 
risk assessment, Chen et al. [8] based the calculations on 
the use of RQs. They also point out the use of RQmix as a 
“pragmatic approach adopted by EFSA where the sum of 
risk quotients generated with data at different tiers can 
also be used in this framework.” Finally, Chen et al. [8] do 
not evaluate any toxicity driver or risk driver.

Comparison of approaches
The approaches by EFSA [14] and Chen et  al. [8] share 
some of the concepts applied in a mixture risk assess-
ment: both approaches rely on the concept of concentra-
tion addition for calculating mixture toxicity (applying 
the concept of independent action is an option if its con-
ditions are fulfilled, e.g. if there is a dissimilar MoA) and 
both approaches rely on the concepts of TS and the MDR. 
The approaches differ in terms of their selected exposure 
scenarios, their need for measured mixture toxicity data, 
their toxicity driver assessment, and their calculation 
basis for the risk assessment (ETR vs. RQ). A compari-
son of the mixture risk assessment components applied 
by EFSA [14] and Chen et al. [8] is provided in Table 2. 
Notably, EFSA [14] proposed a simplified approach for 
mixture risk assessment (Sect. 10.3.7 in original publica-
tion) similar to the tier 0 screening stage by Chen et al. 
[8]. However, this simplified approach is not included in 
the EFSA [14] mixture risk assessment decision scheme.

Conclusions from the theoretical comparison 
of approaches
The aquatic mixture toxicity risk assessment scheme 
by EFSA [14] is the first regulatory approach in Europe 
addressing many of the key questions for a mixture tox-
icity risk assessment. Both EFSA [14] and Chen et  al. 
[8] are based on the same well-established scientific 
concepts. Overall, both approaches apply similar levels 
of conservativeness to the risk assessment as other risk 
assessment schemes for single substance risk assessments 
(e.g. screening levels with high conservatism in exposure 
and effect, use of assessment factors to cover for remain-
ing uncertainties). The mixture risk assessment scheme 
by EFSA [14], however, still faces some inconsisten-
cies and conceptual weaknesses (e.g. the missing clarity 
regarding the use of toxicity drivers or of risk drivers). In 
addition, the approach causes a considerable workload 
for conducting a risk assessment for all taxonomic groups 
and exposure scenarios (over 1700 potential scenarios 
have to be assessed) and also increases the time for evalu-
ation and to draw a conclusion for risk assessment and 
management. Please note that by skipping ETRmix and 
directly using the RQmix approach, advocated in EFSA 
[14], the assessment can be easily simplified.

Chen et al. [8] extended the mixture toxicity risk assess-
ment by a useful screening stage in order to minimise the 
workload for risk assessors, but without considering the 
potential occurrence of risk drivers.

Therefore, an alternative pragmatic approach is devel-
oped in the following. It is designed to enable efficient 
risk assessment, reducing the work necessary to for low 
risk formulations and scenarios and focussing on the 
more critical areas of the risk assessment.

Table 2  Comparison of mixture risk assessment components in EFSA [13] and Chen et al. [8]

Mixture risk assessment components EFSA [14] Chen et al. [8]

Screening stage No screening stage included in the decision 
scheme

Tier 0 screening stage focussing on single a.s. 
analyses

Selection of suitable exposure scenario Required to conduct the entire risk assessment 
scheme for every exposure scenario separately

Use of worst-case PECs from all exposure sce-
narios to create one worst-case exposure scenario

Identification of substances which drive the 
exposure or risk assessment

Toxicity driver approach using the concept of 
TUs

No toxicity or risk driver evaluated

Measured mixture toxicity data Not strictly required Required after screening stage

Default assumption for calculated mixture 
toxicity

CA (use of IA possible under certain conditions) CA (use of IA possible under certain conditions)

Comparison of measured and calculated mixture 
toxicity

MDR (not required if no measured data avail-
able)

MDR (required after screening stage)

Risk assessment Based on ETR (use of RQ possible under certain 
conditions)

Based on RQ
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Development of an alternative approach 
for the mixture risk assessment for plant 
protection products for aquatic organisms
Key points for the development of the approach
A mixture toxicity risk assessment following currently 
available assessment schemes can be very complex and 
time-consuming. The purpose of the here presented 
AMiRA approach is to reduce the required workload 
for such an assessment while preserving the current 
high level of protection of the environment. Like the 
approaches for calculating mixture toxicity by EFSA [14] 
and Chen et al. [8], AMiRA is intended to be used under 
the assumption of CA (after checking for interactions 
between substances indicating deviation from CA, apply-
ing IA is an option, e.g. if there is a dissimilar MoA or if 
effects at lower doses are considered).

A schematic overview of the proposed AMIRA scheme 
is shown in Fig. 2.

Key points considered to gain efficiency are:

1)	 Assess whether available measured data show any 
deviation from CA and use measured data in a prod-
uct risk assessment for spray-drift entry (AMiRA 
Step 1 and 2).

2)	 Take advantage of RQ calculations already conducted 
for single substance risk assessment and omit addi-
tional, mathematically equivalent calculation of 
ETRmix. by applying RQmix calculations more broadly 
than currently applied in EFSA [14], (AMiRA Step 3, 
4 and 5).

3)	 Use of screening options to focus the mixture risk 
assessment on most critical eco-endpoints and expo-
sure scenarios by selecting a worst-case risk assess-
ment scenario based on RQmix (AMiRA Step 3).

4)	 Use of screening option to identify a risk driver in a 
mixture risk assessment (AMiRA Step 4).

A detailed description for the individual steps in the 
AMiRA scheme is outlined in the following section.

The implementation of the approach
AMiRA Step 1: Evaluation of the spray-drift risk assess-
ment. In addition to the proposed CA approach using RQ 
available from the single substance risk assessment, we 
advocate to not neglect the information available where 
measured toxicity data for the product exist. However, 
while EFSA [14] includes these data via a time-consum-
ing decision-making process comparing measured tox-
icity and CA calculated toxicity, we propose to use the 
measured toxicity data in a simple and straightforward 
risk assessment with product endpoints and product 
exposure concentrations after spray-drift entry. Spray-
drift entry best reflects the immediate exposure situation 
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4.) All
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5.) Risk driver 
found?
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Fig. 2  Flowchart for the simplified risk assessment approach. 
Measured toxicity data
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for aquatic organisms to the product as such, while run-
off and drainage include soil related processes leading 
to a fragmentation of the original product and are thus 
better covered by individual active substance PECs and 
subsequent CA estimated mixture risk. For cases, where 
no measured data are available (e.g. chronic risk after 
long-term exposure), an assessment can only be based 
on calculated mixture toxicity. In European risk assess-
ments, spray-drift values from JKI [20] are generally used 
to describe exposure to the product, however, in cases 
where other data or models for spray-drift are available 
or preferred, these can be used as well. In cases where a 
potential antagonism or synergism has been identified 
for a product (MDR < 0.2 and > 5) this deviation from CA 
is included in the spray-drift risk assessment.

AMiRA Step 2: Calculation of the MDR to check for 
major deviations between the calculated and measured 
mixture toxicity (deviation factor of five is considered to 
be acceptable). Concerns emerging from major devia-
tions will be addressed by carefully evaluating poten-
tial reasons contributing to an apparent synergism or 
antagonism following the recommendations of EFSA 
[14]. In all cases, the respective product risk assessment 
is available. Please note that in case of MDR < 0.2, the 
AMiRA approach can be continued without restrictions 
as it reflects a clear worst-case. If MDR ≤ 5 reduced com-
plexity regarding the scenario selection can now prag-
matically be achieved by selecting the scenario with the 
worst-case RQmix with corresponding RQ based on PECs 
from the same FOCUS surface water step still passing the 
risk assessment (i.e. RQ < 1).

AMiRA Step 3: Selection of the worst-case scenario 
(highest RQmix) per organism group. As sensitivity 
between organism groups/trophic levels may vary, for 
the less sensitive organism groups RQmix may be found 
to be < 1 in this step. It would thus be justified to end the 
decision tree already here and conclude on a safe use for 
these groups and continue the decision tree for the sensi-
tive groups only.

AMiRA Step 4: Evaluation of the RQs from n single 
substances. If all RQs are below 1/n, the risk is consid-
ered to be acceptable as then the sum of all individual 
RQs (= RQmix) will be < 1. Using RQs in this approach is 
justified by an equivalent simplified risk assessment by 
EFSA ([14], Sect. 10.3.7 in the original publication) using 
RQs instead of ETRs. Hence, this offers the same level of 
protection as in EFSA [14]. If at least one RQ exceeds 1/n, 
the risk assessment is continued with the search for a risk 
driver.

AMiRA Step 5: Evaluation of the existence of a 
risk driver using PRQs described in a previous sec-
tion (PRQ calculations for the case study are based on 
FOCUS surface water step 3 PECs and are provided in 

the supplemental material). A risk driver is only identi-
fied if one substance clearly and consistently drives the 
risk from the mixture, i.e. if the maximum PRQ from 
one active substance is at least 90% (or at most 10%) 
for all exposure scenarios, which means that 90% of the 
risk (or more) is due to one substance. The RQs for the 
PRQ calculations have to be based on the same expo-
sure level (e.g. on FOCUS surface water step 3 PECs in 
the case study) to compare same with same for different 
substances and correctly reflect the concentration ratios. 
Important to note is that for this assessment it is not nec-
essary to generate additional PEC values and to advance 
all mixing partners to the highest FOCUS Step. As the 
identification of a risk driver is a comparative assess-
ment, it can be based on the RQ values from the low-
est available common FOCUS Step (e.g. FOCUS step 2, 
even if Step 4 is needed for one substance to pass the risk 
assessment). This also means that RQs used in the com-
parison may be > 1 (i.e. not passing the risk assessment at 
this step), however, this is not important for the question 
to be answered here (risk driver). If a risk driver can be 
identified, no further mixture toxicity risk assessment is 
necessary, and the risk assessment can be based on single 
substances. Otherwise, the subsequent step must be car-
ried out.

AMiRA Step 6: If no risk driver is identified the mix-
ture risk assessment is continued with the evaluation of 
the worst-case RQmix corresponding to the worst-case 
scenario and the worst-case risk assessment, respectively. 
If the worst-case RQmix is below the trigger value of 1, the 
risk of the mixture is considered to be acceptable (note 
that the use of RQmix is also proposed in EFSA [14], if 
the endpoints to be used for the mixture risk assessment 
refer to the same taxonomic group but are associated 
with different AFs, and there is no conceptual reason not 
to apply this approach also when the AF is similar). If the 
worst-case RQmix is above the trigger value of 1, refine-
ment options (e.g. PEC refinements or consideration of 
additional risk mitigation for the scenario leading to the 
worst-case RQmix) can be considered before repeating 
the RQmix calculation in the proposed risk assessment 
scheme.

Illustration of the approach based on a case study
To illustrate the approach a mixture of the two herbicides 
flufenacet (FFA) and diflufenican (DFF) is considered. For 
comparison of the results, also the aquatic mixture toxic-
ity assessment from EFSA [14] was conducted. The used 
ecotoxicological endpoints, the assumed exposure (PECs 
from FOCUS scenarios) and detailed calculations from 
the risk assessment are provided in the Additional file 2: 
S2.
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Whenever the risk assessment scheme by EFSA [14] 
led to the check for apparent antagonism (step 9 in the 
risk assessment scheme), the measured data were con-
sidered to be plausible by default and the risk assessment 
proceeded by checking the similarity of mixture compo-
sition in the product formulation against the PECsw in the 
FOCUS scenarios (step 3 in the risk assessment scheme). 
Whenever toxicity or risk drivers were identified, the 

single substance risk assessments were conducted only 
considering mitigation measures from FOCUS surface 
water scenarios (i.e. no RAC refinements or other tools 
were considered).

A preceding spray-drift risk assessment for the prod-
uct (see Table 3) indicated an acceptable risk to aquatic 
organisms from spray-drift exposure for all taxonomic 
groups. The next step was to conduct a mixture risk 
assessment using the FOCUS exposure scenarios.

MDR calculations indicated potential antagonism 
for fish and daphnids (i.e. MDR < 0.2) and moderate 
deviations for algae and Lemna (i.e. 0.2 ≤ MDR ≤ 5, see 
Table  4). The potential antagonism (i.e. the measured 
product toxicity being lower than expected) is most likely 
explained by the fact that unbound values for the toxic-
ity of DFF in fish and daphnids went into the calcula-
tion, i.e. the toxicity for DFF might be even lower than 
assumed by using the unbound values as bound values 
practically. This is not further evaluated here, as from a 
risk assessment perspective, this is of no concern. The 
risk assessment schemes by EFSA [14] and AMiRA were 
both unaffected by the MDR outcome and continued 
with their proceedings as the measured mixture toxicity 
data were considered to be plausible for the EFSA [14] 
approach. The comparison of measured and calculated 
toxicity in Table 4 demonstrates the conservativeness of 
AMiRA approach to always proceed with calculated tox-
icity in case of indicated antagonism (MDR < 0.2).

Overall, the results from both approaches are very 
similar to each other (see Table 5). The risk assessments 
for daphnids (acute) and algae (chronic) are identical. 

Table 3  Spray drift risk assessment based on EFSA [14] and 
distance-dependent drift values from JKI [20] for the case study 
with the mixture of FFA and DFF

Species Spray drift risk

Fish Acceptable for 1 m distance from edge-of-field to water body

Daphnids Acceptable for 1 m distance from edge-of-field to water body

Algae Acceptable for 20 m distance from edge-of-field to water 
body

Lemna Acceptable for 5 m distance from edge-of-field to water body

Table 4  Comparison of measured and calculated mixture 
toxicity using MDR

Species Measured mixture 
toxicity (a.s. based) [mg 
a.s./L]

Calculated mixture 
toxicity [mg a.s./L]

MDR

Fish 15.46 0.19 0.012

Daphnids 45.8 0.1 0.002

Algae 0.001633 0.001005 0.615

Lemna 0.01775 0.03503 1.974

Table 5  Risk assessment and RQ comparison for the approach by EFSA [14] and AMiRA

a Please note, that necessarily all RQmix > 2 (in case of two active substances in the mixture) consist of at least one single substance RQ > 1 leading to not acceptable 
risk even for a single substance risk assessment

Species Risk according to EFSA [14] Risk according to AMiRA

Fish Acceptable, FOCUS step 3
FOCUS step 3:
RQa.s. = 0.8269 < 1
(based on single a.s. risk assessment)

Acceptable, FOCUS step 4 (5 m spray buffer)
FOCUS step 3:
RQmix = 1.0012 > 1
FOCUS step 4 (5 m):
RQmix = 0.6502 < 1

Daphnids Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)
FOCUS step 4 (10 m + 10 m):
RQa.s. = 0.5857 < 1
(based on single a.s. risk assessment)

Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)
FOCUS step 4 (10 m + 10 m):
RQmix = 0.5887 < 1

Algae Not acceptable, FOCUS step 4 (all buffer mitigations)
FOCUS step 4 (all mitig.):
RQmix = 5.9583 > 1a

(based on measured mixture toxicity)

Not acceptable, FOCUS step 4 (all buffer mitigations)
FOCUS step 4 (all mitig.):
RQmix = 4.5831 > 1a

Lemna Acceptable, FOCUS step 4 (20 m spray buffer + 20 m veg. strip)
FOCUS step 4 (10 m + 10 m):
RQmix = 1.0379 > 1
FOCUS step 4 (20 m + 20 m):
RQmix = 0.5438 < 1
(based on measured mixture toxicity)

Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)
FOCUS step 4 (10 m + 10 m):
RQmix = 0.5693 < 1
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The risk assessment for fish (acute) is more conservative 
using AMiRA instead of following EFSA [14]. The less 
conservative results from the risk assessment based on 
EFSA [14] is due to two reasons:

1)	 Measured mixture toxicity data indicating strong 
antagonism (MDR < 0.2) were used for four of 
nine exposure scenarios leading to acceptable risk 
(FOCUS step 3).

2)	 A toxicity driver was identified for five of nine expo-
sure scenarios leading to acceptable risk (FOCUS 
step 3) for all single substance risk assessments.

The identification of a toxicity driver (based on the 
approach by EFSA [14]) revealed its conceptual weakness 
to not take the environmental exposure into account, 
but being based on concentrations in the product. The 
identification of a toxicity driver and following conclu-
sion of single substance assessment being protective 
led to different conclusions for EFSA [14] and AMiRA. 
This is especially important for RQmix close to 1, where 
minor differences in individual RQ can result in RQmix 
just below/above the trigger (in this case: RQmix = 1.0012 
(not acceptable, based on calculated mixture toxicity) or 
RQ = 0.8269 (single substance RQ identified as toxicity 
driver, acceptable risk) In contrast to the toxicity driver 
evaluation according to EFSA [14] when interpreting 
the composition as “concentrations in product”, the risk 
driver evaluation from AMiRA showed no evidence for a 
consistent risk driver, i.e. not all PRQs exceeded 90% (the 
scenario-specific PRQs ranged from 45 to 96%). Notably, 
no risk driver was identified for the worst-case scenario 
for the risk assessment (i.e. the scenario with the highest 
RQmix) selected at FOCUS step 3 (PRQ = 83%). Following 
EFSA [14] the risk assessment based on single substances 
neglected up to 55% of the risk from the substance that 
was consequently then not further considered in the 
assessment of mixture risk.

The risk assessment for Lemna (chronic) with AMiRA 
is less conservative than the approach by EFSA [14], since 
the risk from EFSA [14] is assessed based on measured 
mixture toxicity data: The MDR > 1 indicates that the 
measured mixture toxicity is higher than the calculated 
mixture toxicity leading to a ‘borderline’ situation for the 

RQmix ~ 1 based on measured mixture toxicity at FOCUS 
step 4 (see RQ values in Table 5). Overviews of the results 
from the risk assessment conducted with the simpli-
fied AMiRA approach and the risk assessment following 
EFSA [14] are shown in Tables 5, 6 and 7.

Conclusion from the case study
The results showed that in some cases results from both 
approaches differ to some extent. These differences 
were due to the use of measured data and questionable 
toxicity driver identifications in the EFSA [14] scheme. 
When the risk assessment was based on measured mix-
ture toxicity data and the calculated MDR was greater 
than 1 for Lemna (i.e. the measured mixture toxicity 
was higher than the calculated mixture toxicity), the 
approach by EFSA [14] resulted in a more conservative 
assessment. If the MDR is below 1 (i.e. the measured 
mixture toxicity is lower than the calculated mixture 
toxicity), the risk assessment based on measured mix-
ture toxicity could result in a less conservative assess-
ment than the proposed simplified AMiRA approach.

When the risk assessment was based on single sub-
stance risk assessment due to the questionable identi-
fication of a toxicity driver regarding scenarios for fish, 
the approach by EFSA [14] resulted in a less conserva-
tive assessment than the AMiRA approach. However, it 
must be noted that the result would have been the same 
for fish if the basic assumption in the case of appar-
ent antagonism (EFSA [14], Step 9) had been that the 
measured data were not plausible (i.e. calculated toxic-
ity would have been used instead of going to Step 3).

In many cases, the risk assessments based on AMiRA 
and the approach by EFSA [14] will be identical. Causes 
for differences can be identified at specific points, 
namely the use of measured data (e.g. if the measured 
data indicates strong synergism, i.e. MDR > 5, or if the 
measured data are similar to the calculated data, i.e. the 
MDR is around 1, and RQ values close to 1 cause a ‘bor-
derline’ situation for the risk assessment) or the identifi-
cation of toxicity drivers. The approaches are identical if:

1)	 measured data are not available and there is no evi-
dence for synergism or

Table 6  Risk assessment results according to AMiRA

Species Step in flowchart Risk assessment based on Risk and corresponding FOCUS step

Fish 1- > 2- > 3- > 4- > 5- > 6 Calculated mixture toxicity Acceptable, FOCUS step 4 (5 m spray buffer)

Daphnids 1- > 2- > 3- > 4- > 5 Single a.s. risk assessment Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)

Algae 1- > 2- > 3- > 4- > 5- > 6 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

Lemna 1- > 2- > 3- > 4- > 5- > 6 Calculated mixture toxicity Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)
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2)	 the measured data indicates strong antagonism 
(MDR < 0.2) and is considered not to be plausible or

3)	 the measured mixture toxicity data from toxicologi-
cal studies is not comparable to the mixture compo-
sition under field conditions and there is no evidence 
for a toxicity driver.

Discussion
We here propose a simplified scheme (AMiRA) to 
assess aquatic mixture risk based on the following key 
points contributing to efficiency gain:

•	 Take advantage of RQ calculations already available 
from single substance risk assessment to conduct a 
mixture risk assessment based on CA.

•	 Take advantage of empirically measured product tox-
icity data in a product risk assessment for spray-drift 
entry.

Table 7  Risk assessment results from EFSA [14] approach

Species Scenario Step in flowchart Risk assessment based on Risk per scenario and corresponding FOCUS step

Fish D3, ditch 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D4, pond 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

D4, stream 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D5, pond 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

D5, stream 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, pond 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

R3, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

R4, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

Daphnids D3, ditch 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D4, pond 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

D4, stream 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D5, pond 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 3

D5, stream 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, pond 1- > 2- > 9- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 4 (5 m spray buffer)

R3, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 4 (5 m spray buffer)

R4, stream 1- > 2- > 9- > 3- > 5- > 6 Single a.s. risk assessment Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)

Algae D3, ditch 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 4 (20 m spray buffer)

D4, pond 1- > 2- > 3- > 5- > 8 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

D4, stream 1- > 2- > 3- > 4 Measured mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

D5, pond 1- > 2- > 3- > 5- > 8 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

D5, stream 1- > 2- > 3- > 4 Measured mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

R1, pond 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, stream 1- > 2- > 3- > 5- > 8 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

R3, stream 1- > 2- > 3- > 5- > 8 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

R4, stream 1- > 2- > 3- > 5- > 8 Calculated mixture toxicity Not acceptable, FOCUS step 4 (all buffer mitigations)

Lemna D3, ditch 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D4, pond 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D4, stream 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D5, pond 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

D5, stream 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, pond 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 3

R1, stream 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)

R3, stream 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 4 (20 m spray buffer + 20 m veg. strip)

R4, stream 1- > 2- > 3- > 4 Measured mixture toxicity Acceptable, FOCUS step 4 (10 m spray buffer + 10 m veg. strip)
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•	 Include an assessment to determine a worst-case 
scenario and apply a risk envelope approach focus-
sing on the critical areas of an assessment.

•	 Include an assessment of risk drivers to identify 
scenarios where the active substance risk assess-
ment covers mixture risk assessment.

•	 Align assessment metrics for single substance and 
mixture risk assessment (RQ and RQmix) to enable 
efficient comparison of single substance and mix-
ture risk assessment and thereby decrease hurdles 
for communication of risk assessment outcomes 
and increase transparency.

For the risk assessment mixture toxicity approaches 
have to take various aspects into account, such as the 
selection of a suitable exposure scenario, the search 
for a toxicity or risk driver, or the proper calculation of 
mixture toxicity. EFSA [14] has presented a first regula-
tory approach which integrates all of these. While this 
approach is rather complex and may still be optimised, it 
offers a first valuable tool for the risk assessment. In the 
present paper, a new, more efficient aquatic risk assess-
ment scheme (AMiRA) is proposed as an alternative 
pragmatic approach, which offers a comparable level 
of protection despite of a much lower complexity, and 
which could be used to quickly identify both non-critical 
areas of an assessment of combined toxicity as well as 
focus the evaluation to areas that are driving the overall 
conclusion for risk management. Chen et  al. [8] is con-
sidered a valuable extension to EFSA [14]. Therefore, the 
improvements of the proposed AMiRA approach over 
the approach by EFSA [14] also partially apply to Chen 
et al. [8]. The overly conservative construction of a more 
than worst-case exposure scenario by Chen et  al. [8] 
goes beyond the selection of a worst-case scenario in the 
AMiRA approach, but makes it impossible to identify a 
toxicity or risk driver from a realistic exposure scenario.

One of the key advantages of AMiRA is to make use of 
calculations of RQs already available from the single sub-
stance risk assessment for further evaluation of mixture 
risk. Based on the 6–8 ecological endpoints and up to 252 
exposure scenarios to be assessed per endpoint, a maxi-
mum of 2016 PECmix, ECxmix and/or ETRmix values need 
to be calculated, assessed and evaluated in subsequent 
steps in the EFSA decision tree. Thus, relying on RQmix 
can result in substantial resource savings while keeping 
the same information for mixture risk evaluation.

For illustration of the new approach, a mixture risk 
assessment has been conducted for a formulation con-
taining two substances. The results from this case study 
reveal that the proposed risk assessment scheme has 
the same level of protection as EFSA [14] when the 
risk assessment is based on calculated mixture toxicity 

(= in cases composition of the product and environ-
mental compositions differ and there are no indications 
of synergism. In fact, in this case both approaches are 
mathematically equivalent. Choosing worst-case RQmix 
from exposure scenarios in the first place always leads 
to worst-case risk for calculated mixture toxicity. Based 
on evaluations of comparability between measured and 
predicted toxicity (MDR), for MDR between 1 and 5, 
EFSA [14] was more conservative (= risk assessment 
based on measured mixture toxicity data and the meas-
ured toxicity is higher than the calculated one) while 
for MDR between 0.2 and 1, AMiRA resulted in higher 
conservatism. However, this level of conservativeness is 
limited to the MDR deviation factor of five that is con-
sidered to be acceptable to account for biological and 
other variation in testing [14]. The proposed AMiRA 
approach includes the use of measured toxicity data in 
a direct spray-drift entry based risk assessment, using 
measured data in all cases and thus accounting for 
any higher-than-calculated toxicity in the conclusion. 
Therefore, results from AMiRA can still be considered 
reliable.

EFSA [14] is not fully clear regarding the determination 
of a driving substance and depending on the composi-
tion included in the calculation (product or environment) 
either a risk or toxicity driver is identified. When con-
sidered product composition and thus identification of 
a toxicity driver in the approach by EFSA [14] we could 
show the conceptual weaknesses in our case study. The 
illustrated case study revealed that the toxicity driver 
approach (which identified a toxicity driving substance 
and concluded that the risk is covered by a single sub-
stance risk assessment) led to a neglect of substantial 
additional risk from the other substances in the mixture 
product which then were not covered by the single sub-
stance risk assessment. That can be avoided by search-
ing for a risk driver as proposed in the AMiRA approach 
and/or providing additional specification in EFSA [14].

If the measured data show lower toxicity than the cal-
culated data (i.e. MDR < 1), the risk assessment based on 
measured mixture toxicity could result in a less conserva-
tive assessment than the proposed simplified approach. 
In practice, the use of measured data may often be lim-
ited, since the calculated proportions of the substances in 
the PEC values of some scenarios will differ from those 
in the formulation toxicity studies. This is particularly 
frequent in the drainage and pond scenarios, as for these 
substance properties are especially relevant. Hence, in 
practice the use of measured data may be limited to a 
product risk assessment with exposure via spray-drift.

As there is ongoing research activity in the EU con-
sidering combined exposure to multiple chemicals [6], 
future mixture toxicity studies and their evaluation will 
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contribute to the improvement of the proposed simpli-
fied approach.

Overall, it was shown that the proposed approach 
yields substantial gains in simplification and efficiency 
when assessing mixture toxicity while achieving compa-
rable protection levels. By using RQs, the results can be 
interpreted quickly, lowering the hurdles to communicat-
ing risk assessment conduct and outcome and the trans-
lation into risk management activities.
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