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Soil monitoring surveys revealed that pesticide residues are omnipresent in European
soils, where the

occurrence of several substances was rather the rule than the exception. Yet, current
environmental risk

assessments in soil (ERA) still evaluate pesticides or product formulations in isolation,
overlooking

potential mixture effects on soil organisms and soil ecosystem functions. This review
synthesises the

scientific evidence for mixture toxicity in soils and identifies major data gaps and
conceptual

shortcomings in current scientific and regulatory ERA practice in soil. On this basis, a
trophic level

specific approach to mixture risk assessment is proposed, to assess mixture risks in
soils. These insights

may support international developments such as the new EU Soil Monitoring Law and
experimental soil

studies.
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Current mixture toxicity assessments on soil organisms and applied risk
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1. Abstract

There is increasing evidence that the majority of agricultural and off-field soils contain multiple plant
protection product (PPP) residues that persist in soils for extended periods after application. Such PPP
residues in soil were found to affect the soil organisms and their communities with little knowledge on
the implications for the functioning of soil ecosystems. A growing body of scientific studies points to
the increased risk from the co-occurrence of diverse PPP residues in soils and international efforts
recently resulted in the endorsement of the first directive to protect soil health in the EU to ensure an
EU-wide soil health monitoring system. In order to inform such developments, the scientific literature
and environmental regulations were reviewed here for currently practiced mixture risk assessment
(MRA) methods in soil. Further, relevant aspects for a soil MRA were scrutinised to identify knowledge
gaps in soil MRA and to evaluate novel emerging assessment concepts for their usability in soil MRA.
From these insights key conclusions are drawn for soil MRA to inform the next steps for a more realistic
and accurate MRA.

2. Introduction

Soils have fundamental functions that our civilization relies and depends on.(1, 2) Among numerous
factors that have the potential to degrade soil quality are PPP residues, which can persist in soils much
longer than intended after the application of plant protection products (PPP) to crops and may exert
undesired effects on non-target soil-dwelling organisms, i.e. soil organisms. (3-8) Several regional as
well as international soil surveys have evidenced the presence of a multitude of PPP residues in
European soils, which appeared as the rule rather than the exception.(4, 6, 7, 9-16) This implies that soil
organisms are exposed to a cocktail of substances, which may pose a risk to the individual soil organism
up to higher organisational levels and potentially to soil ecosystem functions.(5, 17-20) The exposure
to several PPP residues at once or in sequence can be particularly problematic since they may cause
effects on soil organisms at low and regulatorily deemed safe concentrations, where single exposures
would cause no effect.(21, 22) Currently mixture effects of PPP residues in soil, which are applied as
PPP in sequence or as tank mixtures in the field, are not considered in environmental risk assessments
(ERA) that aim to protect non-target soil organisms from harm through pesticide exposure. Neither are
PPP residues already present from previous growing seasons considered in ERA.(23) Yet the increasing
evidence for the widespread presence of PPP residues in agricultural and non-agricultural lands implies
that the regulatory common single substance exposure is rather a theoretical consideration and that ERA
should include co-exposure to multiple substances that may occur in soil. The issue of substance
mixtures has been acknowledged by European regulatory bodies, which provide guidance on how the
risk of environmental mixtures can be assessed (24) and some regulatory authorities do address mixture
assessments in contaminated sites or in the risk assessment (RA) of higher animals.(25)
The evidence of co-occurring PPP residues in soil and the largely absent consideration of mixture effects
in the environment in European regulatory ERA calls for a RA, which goes beyond the single substance
assessment and focusses on the risk that is caused by the presence of multiple substances in soil.(21, 26)
In fact, many other stressors, such as environmental and climatic conditions or agronomic practises,
should be considered for a more holistic ERA.(26-28) In environmental research, the majority of mixture
toxicity and mixture risk research has focused on aquatic organisms and ecosystems.(29) Only in the
last decade, the study of mixture toxicity to soil organisms gained momentum, however mixture risk
assessment (MRA) methods tailored to the soil ecosystem are still scarce.
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harm through accumulating and co-occurring chemical exposure. Therefore, MRA for soil organisms
were derived from risk characterisation methods addressing the aquatic environment. Yet, despite the
different constitutions of soil and water as exposure media and the contrasting ecological traits of the
inhabiting organisms, the assumption of bioavailability in soil and water are similar in the corresponding
ERA. Also, pesticide residue concentrations in soil may show less dynamic fluctuations compared to
waterbodies but can show much more heterogenic contamination patterns on larger geographical scales
.(12) As a result, PPP residues of varying persistency can form complex mixture exposures with
unknown consequences for the soil ecosystem.(6) These aspects call for an ERA that is more tailored
toward the soil ecosystem.

In this review, the current scientific and regulatory literature on mixture toxicity and RA in soil is
evaluated to identify critical aspects for the design of a RA framework for PPP residue mixtures in soil.
First, the general key concepts that are used to predict mixture toxicity and risk and how they are applied
in soil MRA are presented. Second, the studies that deal with experimental mixture toxicity and
concurrent risk assessment in soils are summarised and evaluated for their limitations and strengths.
Third, key insights from the regulatory literature that address mixture risks in the terrestrial environment
are outlined. Fourth, novel concepts in MRA are discussed for their applicability in soil. Last, the
conclusions draw key learnings from the scientific literature and regulation on currently practised risk
assessments of PPP residue mixtures in soil.

3. Study evaluation

The scientific literature was searched using the search engines Web of Science
(https://www.webofscience.com/wos/woscc/basic-search) and Pubmed
(https://pubmed.ncbi.nlm.nih.gov/). Two sets of key word combinations were used in both search
engines: 1) risk* AND soil AND mixture* AND pesticide* and 2) mixture AND soil AND toxic* AND
risk. The articles (last searched 27" January 2026) were screened for their relevance by their title,
abstract and key words. The studies were evaluated as relevant based on whether the
title/abstract/keyword list addressed mixture experimentation or MRA with or of non-target soil
organisms or assesses the impact on soil functions due to exposure to PPP mixtures or mixtures of PPP
with other contaminants. The use of a RA is defined here as a framework that categorises exposure
concentrations in terms of their potential risk to soil. Studies dealing exclusively with plastic particles
or metal exposure were disregarded in this review. In addition to the scientific literature search, relevant
regulatory guidances that deal with RA of chemical mixtures were searched. It should be noted that for
the sake of completeness, the combined exposure of pesticides with other soil contaminants (metals,
microplastics, industrial chemicals, pharmaceuticals, antimicrobials etc.) is also reviewed and where
relevant RA methods were only applied to non-pesticidal substances (e.g. industrial substances), the
study was included here as well. The search was completed by expert-knowledge and additional manual
searches.

The total number of search hits from the search engines were 1388 (Web of Science) and 741 (Pubmed)
for the date range 1900 to 27.01.2026. After removal of duplicates a total of 1320 studies remained,
which were screened for their relevance as noted above. The study evaluation resulted in 108 studies
identified as relevant for this review. A complete list of all 1320 studies with indication of the relevant
studies is available in the supporting information Table S1.

The current literature on mixture studies in soil shows divergent perspectives on mixture effects and
MRA in soil organisms. With the review’s intention in mind, two main categories were made out to
distinguish the studies: i) Studies that assessed the risk of non-target soil organisms exposed to mixtures
using experimental toxicity data from their own experiments or toxicity data from literature or databases
and ii) Studies that strive to assess or predict the measured mixture toxicity effects as synergistic,
antagonistic or as null model conform.

4. Prediction of mixture toxicity
The study of mixtures can be approached through two perspectives, termed bottom-up approach and
top-down approach. In the bottom-up approach, substance identities, concentrations and single exposure
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effect concentrations of the relevant mixture constituents in the studied mixture are known.D "glh%g enablesee orine
the prediction of mixture effects and assessment of mixture risks, which can be experimentally verified.

The top-down approach assumes no previous knowledge on the mixture constitution and focuses on the
effects of a given mixture. Typically, the top-down approach is an effect directed analysis, where an
extract of an environmental sample goes through several cycles of toxicity testing, fractionation and
chemical quantification to identify the toxicants that cause the observed effects. (30) This approach was

not used in any of the reviewed studies and is therefore not further scrutinised here. The bottom-up
approach is commonly used in soil mixture studies and further detailed below.

Mixture effects at no-effect concentrations, such as no-observed effect concentrations from single PPP
exposure studies (NOEC = highest non-toxic concentration in a chronic dose-response study), have been
demonstrated for similarly as well as dissimilarly acting substances in terms of their mode of action.e.g.

(31, 32) The effect size has been shown to be predictable by the two main concepts of concentration
addition (CA)(33) and independent action (IA)(34). CA postulates that similarly acting substances
(sharing the same mode of action and leading to a common toxicological effect) behave in a mixture as

if they were dilutions of one another, i.e. their normalised effect concentrations can be added up for
effect prediction. IA predicts that mixture effects of substances, with different modes of action that share

a common toxicological endpoint (29), equal the sum of the individual effects of the mixture component,
considering the fraction of the test population already affected and thus ensuring that the overall effect
cannot exceed 100%. The-overestimation-of mixturc-ctfect prediction-byTAds-avoided-through-the

givenmixture-do-netinteracttoresultin-synergistic-effeets. Both concepts assume complete knowledge
of the substances present in mixture and the toxicities of each individual substance (effect concentration
x for CA, whole concentration-response curve for IA), which classifies them as bottom-up approaches.
Other commonly applied methods for mixture toxicity predictions and effect classification for detection
of synergism/antagonism are summarised in the supporting information (SI, section 1, Table S2).

aa Nnem o ON—AO - e ala aVal . al
a a a HS1o1—o H a ORS—W

In general, deviations of measured effects from these prediction methods are classified as antagonism
(lower observed mixture effect than predicted) or synergism (higher observed mixture effect than
predicted). Synergistic effects can occur as the result of direct substance-substance interactions, from
toxicokinetic and/or toxicodynamic interaction(35) as well as through the combination with
environmental stressors such as elevated temperatures or humidity.e.g.(36) They are regularly quantified
by the model deviation ratio (model over observation), where ratios < 0.5 and > 2 indicate antagonism
and synergism, respectively, but other thresholds and methods are used as well.(37) A detailed summary
of the applied methods to detect synergism and antagonism is presented in the supporting information
(SI section 1). From this summary as well as from previous work(38), it can be concluded that there is
no standard for synergism and antagonism classification. Methods vary widely, partly consider
experimental uncertainty through statistical testing or define a range for null model conformity, as the
model deviation ratio does. The relevance of interaction and synergistic/antagonistic effects at
environmentally relevant concentrations, however, is at least questionable, since deviations from
additivity were rarely found to date at such concentrations.(38-40) In realistic exposure scenarios and
experimentation, it is extremely difficult, and often computationally infeasible, to account for all
possible combinations of mixtures that may occur in the field. This calls for more pragmatic approaches
in terms of a MRA in soils. In the context of MRA, the determination of specifically synergistic effects
would become relevant if a lower tier RA identified a mixture risk, which could be experimentally
verified in a refining higher tier RA step to reduce uncertainty in the mixture risk prediction. The current
experimental knowledge on synergistic mixtures proves useful to identify potential mixture risks, but
experimental coverage of all mixtures becomes very difficult if one considers the nearly infinite
substance combinations that may be encountered in the field. Therefore, the focus of low tier MRA
should be on enabling the regulatory handling of mixtures in soil to reduce the overall risk of the co-
occurrence of substances.
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Studies that fall into the first category (conducted an MRA, see section 3) are relevant for the evaluation
of soil MRA, while the studies of the second category (mixture effect prediction, see section 3) give
valuable insights into experimental aspects of mixture studies in soil. Studies falling into the second
category are frequently exposure studies in soil using standard test species along with selected mixture
constituents that are often binary mixtures of pesticides or pesticides with other contaminants. The
method to detect mixture induced antagonisms or synergisms in these studies have a wide spectrum that
ranges from statistical significance testing to additivity-based effect classification or hybrid versions
(SI, section 1).

The studies falling under the first category are scrutinised under the aspects of mixture effect analysis
with concurrent MRA in sections 5.1 and 5.2, while experimental aspects of mixture studies with no
concurrent MRA are discussed in section 5.3.

5.1. Findings of PPP residue surveys and mixture risk assessments in soil
Based on European soil surveys of different geographical scale, it is without question that the majority
of agricultural soils contains one to several PPP residues. The main findings of the studies are that

1) irrespective of whether farmed or not-farmed (and in case of farmed soil, the farming practice:
conventional or organic), in most cases several PPP residues were present in soils.(4, 5, 7, 9-16, 41-48)

ii) in a majority of the reviewed studies the PPP residue mixtures with realistic exposure concentrations
(Table S3) had negative impacts on collembola, earthworms and plants (44, 49-61), while the effects on
the soil microorganism community were much more variable and transient.(17, 19, 36, 49, 53, 59, 62-
65). The assessed endpoints were mostly mortality, reproduction and biomass for earthworms and
collembola, while it was seed germination, shoot/root growth and biomass for plants. All of these are
meaningful endpoints currently used in ERA of non-target soil organisms. However, most of the studies
on soil microorganism communities assessed non-standardised effects on abundance and diversity of
bacteria or fungi, mycorrhization and abundance of genes related to nitrogen-fixation. While these
microbial biomarkers are very sensitive sublethal endpoints, current guidances do not recognise them as
usable endpoint for ERA (with the exception of exo-enzymes), likely due to their dynamic character. At
these different and non-comparable organisational levels (e.g. diversity vs functioning) ecological
variability has much more influence and the impact of other environmental stressors increasingly
hampers the effect prediction.(62, 66)

iil) in a majority of the studies with MRA (Table S4) a mixture risk to soil organisms was indicated in
parts of the surveyed fields or assessed mixtures.(4, 5, 7, 12, 13, 15, 44, 47, 67-70) The MRA frequently
relied on mortality or reproduction effects in earthworms and collembola, which were collected from
literature and databases. They often represented the most sensitive organism group for which data were
collected.

Comparability among the studies for their most frequently detected PPP residues and associated
toxicities and mixture risks is limited. Sampling times varied among the studies: in some studies samples
were taken during the vegetative period(11, 13, 14, 44), in others outside the vegetative period(4, 10),
and in one study sampling time points were unknown.(12) Only the sample timing can influence the
outcome of an MRA regarding mixture risks as well as the mixture composition. For example, a soil
sampling during the vegetative period likely results in higher mixture risk of PPP residues than a soil
sampling outside the vegetative period. Further, the scope of the monitoring and the scientific inquiry
differed among the studies. For example, Briihl et al.(2024) focussed on currently used pesticides
according to location and altitude of the surveyed region, while Hagner et al. (2025) measured currently
used and banned pesticides on a national scale dependent on agricultural field type and agroecological
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practice at the sample sites. The studies scrutinise different scientific hypotheses an %%g%é%go%‘gg
comparison of most frequently detected substances is hampere
The major issue for MRA that occurs with the heterogeneous study aims in monitoring studies is that
the differing number and substance identities likely create contrasting mixture risk indications, which
hamper comparability across studies. Since the monitoring datasets would most likely be used to sum
up risk quotients (12, 23), it is crucial to identify missing substances to explain potential differences in
the observed mixture risks. For a holistic MRA it is advisable to include legacy substances, whose PPP
application has been forbidden as well as currently used substances in PPP. The inclusion of both
substance groups would enable the simulation of various scenarios of substance exclusion to evaluate
management actions for mixture risk reduction. To make use of the heterogeneous monitoring datasets
for MRA various strategies could be used to improve comparability. Options are to focus on those
substances that occur frequently in all datasets or prioritise the substance selection according to a
weighing of detection frequency, ecotoxicity and PPP approval status. If important substances are
lacking for certain datasets, modelling approaches that make soil concentration predictions based on
substance application rates and other factors such as physicochemical properties of the substances could
fill those gaps, but require an uncertainty analysis (14, 71).

5.2. Current risk assessment methods for mixtures in soil

Table 1 summarises the major MRA methods that are applied in the reviewed studies.
The majority of studies attempted to quantify the mixture risk by using the sum of risk quotients, RQgyn,
to identify potential harm to soil organisms. Only a few other methods were applied in a small number
of studies, among them the integral risk index and the hazardous concentration determination via species
sensitivity distribution (SSD; Table 1). All these methods are bottom-up approaches, where the
concentrations of all components or component groups (see below) in the mixture and their toxicities
need to be known.

RQgun is obtained by the sum of individual quotients of measured or predicted substance concentrations
in soil over their predicted no effect concentration (PNEC). The PNEC is typically derived from the
lowest NOEC available from bioassays with soil organisms exposed to a single substance (experimental
or literature data) and divided by an assessment factor (AF)(4, 12, 47). This commonly applied method
has the intention to protect the in-soil organisms and plants as a first-tier approach for mixture risk
screening and therefore attempts to account for various uncertainties (4, 12, 29, 47). Such uncertainties
arise for example from the extrapolation of laboratory-based exposure scenarios to field conditions and
to account for species sensitivities of soil organisms, which are not testable due to lacking standard or
well-established test methods, but still may be exposed in the field. In the relevant studies, the choice of
the AF varied from 5 to 1000 to account for uncertainty and depended on the quality and availability of
toxicity data. For example, an acute toxicity endpoint (50 % effective or lethal concentration from an
acute dose-response study) was multiplied with an AF of 1000 to transform it into its chronic equivalent
when no other acceptable chronic NOEC or EC,y was available. e.g.(4) EU regulation guides the AF
choice dependent on the toxicity data availability for different trophic levels (72), which has been
followed in the studies that apply PNEC in the RQy,,, method: The highest AF of 1000 is chosen when
only short-term toxicity endpoints are available, an AF of 100 is chosen when one chronic NOEC is
available, an AF of 50 is chosen when two long-term NOEC are available for two different trophic levels
and an AF of 10 is chosen when three long-term NOEC are available for three different trophic levels.
The lowest AF from 5-1 are selected on a case-by-case basis for higher tier field studies/data of model
ecosystems or where sufficient data are available to construct an SSD. The RQ,,, method relies not just
on the quality of the data but also is constrained by the availability and representativeness of single-
substance toxicity data for soil organisms, which may introduce additional uncertainty into mixture risk
estimates. Currently there is no other option than to use AF to consider the above noted uncertainties,
since the direct link of chemical exposure to the integrity of an ecosystem is difficult to establish.
Therefore, the AF are used in line with the precautionary principle and resulting mixture risks represent
a lower or intermediate tier screening for potential risks.
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use the RQ,, method.(4, 5, 12, 44) For example, Franco et al. (2024) found a median of 2 for the
available number of effect concentrations for each of the monitored PPP residues, which implies that
for a considerable number of the PPP only one data point was available from their sources of toxicity
data, which comprised the Pesticide Properties Database (PPDB)(73), the EFSA Openfoodtox
database(74) and the USEPA ECOTOX Knowledge database (75). The use of PPDB and the USEPA
ECOTOX Knowledge database for the extraction of toxicity values, however, requires a careful
evaluation of the studies and reported endpoints.(76, 77) It occurs frequently in these databases that
entries fail to state whether a NOEC was the highest tested exposure concentration or whether it was
derived from a qualitatively acceptable concentration-response curve. Further, it is often not clear
whether the reported concentration was corrected for bioavailability or not.

It was also noted, that the majority of the available effect concentrations for MRA in the studies was
measured in earthworms(4, 12) that were for a long time implicitly assumed to be representative for the
soil ecosystem in the prospective RA.Regulatory requirements changed since 2009(78) and additional
toxicity data on collembola, predatory mites and microbial nitrogen fixation are now, under specific
exposure circumstances, required to increase the coverage of the different trophic levels in soil. These
data are publicly available to EU citizens through EU prospective RA dossiers of PPP and partly through
databases such as [IUCLID (https://iuclid6.echa.europa.cu/).

However, toxicity data are largely limited to a few standard laboratory species which do not fully
represent field populations. For example earthworms, collembola and mites encompass multiple species
with distinct ecological traits, exposure pathways and life histories, which will result in different
sensitivities and exposure patterns. This has led to calls for including more options for intermediate or
higher tier testing (e.g. effect on communities) in soil ecological risk assessment.(79) Only one survey
study on European soils attempted to fill gaps in the toxicity data with modelled values using a
quantitative structure - activity relationship - model (QSAR), where low reliability predictions were
excluded, and found that the mixture toxicity driving substances were generally not affected by a lack
of experimental toxicity data.(12) The data availability on toxicity values limits any bottom-up MRA —
that is the usual regulatory approach — and may result in underestimation of the risk posed to soil
organisms. Here, the data scarcity calls for more ecotoxicity testing on a diverse range of soil organisms,
which goes beyond earthworms and robust reliable model methods for interpolation. However, since
many renewal assessment reports of active substances (which form the bases of the databases PPDB and
Openfoodtox) are pending to date, the missing data for some substances might become accessible in the
coming years. In the past, only earthworms (acute, later chronic test) and microorganisms were
obligatory data requirements in RA dossiers of active substances. In addition to the number of available
toxicity data, it is important to note that apical endpoints, such as mortality or reproduction, are more
prevalent for single exposure studies relative to molecular toxicity endpoints (e.g. protein and gene
expression levels).

Several studies calculated the PNEC,,; not from classic toxicity studies in soil but from PNEC,, ., using
the equilibrium partitioning approach e.g.(50, 80, 81). The equilibrium partitioning approach is an
accepted method for use in RA for certain substances and is implemented in European regulation and
assumes a partitioning between the aqueous and solid fraction in soil until substance equilibrium is
reached between the two compartments.(72) It makes the basic assumption that the chemical partitioning
in soil follows the substance’s hydrophobicity, described by its Kow. A major drawback of this approach
is the common use of toxicity endpoints from aquatic organisms for PNEC,,, derivation, which then is
translated via partitioning to a PNEC,,; without the consideration of toxicity endpoints from soil
organisms. Soil is a three-phase system (i.e. consists of solid particles, liquid and gas) and the use of
PNEC,,; derived by the equilibrium partitioning method from PNEC,.. considers effects on soil
organisms as if they were exposed exclusively through the soil pore water and not the soil particles.(72)
In addition, the equilibrium partitioning approach relies on simplified and often default soil parameters
(e.g. bulk soil density, organic carbon content, pore water fraction), which may not reflect site-specific
conditions. Since these parameters directly influence the distribution of chemicals between solid and
aqueous phases, their generic treatment may introduce additional uncertainty when translating PNEC .


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00405e

Page 9 of 30 Environmental Science: Advances
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of biocides.(82)
The two lesser applied risk assessment methods differ considerably in their approaches to soil risk
assessment (Table 1). The integral risk index is a machine learning-based approach that applies neuronal
networks and self-organising maps to derive a risk scale and relate all sample sites with their relative
risk to each other.(83) The method is innovative, but has only been applied on human toxicity data with
the protection goal of human health. To date, this approach has not been followed up on to evaluate its
applicability in soil mixture risk case studies.
The other lesser applied RA uses SSD. This method has been widely integrated and applied as a
probabilistic approach in regulatory RA.(84, 85) Briefly, for an SSD all available toxicity data on
comparable effect concentrations (e.g. ECs, or LCs) across a range of species is selected and arranged
from high to low toxicity. The resulting cumulative curve is then used to derive the so-called hazardous
concentration (HCy), at which x percent (commonly 5 %) of the selected species community is affected
and defined as a threshold value. However, the use of SSD in soil MRA has been very sparse. Only one
study concerning MRA applied SSD on mixture experiments with polycyclic aromatic hydrocarbons on
different organisms including plants.(86) The major challenge that an SSD approach for MRA faces is
the availability of effect sizes for one mixture at different concentrations for at least 8-10 (ideally >15)
species to fulfil the SSD quality criteria.(35, 72, 79, 87) It is recommended that soil RA use the SSD
method when at least 10 equal to — data points from different species and at least 3 taxonomic groups
are available.(88) However, these already data intense requirements would only cover one specific
mixture leaving out the infinite number of possible mixtures, which may occur in the field. Therefore,
the SSD approach appears pragmatically not feasible as a standard method in MRA.
One option to include functional elements and address functional redundancies in the SSD approach is
the recently introduced eco-indicator sensitivity distribution (EcoSD) approach.(89) The approach has
currently been employed for single substance testing and its implementation for mixtures would entail
considerably higher data requirements. Two options may be applicable if mixtures were to be assessed
with an EcoSD. FEither the mixtures would have to be experimentally tested over a range of
concentrations for many different soil organisms or the assessment would have to rely on availability of
single exposure data and assume conformity to a mixture model to predict mixture effects for the SSD
derivation. Both options deserve further scientific inquiry and promise valuable insights of EcoSD for
probabilistic MRA.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

5.3. Experiments in soil with mixtures

The scientific literature on experimental mixture studies in soil was reviewed to extract relevant aspects
that comprise the identity of tested substances, organisms and endpoints, as summarised in Figure 1 with
complementary information in Tables S5-7. With regard to Figure 1A, most authors of the screened
studies chose the test substances because of their frequent detection in the environment, their high sales
numbers in the (regional) commercial market and the general availability of knowledge on their mode
of action and other toxic properties such as endocrine disruptive potential. From the surveyed
experimental studies, more than half worked with binary mixtures, while a small number of studies used
field sampled soils and their realistic mixture of residues and exposure concentrations (Table S8, binary:
40 studies, binary/ternary: 1 study, several substances: 21 studies, no applicable classification: 26
studies). Interestingly, the pesticide classes of the most frequently studied substances in the experimental
studies (Figure 1A) do not reflect the most frequently detected substances in monitoring studies. Clearly,
insecticides are assumed, due to their often known mode of action on target organisms, to have stronger
effects on non-target organisms such as earthworms and collembola. Therefore they may were
preferably studied in experimental mixture studies, although they are the less frequently detected
substance class in soil monitoring studies .(4, 5, 9-16, 41, 63) Fungicides are underrepresented in the
experimental mixture studies while they are more frequently detected in monitoring studies. To inform
whether pesticide residue mixtures pose a risk to soil organisms in the field and assess potential effects,
it would be informative to prioritise mixtures that are frequently detected in the field as well as
considering the PPP’s current approval status and ecotoxicity.
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substance spiking, it can be assumed that exposure concentrations to the soil organisms were realistic.
Further, those studies that applied PPP formulations at manufacturer recommended doses or simply
tested contaminated field sampled soils give more realistic indication for consequences on soil
organisms in the field.(17, 19, 36, 44, 50-54, 60, 86, 90-96) In studies that used equipotent exposure
concentrations for their mixture design, the resulting exposure levels may resemble an acute exposure
scenario, since the concentrations were mostly related to the 50 % lethal or effect concentrations to soil
organisms.(97-99) These concentrations are commonly well above the corresponding detected
environmental concentrations in monitoring studies. Concentrations promoting stronger effects (50%
effect concentration) may eventually occur immediately after PPP application in the field and thus may
inform about short term effects on the exposed organisms. This short term exposure is rarely captured
in monitoring studies and rather occurs by chance during sampling in the vegetative season.(15) The
studies that used equipotent exposure concentrations for their mixture design are often laboratory-based
experiments (Table S8) and may introduce more uncertainties in the extrapolation to field conditions.
Further, it is unclear whether PPP mixtures of equipotent exposure concentrations represent a realistic
composition of environmentally relevant mixtures. Therefore, in the first line, mixture studies with
equipotent exposure concentrations make valuable contributions to the testing of experimental mixtures
for potential interaction or predictability of CA and IA for a range of substance mixtures.

With regard to the tested soil organisms, the earthworm Eisenia fetida was by far the most often used
species for experiments while the next two most often tested organisms were the springtail Folsomia
candida and the soil microbial community (Figure 1B). Soil organisms for which established culture
methods and standard guidelines for testing exist were preferably used for experimentation. It stands out
that there was no clearly preferred plant model species. The main reason for preferred experimentation
with certain plant species appeared to be their regional economic relevance and sensitivity to pesticide
exposure.

Some studies addressed the effect of PPP residue mixtures on fungi, the soil fungi community or the
overarching soil microbial community.(17, 19, 36, 49, 59, 62, 95, 100, 101) Most often these studies
assessed fungal taxa abundance and community structure, which are more dynamic ecosystem-level
effect assessments. A less frequently assessed endpoint was the arbuscular mycorrhizal fungi
colonisation through Glomeromycota, beneficial plant symbionts(49, 63, 95, 102), which links directly
to nutrient cycling as ecosystem service.(89) Fungicides are regularly detected in European soils, which
undoubtedly target undesired fungal growth on crops.e.g.(5, 6, 12, 13, 15) Yet, the impact of PPP
residues on non-target fungi such as the ecologically important Glomeromycota(103) remain largely
unassessed in experimental mixture studies or in regulatory ERA in the EU. The currently single soil
microorganism endpoint of N-mineralisation required in European pesticide regulation implicitly
addresses fungi activity in soil but the inclusion of more direct toxicity endpoints in ERA, such as spore
germination of Glomus mosseae(104), are desirable.

Regarding quantified endpoints (Figure 1C), mortality, diverse biomarkers, reproduction and seed
germination ranked among the most frequently measured in the experimental mixture studies. For each
of the test organisms and measured endpoints official test guidelines can be found.e.g.(105-112) Where
microorganism communities were studied (mostly biomarkers such as enzyme activity or gene
expression to quantify species richness or diversity of fungi and bacteria), no standard test guideline or
uniform common method was followed(6, 17, 19, 49, 53, 63, 91, 93-96, 101), except for by one
study(113). Beside common gene analyses (16S rRNA gene for bacteria and Internal Transcribed Spacer
regions for fungi) to derive diversity indices such as the Shannon or Simpson index(17, 49, 91, 96, 101),
many studies characterised the microbial community structure by diverse methods, for example
mycorrhization of plant roots, soil microbial biomass(63) or less often soil aggregate stability(19).
Qualitative effect analysis may be possible through these methods, for quantitative RA, however,
standard methods(103) should be followed to enable regulatory scrutiny and comparability among the
studies. Yet microbial life in soil currently is only assessed in regulatory ERA of PPP through nitrogen
transformation(114) and an update to recommend more diverse methods is advisable(115).

From the above observations it can be concluded that there is a strong reliance in experimentation on
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well-established test animals and plants with corresponding apical endpoints. In RA theDsglz%%%gigiﬁ;brﬂ;VSggO%‘gg
and endpoints are assumed to represent the ecosystem health, due to their ecological function in the soil
ecosystem.(116, 117) However, molecular toxicity endpoints, summarised here as biomarkers (Figure

1C), were the second most frequently tested endpoints although their relationship to effects at the
population level or even the soil-ecosystem are uncertain, less sensitive compared to functional
endpoints(65) or simply unknown. Currently, only exo-enzymes can be used as biomarkers for
ecological functioning of soil and are usable for terrestrial RA.e.g.(118-120)

In general, ecological effects are currently not well integrated in regulatory RA although scientific
evidence would justify an integration of ecological markers for ERA(28). However, standardisation and
effect prediction of ecological effects for ERA has rarely been attempted(19, 62, 66) and remains to be

g evaluated for its usability for regulatory ERA, provided that sufficient data are available for such an
g assessment.
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Figure 1: Frequencies of experimental traits in mixture studies on soil organisms. Most frequently A) Studied
substances, B) Tested soil organisms, C) Measured toxicity endpoints. For this graph, 88 relevant studies were
screened. All studied substances and their frequency are presented in Table S5-7, related studies are shown in
Table S8. A) Shown are the substances, where the corresponding studies prepared intentional mixtures, i.e. did not
use field samples with real-life mixtures for experimentation. Note that the experimental studies partly included
test mixtures with metals and other substances as well. B) For completeness, all tested organism groups are shown
but not all tested species. The complete list is in Table S6. C) The term Biomarker represents quantification of
enzyme activities, gene expression and metabolome studies depending on the terminology of corresponding
studies. (I) = Insecticide, (IC) = Industrial Chemical, (F)= Fungicide, (H) = Herbicide, (M) = Metal, A & D =
Abundance & Diversity
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Only a small fraction of the reviewed experimental studies addresses bioavailability as an influencing
factor for exposure concentrations and thus toxicity to soil organisms, although the majority reported
the organic carbon fraction, the assumed main adsorbing soil constituent, in the tested soil. Some
experimental studies addressed the influence of bioavailability either by quantification of tissue
concentrations in exposed organisms(50, 92, 99, 121-126) correction of quantified concentrations in soil
to consider the soil organic carbon bound fraction(86, 121) or by consideration of substance
hydrophobicity and soil organic content for literature-retrieved toxicity values according to regulatory
guidelines.(60)

In comparison to RA of substances in the aquatic environment, the RA in soil faces some challenges,
which are associated with the soil matrix. Soil is a complex aggregation, which consists of large parts
of mineral particles, but also of organic matter, air pockets, pore water and living organisms.
Bioavailability is influenced by a host of variables, which are more or less well quantified. To estimate
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the bioavailable substance fraction in soil and sediment, K, the partitioning coefficient that defings thécte Online
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ratio between concentration in bulk soil and pore water is normalised to the soil organic carbon fraction,
foc(127) to result in Kq, as it is implemented in EU evaluation on industrial substances.(128) However,
this relation is based on neutral organic compounds and is not applicable to ionisable organic
compounds.(129, 130) In the case of ionisable organic compounds, at least the local pH and water
hardness should be additionally considered in the estimation of bioavailability in soil.(129) Since soil is
largely negatively charged the mobility and thus bioavailability of negatively and positively charged
substances can vary considerably. In order to account for bioavailability, for pesticide authorisation in
the EU still an overly simplistic method is used. In this method the effect concentrations for earthworms
and other soil macro-organisms are divided by two in case the log Kow (decadic logarithm of the octanol-
water partition coefficient) of the substance is greater than two, unless it can be demonstrated that the
toxicity is independent of foc.(131)

In addition to bioavailability, knowledge on exposure pathways to many soil organisms are not well
known. Therefore, it remains questionable how the estimated bioavailable fraction in soil corresponds
to the actual dose that soil organisms potentially are exposed to and may take up. To date, the study of
toxicokinetics of substances in soil organisms is mainly focussed on earthworms(123-125, 132, 133)
whilst other soil organisms have rarely been investigated.(122) If the data availability improved on
bioavailability and concurrent uptake pathways concerning different soil-dwelling species, these could
be readily incorporated into the current RA approaches to reduce uncertainty.

5.4. The most commonly applied mixture risk assessment in soil

The summation of substance-specific risk quotients, RQg.y, is the common indicator for soil mixture
risk estimation (Table 1, Table S4).(4, 5, 7, 12, 13, 15, 44, 47, 48, 50, 60, 68-70, 81, 91, 134-138)
Noticeably, the majority of the studies used earthworm toxicity endpoints (preferably chronic over
acute) for derivation of PNEC values and RQ,,,, calculations. About half the studies exclusively assessed
the mixture risk for earthworms, whilst others intended the RA of the soil ecosystem and used
earthworms as the representative soil organism (Table S8). The latter approach has potential for
underestimation of mixture risks, due to the varying sensitivities of the soil organism groups to the
different pesticide groups. For example, non-target plants are likely more sensitive to herbicidal mixture
exposure than earthworms or springtails.(139) Therefore, the corresponding RQy,,, based on earthworm
toxicities to herbicides would underestimate the mixture risk for non-target plants. Ecotoxicity data of
several trophic levels in the soil ecosystem are usually available in the EU registration dossiers of PPP,
but their extraction for MRA is laborious and spray application rates require non-standardised unit
transformations (g/ha application to mg/g of a certain soil depth). Therefore, most studies assumably
relied on already extracted ecotoxicity datasets from earlier studies, e.g. Vasickova et al. (2019) or from
databases such as PPDB (Table S8).

Yet, data gaps in the MRA are unavoidable due to missing ecotoxicity data, especially if larger numbers
of screened PPP residues were monitored in the studies. Such data gaps and the potential
underestimation of mixture risks were often not discussed (Table S8). Few studies attempted to fill the
ecotoxicity data gaps either through the usage of ecotoxicity data from structurally related substances
(4, 67) or the use of Quantitative Structure-Activity Relationships (12, 23) but the discussion and
uncertainty analysis were rudimentary. Besides these methods a more consistent data gap filling could
be achieved through organism specific models (140) but those need careful assessment with regard to
the assessed soil organism and ecotoxicity endpoint. Such models are currently limited to earthworms
and the model adaptation to other soil organisms would be desirable to avoid cross-species extrapolation
(see above).  Many studies additionally categorised the RQ,, into risk classes, first proposed by
Sanchez-Bayo et al. (2002)(4, 5, 7, 13, 15, 44, 48, 70), who derived the categories based on aquatic
ecotoxicity data. However, the bases of aquatic toxicity data increases uncertainty of these risk classes
for MRA in soil. This raises the question whether a soil-tailored classification system is required to
classify mixture risk sizes and which soil organisms are sensitive enough to reflect mixture toxicity
effects. So far, very few studies attempted the correlation between observed experimental mixture
effects and the predicted mixture risks and their numerical sizes, namely, Panico et al. 2022(44) and
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Tourinho et al. 2025(60). From these studies it can be concluded that a more accurate. corr 3Y9 5(2\1/‘1&&%@5
between mixture effects and the size/height of the mixture risk depends on two aspects: First, availability
of high quality ecotoxicity data for the assessed soil organism and the relevant effect endpoint and
second their bioavailability correction to the properties of the assessed soils. The correction of
ecotoxicity data to the bioavailable fraction was only considered in one of the assessed studies (that
apply RQsum) by consideration of the EU guidance recommended correction for soil organic matter
(60). All other studies did not consider this aspect, which likely resulted in a collection of ecotoxicity
data that are not standardised to the same soil organic matter content, which reduces the informative
value of the corresponding MRA. As noted above, if more knowledge on the bioavailability aspect for
the different soil organisms became available it could be implemented in ERA, but for now at least the
correction for soil organic matter should be performed as the minimum requirement for cross-soil
comparability and to include an aspect of bioavailability. Further, in the context of the European soil
monitoring law(142), it would be desirable to have a central database that transparently provides all
relevant information on soil ecotoxicity data across multiple trophic levels to enable robust and
comparable MRA of monitoring programmes.

5.5. Mixture toxicity in current regulation
In general, the challenge of mixture toxicity is recognised but the current legislations and the related
guidances only partially give clear instructions for MRA (85, 143-151) and tend to focus on the
protection of human health from mixture effects. Principally, CA is the default approach for MRA for
substance groups with similar mode of action and special cases like synergistic effects require in vivo
evidence. Mixture types are differentiated into intentional (e.g. pesticide or biocidal product
formulations), unintentional (e.g. discharges from production, transport or disposal) and coincidental
mixtures (e.g. several sources over space and time).(151)
Coincidental mixtures, as they occur typically in the environment, are partly addressed by substance
grouping and relative potency factor methods in monitoring directives (Directive 2000/60/EC, Directive
2013/39/EU) or in the context of contaminated sites and the derivation of soil standards for soil
contaminants to protect human health (161, 162, 166(143, 145)) or non-target organisms in soil.(85,
146, 149) For substance groups that align with the assumption of toxic additivity, like petroleum
hydrocarbons, dioxins/furans and polychlorinated biphenyls, fractions of petroleum hydrocarbons
(carbon chain length-dependent) or relative potency factors may be used for mixture assessment.(143,
145, 147-149, 152) Another option is to determine the affected fractions of species from SSD per
substance at a contaminated site, which subsequently are incorporated into the CA or IA model
dependent on the substances’ mode of actions.(85, 146)
Besides the agreement on CA as the default method for MRA, current guidelines have little coherence
in the applied methods and protection goals from mixture effects. Common methodologies are only
coherent for well-studied legacy substances, where the CA concept would apply or where relative
potency factors were established. Other substance groups are not explicitly addressed and an MRA is
made dependent on available data and where a mixture effect is evident and relevant to the formulated
protection goal. This leaves it largely open of how a mixture effect may be detected and does not require
the generation of data or fill data gaps with model approaches to inform the MRA.
Intentional mixtures are the only mixture types, where clear guidance on a MRA is available(150, 151)
and the regulations on pesticidal(78, 153-156) and biocidal products(157) are the most prominent
examples for the operationalisation of the assessment. These products are mixtures containing one or
more active ingredients along with co-formulants (safeners, synergists, adjuvants and other additives).
The use of tank mixtures of products, the sequential application of the different PPPs over time as well
as the potential formation of biotransformation and degradation products, which may prolong or increase
the product’s overall toxicity, have been acknowledged as a mixture toxicity problem.(158, 159)
However, these aspects are not yet considered in an MRA(155, 158, 159) that may result in further
tightening of safety limits of individual substances.
Mixture effects are deemed relevant in ecotoxicological testing and RA, if the toxicity of the PPP cannot
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be predicted based on the toxicity of the active ingredients.(154, 160, 161) That can be thD% case whef:ce orine

i) the PPP contains more than one active substance or ii) the toxicity of the PPP differs to that of the
active ingredient. For PPP authorisation, the applicant (i.e. the owner of the PPP) has to demonstrate the
safe use of the product containing one or more active substances. Detailed qualitative and quantitative
information on the composition of the PPP shall be provided that includes the active ingredient(s), any
relevant impurities, safeners, synergists and co-formulants. (154) The exact composition — beyond the
amount of active ingredient(s) — is, however, confidential and not disclosed publicly. As a result, soil-
ecotoxicological testing and ERA of co-formulants themselves for the soil ecosystem are not
systematically performed, which may have consequences on the accuracy of any MRA.(162-164) This
problem has been recognised in the scientific community, but data on the mixture effects of certain
active ingredients and co-formulants on non-target soil organisms is scarce in experimental mixture
studies. In our review only experiments with toluene, xylene, trichloroethylene were found.(136) The
reasoning for testing of these substances was because of their function as co-formulants in PPP.(136)

Overall, current regulations and guidances give little incentive to generate new data on toxicity to soil
organisms but rather rely on current available data and concepts. With the upcoming soil monitoring
law(142) in the EU the situation may be changed 1) by informing on the general contamination with
various substance classes in various land uses and landscapes through long-term monitoring
programmes and 2) by setting soil standards to protect soil health from single substances as well as
substance mixtures. Both aspects would encourage the generation of toxicity data on observed mixtures,
enable the refinement of model approaches and ultimately expand the knowledge on mixture effects in
the soil ecosystem.

5.6. Novel concepts

A small number of studies applied unconventional concepts for effect prediction in experimental mixture
studies (for detail see SI section 3) or the estimation of mixture risks. Most of these studies focussed on
the mixture effect prediction rather than the presentation of a new framework for MRA. The largest part
of the unconventional experimental mixture studies attempted the mixture effect prediction of realistic
substance exposures, partly in combination with abiotic stressors such as salinity, humidity or
temperature.(19, 36, 52, 62, 124, 165-167) The following subsections outline and discuss the usability
of novel MRA methods, while the SI provides more detail on the experimental studies.

5.6.1. Landscape-based environmental risk assessment
Tarazona et al. (2024) present an ERA concept, which moves away from the traditional single substance-
based RA. They introduce a landscape-based ERA that considers past and current pesticide loading
along with biological organisation in landscapes of agro-ecosystems to derive population-level impacts.
Noteworthy is the combination in their ERA of two aspects - the combination of the terrestrial and
aquatic environment as well as the consideration of aggregated (several sources of one pesticide) and
combined (several different pesticides) exposure in time and space.(28) This far-sighted approach is one
step closer to ecological realism in regulation and could give more accurate risk estimations for non-
target populations and their communities. However, many aspects of this ERA are currently unfeasible
because of the lack of ground-laying data, which is why the authors suggest a step-wise introduction of
this approach. As a first step, the authors suggest to aggregate exposures from all sources and merge
hazard assessments of the various regulatory silos, which would be the realisation of the one substance-
one assessment process in the EU.(28, 168) The RQsum method could be applied in this concept, if the
functional endpoints were linked to effects on soil ecosystem level. In a scenario, where the effect on
the ecosystem function was quantifiable, RQsum could provide a robust low tier mixture risk screening
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for impacts on the soil ecosystem. However, such links of toxicity endpoints to high§5|;el8%?§?§§%/§§o%‘§§
functions are not well developed.

In a proof of concept—study, the landscape-based ERA principles were applied, where reported toxicity

data from RA dossiers informed population-relevant parameters to feed a simplified population
dynamics model.(169) Overall, this population model simulated the application of folpet and pirimicarb

in a defined agricultural area over time and space to quantify the effects on mammal and bird
populations. This exercise enabled the identification of risk drivers for population effects, but not yet

the risk interpretation needed for a regulatory context. Similar exercises could be realised in the context

of the soil ecosystem with toxicokinetic-toxicodynamic models of selected soil organisms in
combination with landscape-level exposure models e.g.(170, 171)

5.6.2. Total applied toxicity

The total applied toxicity (TAT) is a national-scale mixture risk indicator of pesticide risks over
time.(172-174) It combines annual applied pesticide amounts and corresponding toxicity safety limits
(e.g. PNEC) per species groups (terrestrial as well as aquatic) and pesticide groups (substance-defined,
mode of action-defined etc.) to scrutinise risk trends in the exposed species groups.(172) It is a national-
scale indicator for mixture risk, which revealed diverging long-term trends among species groups in
Germany(173), the United States(172) and globally(174). It is a useful retrospective method to analyse
the potential impact of pesticide application on the living environment. However, it falls short to account
for residual risks from pesticide applications of previous years, especially when the residual risks stem
from environmentally persistent pesticides.

5.6.3. Risk quotient-based concepts

As noted above (section 5.4), the RQ,, concept in soil MRA relies on toxicity data from the most
sensitive soil organism. Usually, toxicity data from earthworms were most frequently applied for RQg,n,
calculation, which are not necessarily the most sensitive soil organism for a particular mixture.
Therefore, observed toxicities in various soil organisms did not always correlate well with the indicated
mixture risk.(44) One solution to better indicate mixture risks to specific soil organism groups may be
the RQ.x, concept.(175, 176) The key difference of the RQy., to the RQq,,, is the grouping of substance
toxicities according to relevant organism groups representing trophic levels. RQy,y, recognises that
different organism groups show different sensitivities to the various substance groups, which is
especially relevant for pesticides where mode of actions can be very target-specific. RQ.y, refines RQgm
by consideration of sensitivities of different trophic levels, represented through species, to the substances
in mixture. Figure 2 visualises the derivation of RQy,. Two case studies demonstrated that applied
RQuxa in aquatic MRA enabled the organism-dependent differentiation of pesticide mixture risks (176)
and that RQy,,, was consistently lower than RQg,,(175).

For risk quotient calculation, the lowest overall chronic toxicity endpoint across the trophic levels per
substance is selected to represent the substance’s toxicity (marked bold in Figure 2: 0.56, 29 and 23 mg
active substance/kg soil) in the PNEC derivation (“Quality Criterion”, Figure 2). Then, any trophic level
with toxicity values within factor 10 of the lowest toxicity endpoint are considered sensitive enough to
be included in the mixture risk assessment (in Figure 2 column “Considered?””) for the assessed
substance and are assigned the quality criterion/PNEC of the assessed substance. In this example, the
Quality Criterion is represented through fictive PNEC, which were derived based on the lowest and
reliable NOEC or EC, across the different trophic levels. The AF size is selected dependent on the
ecotoxicity data availability per substance in line with EU guidance (https://op.europa.eu/s/y4d4). Note
that, in line with the precautionary principle, missing toxicity data in the trophic levels always trigger a
consideration of the corresponding trophic level (e.g. “Substance 3”, Figure 2). Trophic levels with more
than 10 times higher toxicity values than the sensitive level are not considered relevant for the assessed
substance and are set 0 for risk quotient derivation for that trophic level. Once all substances in a mixture
are assessed, the risk quotients are calculated by division of MEC over the corresponding quality
criterion (italic in Figure 2) and summed per trophic level. The example in Figure 2 shows that the
highest concern for mixture risk is identified for trophic level 1 and exceeds the commonly accepted
mixture risk threshold of 1, while the mixture risk is lower for the other two trophic levels. The overall
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The resulting mixture risk of RQy,,, and RQ,, cannot directly be translated into predicted effects, since
they combine various toxicity endpoints, species and uncertainty factors in the summation of risk
quotients (24). Therefore, they qualify as an intermediate tier mixture risk assessment between RQg,n
and species-specific mixture risk assessment. It could stop an MRA in case the overall resulting mixture
risk is < 1, meaning there is no concern for mixture risks. RQg,, and RQ,,, recognise that often the high
quality ecotoxicity data for various soil trophic levels are missing for the assessed substances in mixture
and therefore represent a conservative MRA approach that makes the maximum use of available data.
Higher tier assessments that build on the mixture risk identification of RQ,y, could further refine the
MRA by focusing on the more sensitive organisms. For example, the grouping of the available data
could be more strictly according to the principles of CA and in case of missing experimental values, the
data generation in new experiments could also be guided.

" 4 N\ /7
Substance 1 Substance 2 Substance 3
MEC*: 0.15 MEC*: 0.3 MEC*: 0.06
Trophic
Level Level1 Level2 Leveln Level 1 Level2 Leveln Level 1 Level2 Leveln

NOEC/ not
EC10** - 16 29 available
Considered?
Quality . 29/10 23/50
Criterion® =0.46
Trophic Level 1 Trophic Level 2 Trophic Level n
Risk
Quotients =
Substance 2 0.3/2.9 _ i
Quality Criterion’
Substance 3 0.06/0.46 _

Figure 2: Concept of RQq,,, with an exemplary mixture of three substances and three trophic levels. RQg,,
would be equivalent to sum of all risk quotients of the substances in the mixture. In this example RQgyy, is
equivalent to the RQy, (circled in red) of Trophic Level 1. Please note that the number of trophic levels can be
adapted (“hence trophic level n”) to the number of available toxicity data from different species representing
trophic levels. *Measured Environmental Concentration (mg active substance/kg soil), **No Observed  Effect
Concentration / 10% Effect Concentration (mg active substance/kg soil), *** Toxic sensitivity high enough to be
relevant: Within factor 10 of lowest NOEC/EC,, °A toxicity threshold like NOEC or EC,y, divided by an
assessment factor (mg active substance/kg soil) to result in a PNEC.

As indicated in Figure 2, the RQ,,, concept can be adapted to the number of tropic levels considered
relevant for MRA and can be tailored to regulatory protection goals. Further, RQ,., can also guide the
generation of new toxicity data and point to knowledge gaps on taxa sensitivity to pesticides.

To date, this approach has not been applied in soil MRA, but is regularly being applied for assessing
surface water quality by Swiss cantonal laboratories.(175, 177) The main uncertainties of risk indication
by RQu.xa are similar to RQ,,,, and concern the origin of toxicity values (study quality, acute or chronic
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endpoint) and the use of assessment factors to cover uncertainty (e.g. extrapolation frDo()rll;lgggts% b dgce onne
untested species, extrapolation of laboratory data to field conditions) and differences in sensitivity (e.g.
acute to chronic endpoint extrapolation). The trophic levels in RQy, could be associated with soil
functions to obtain risk estimates to address overarching soil protection goals. The evaluation of RQ,
for its utility in soil MRA requires further scrutiny and the comparison with other soil MRA methods,
like RQgum, would provide valuable insights.

Other concepts that use the risk quotients for mixture risk indication but have not been applied in a soil
context are the mixture allocation factor (MAF) and maximum cumulative ratio (MCR). Both are
currently under consideration for inclusion in the chemical registration under REACH.(178) The MAF
guides the determination of reduction factors, by which a single substance concentration in a mixture
needs to be reduced to meet protection goals.(179) It would be a simple but effective method to solve
the above noted mixture problem in prospective soil RA of PPP (section 5.5). Empirical evidence of
MAF size distributions from soil monitoring campaigns would be readily available and could inform on
how big an additional assessment factor would need to be for sufficient protection from mixture effects
in soil organisms.

The MCR classifies whether the risk from a given mixture is caused by a single substance, a small
number of substances or multiple substances in the mixture(180), thus it characterises the excess risk
caused by the co-presence of multiple substances. The MCR indicates whether a given sample contains
a mixture problem when MCR > 2 and RQg,, > 1. Both indicators, MAF and MCR, rely again on
concentration additivity of the mixture constituents. One of the reasons, why these methods have not
been applied yet in soil ecotoxicology may be that the specific protection goals for flora and soil fauna
have not been agreed upon in the European Union, which would give clear guidance on risk reduction
aims. However, it would be a valuable exercise to obtain MAF and MCR distributions from soil
contamination surveys to inform soil MRA and get a measure on the present excess risk in soils due to
the co-presence of substances.

6. Conclusions for soil mixture risk assessments and recommendations

The surveyed scientific studies used mainly toxicity endpoints for earthworms, presumably the most
sensitive species group, and concurrent data were often extracted from other studies or common
repositories like the PPDB. This practice may overlook important other non-target soil organisms, which
may also play substantial roles in maintaining soil health, with concurrent underestimations by the MRA.
For PPP residues, toxicity endpoints of the different trophic levels may be obtained through the
assessment reports made publicly available by EFSA (https://open.efsa.europa.eu/), which usually
contain toxicity data from some soil macro-organisms and microorganisms. In general, there was a
noticeable data gap in MRA studies on certain soil organism species like predatory mites or fungi.
Especially beneficial fungi were not represented by a single model species and chronic effects on these
organisms through PPP residues remained largely unknown. Therefore, the generation of more toxicity
data across all possible soil organism species will be important to create an even representation. The
data generation would also benefit the establishment of mixture risk classes based on soil organism
toxicities and not on that of aquatic organisms.

Bottom-up risk assessments, which assume CA, are the most frequently applied concepts for soil MRA
of PPP residues in the current scientific literature. In terms of assessment method, the summation of risk
quotients, RQy,n, is the most commonly applied method to estimate mixture risks in soil. RQ,,,, the
refinement of RQ,,,, avoids taxa-specific risk overestimations and points to where toxicity data for
specific trophic levels are missing and therefore guiding needs for new toxicity data generation. Novel
MRA methods lack available toxicity data (landscape-based ERA) or give a more general risk trend
(TAT). In fact, with currently available toxicity data on soil organisms, RQy,, is the most pragmatic
approach for MRA with the RQ,,, offering a potential for refinement while maintaining the same
conceptual principles of the well-established RQgp.

Improvements on mixture risk assessments have to deal with data gaps on certain less represented
taxonomic groups and better consider bioavailability to allow general concepts and conclusions to be
more broadly applicable across soils. Ideally, the goal for a more holistic assessment of soil ecosystem
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health would be the combination of diverse stressors, like temperature increase, fertilisation fafff]t'iﬂgde Online
. o . DOl; 10.1039/D5¥A00405E

practises, PPP exposure etc. Therefore, it is an encouraging development that these factors are

increasingly being considered in experimental studies. More realistic exposure scenarios may uncover

the extent of PPP residue effects relative to other factors and are one step closer to a landscape-based

risk assessment.
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Table 1: Risk assessment methods for substance mixtures in soil. Presented are the methods, which relate observed toxic mixture effects to an indicator of potential hazard of adverse

effects to soil organisms.

Method

Formula

Description

Sum of Risk Quotients
(RQgum)

=

n n
MEC;

ZRqum = ZRQi = ZPNEC-
i=1 1 L

Sum of individual risk quotients of pesticides (RQ;) to
calculate aggregate risk, also termed hazard index. RQ; is
calculated as a ratio of measured or predicted environmental
concentration (MEC or PEC) over predicted no effect
concentration (PNEC) from toxicity data on soil organisms
for each substance in the mixture. In experiments with filter
paper and aqueous exposure the PNEC; is calculated from
PNEC 4 With an equilibrium partitioning approach (EC,
2022)*

Integral Risk Index

Y.(Hazard Index x Pollutant concentration)

Integral Risk Index = NoPollutants

Hazard index (HI) is based on USEPA definition (on P =
Persistent, B = Bioaccumulative and T = Toxic). To build the
HI, the variables are grouped according to the PBT category
by summing the values. The self-organising map normalises
the values to set a range between 0 and 1 and uses weightings
for each evaluated criterion. No. Pollutants = Number of
pollutants.**

Species Sensitivity
Distribution (SSD)

F(xa,p) = T+ a/a)yF

SSD is used to determine the hazard concentration that affects
x% of the population (HCx). Typically a log-logistic model is
fitted to data of one type of endpoint (e.g. EC;y or NOEC of
reproduction endpoint) across different species. The best fit
model is used to obtain hazard concentrations affecting x % of
the assessed community (F(x,a,p)). Please note that the
parameterisation of the model may vary to that presented here
(cumulative distribution function represented if a >0, > 0,
and x > (). *%**

Example Studies: * Vasi¢kova, Hvézdova (4), Pelosi, Bertrand (5), Froger, Jolivet (7), Franco, Vieira (12), Hagner, Rdmé (13), Honert, Mauser (15), Panico, van Gestel (44), Mu, Yang (47),
(48), Jiang, Wang (50), Tourinho, Hochmanova (60), (68-70, Zhao, Yang (91), Gonzalez-Naranjo and Boltes (134), Gonzalez-Naranjo, Boltes (135), Wang, Zhang (136), Gallego, Shipley
(137), Urbaniak, Baran (138), ** Nadal, Kumar (83), *** Gainer, Bresee (86)
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All data for image generation are made available through the supplementary information, via a data
package (https://doi.org/10.25678/000FJH) and github
(https://github.com/fabigpb/soil_mixture_risks, the figure was produced with the code and data
version v1.3_review_publication:
https://github.com/fabigpb/soil_mixture_risks/releases/tag/v1.3_review_publication).
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