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A B S T R A C T

While pesticide use is subject to strict regulatory oversight worldwide, it remains a main concern for environ-
mental protection, including biodiversity conservation. This is partly due to the current regulatory approach that
relies on separate assessments for each single pesticide, crop use, and non-target organism group at local scales.
Such assessments tend to overlook the combined effects of overall pesticide usage at larger spatial scales. Inte-
grative landscape-based approaches are emerging, enabling the consideration of agricultural management, the
environmental characteristics, and the combined effects of pesticides applied in a same or in different crops
within an area. These developments offer the opportunity to deliver informative risk predictions relevant for
different decision contexts including their connection to larger spatial scales and to combine environmental risks
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of pesticides, with those from other environmental stressors. We discuss the needs, challenges, opportunities and
available tools for implementing landscape-based approaches for prospective and retrospective pesticide Envi-
ronmental Risk Assessments (ERA). A set of “building blocks” that emerged from the discussions have been
integrated into a conceptual framework. The framework includes elements to facilitate its implementation, in
particular: flexibility to address the needs of relevant users and stakeholders; means to address the inherent
complexity of environmental systems; connections to make use of and integrate data derived from monitoring
programs; and options for validation and approaches to facilitate future use in a regulatory context. The con-
ceptual model can be applied to existing ERA methodologies, facilitating its comparability, and highlighting
interoperability drivers at landscape level. The benefits of landscape-based pesticide ERA extend beyond regu-
lation. Linking and validating risk predictions with relevant environmental impacts under a solid science-based
approach will support the setting of protection goals and the formulation of sustainable agricultural strategies.
Moreover, landscape ERA offers a communication tool on realistic pesticide impacts in a multistressors envi-
ronment for stakeholders and citizens.

1. Introduction

The use of plant protection products (PPPs) is subject to a prospective
environmental risk assessment (ERA), covering the pesticidal active
substance and the marketed product, and regulatory approval in most
jurisdictions worldwide, with some differences among jurisdictions (van
der Vegt et al., 2022). Typically, in this process, risk assessors provide
scientific advice to risk managers on risks that the use of the pesticide
may pose to human, animal, and environmental health. The ERA process
is widely used for prospective/predictive evaluations (i.e., pre-market
registration assessments) and in retrospective evaluations (i.e., post-
market monitoring programs). Depending on the substance and legis-
lative regime, the endpoints selected for environmental assessments
cover specific non-target organism groups, or selected indicators of
impacts on biodiversity and/or ecosystem functions and services. In the
EU, the responsibility for conducting ERA for pesticides is shared by the
European Food Safety Authority (EFSA) and national agencies of the
Member States. EFSA is involved in the assessment of pesticide active
substances, while the ERA for PPPs is conducted at zonal and national
level. In the ERA process, risks are characterized by testing specific
hypotheses on predicted exposure levels and the probability and severity
for potential environmental harm.

Over the past several decades, the development and implementation
of prospective methods for assessing the environmental risks of pesti-
cides led to a plethora of ERA guidance documents tailored to the needs
of specific sectors and jurisdictions. While the complexity of data re-
quirements, models, scenarios, approaches, and other tools in support of
ERA increased substantially in time, today’s ERAs do still rely on the
traditional risk assessment and risk management paradigm that has been
the basis of environmental protection (e.g., Burke et al., 2017). This
paradigm relies on compartmentalized and pollutant-specific, risk-based
approaches. For pesticides, this implies individualized assessments for
each substance, each use, and each recognized non-target group.
Currently, this approach does not enable comparison of risk assessments
for different substances within the same framework. It does not directly
address the complexity of the environmental reality that includes
ecological interactions and processes at individual and population-
relevant landscape scales. The need for more integrative approaches
for the ERA of pesticides has been highlighted by academics (i.e.,
Topping et al., 2020; Sousa et al., 2022, Leenhardt et al., 2023), regu-
latory scientists (i.e., Streissl et al., 2018; Devos et al., 2022a, b) and
institutions (EFSA, 2018, EFSA 2021, 2022a, b; EFSA Scientific Com-
mittee, 2021; EEA, 2023).

Pesticide use remains a major concern for biodiversity conservation
in agricultural and non-agricultural areas. Despite the implementation
of ERA in the regulatory context, issues have been identified for most
taxonomic groups, including pollinators (Rundlöf et al., 2015; 2022),
aquatic invertebrates (Beketov et al., 2013; Liess et al., 2021), terrestrial
invertebrates (Sanchez-Bayo et al., 2019; Forister et al., 2019; Sanchez-
Bayo and Wyckhuys, 2021), and birds (Li et al., 2020; Rigal et al., 2023;
Mineau and Kern, 2023). Recently, for example, EASAC (2023) and

Morrissey et al. (2023) argued that current ERA methodologies do not
sufficiently consider ecological and practical realities to achieve the
desired level of environmental protection.

To further advance ERA methodologies for pesticides, it has been
suggested that they must integrate the assessment of: (1) aggregated
effects of all intended uses of the pesticide active substance (e.g., Tar-
azona et al., 2021); (2) combined effects of all pesticides used in an area
(e.g., Tarazona et al., 2021); (3) interactions with other environmental
stress factors (such as climate change) (e.g., Liess et al., 2016); (4)
population recovery, including recolonization, following harmful effects
(e.g., Kattwinkel et al., 2015); and (5) adaptation to pesticide stress (e.g.,
Siddique et al., 2021). An essential element in this process is the
consideration of the landscape characteristics as they influence biodi-
versity and species distribution (e.g., Tscharntke et al., 2022), exposure
patterns and ecological consequences. From these considerations, the
landscape context emerges as the key modifier of pesticide exposure and
associated risks. Since the current regulatory framework provides
limited considerations for landscape aspects, the need for further
development has been highlighted (Schäfer et al., 2019; Topping et al.,
2020; Sousa et al., 2022). Indeed, it has been demonstrated that the
environmental impact of pesticide use is drastically influenced by as-
pects such as: the composition and configuration of the agricultural
land; past usage of pesticides; crop density; connectivity to semi-natural
habitats and to the water basin; and agricultural management (other
farming practices such as fertilizer uses or soil tillage) (Knillmann et al.,
2018; Andersson et al. 2021; Lindström et al., 2021). While some rele-
vant ecological aspects (e.g. the ecological recovery option (ERO)) are
considered in the ERA of pesticides, there is growing scientific evidence
that the impact of ecosystem stressors exceeds the resilience of ecosys-
tems (IPBES, 2019). In the EU, EFSA is developing proposals for
addressing landscape aspects in pesticide ERA. Additionally, the EU
Green Deal introduced new policy targets to further reduce the impact of
pesticides on ecosystems. The ambition to improve the ecological real-
ism of pesticide ERA through the consideration of landscape aspects may
not primarily be applicable to pre-market registration dossiers of indi-
vidual pesticidal active substances, but rather to inform decision makers
responsible for PPP authorization and post-marketing surveillance on
necessary measures to reduce ecosystem impact of pesticides, e.g., by
restrictions in their use following the identification of vulnerable areas
linked to landscape characteristics, as well as the implementation of
improved landscape management measures such as compensation areas.

The explicit consideration of the spatial and temporal variability of
agro-ecosystems in pesticide ERA would facilitate the linkage of
ecological assessments performed under other legislative regimes such
as the Water Framework Directive, and integration of pesticide moni-
toring data in prospective ERA. Since the landscape conceptualization
and model development also intend to consider agricultural manage-
ment and the role of other environmental stress factors, it will help to
increase the ERA capacity to address environmental complexity and the
capacity for evaluating relevant environmental impacts on biodiversity
and ecosystem services, in agricultural and associated areas. Such an
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integrative approach requires the exploration of new conceptualizations
and strategies. Furthermore, it requires a constructive dialogue between
risk assessors and risk managers, involving all relevant stakeholders, at
the problem formulation phase to achieve “fit-for-purpose” ERA (Devos
et al., 2019, 2022).

A series of workshops were held in November-December 2022 to
explore the key elements required for developing a conceptual frame-
work for landscape-based ERA of pesticides, under the EU Partnership
PARC (Marx-Stoelting et al., 2023). The workshops included a set of
presentations from experts covering the different elements required for
assessing environmental risks at the landscape level and structured
discussions. Here, we present the main outcomes of the workshops,
propose a conceptual framework for implementing landscape-based
approaches for ERA, discuss challenges and possible solutions, and
introduce the next steps under PARC 6.4.4 (See Section A under Sup-
plementary materials for additional information on the project) for
materializing these concepts as a landscape-based ERA methodology.

2. Conceptualization method

The conceptualization process was based on structured expert dis-
cussions, including three main steps: (1) definition of the research
questions; (2) four on-line workshops held between November and
December 2022 involving over thirty experts from academia and regu-
latory agencies; and (3) integration of the identified elements into a
landscape-based ERA framework.

The overall research question was defined as “What is the combined
environmental impact (i.e., relative impact in relation to other environmental
stress factors) of the overall use of pesticides in a certain agro-ecosystem and
its associated freshwater ecosystems?” Subsequently, the overall question
was divided into sub-questions that cover the four successive phases of
the ERA process, i.e., the problem formulation or hazard identification,
dose–response characterization or hazard assessment, exposure assess-
ment, and risk characterization. The sub-questions included consider-
ations of spatial and temporal variability. The discussions considered the
available information sources, i.e., ecotoxicity data, models, scenarios,
monitoring information and other tools already available, as well as
those that could be developed during the project time frame. Organi-
zational issues such as the implementation of complex tools in regula-
tory assessments, the risk assessment/management dialogue, or the
identification of relevant stakeholders and potential users of the risk
characterization results, were also discussed.

The workshop discussions were supported by a targeted literature
collection. The outcomes of the workshops (including discussions and
preparatory materials) were reported in internal workshop minutes, and
structured around five complementary ERA areas, serving as organizing
framework for the building blocks identified during the expert discus-
sions. Each area covered prospective and retrospective assessments
including the use of monitoring data.

• ERA area 1: Framing issues, scope, and problem formulation
• ERA area 2: Exposure-related issues, including environmental fate
processes

• ERA area 3: Effect-related issues
• ERA area 4: Specific considerations about other environmental stress
factors

• ERA area 5: Risk characterization issues, policy needs and translation
of risks into environmental impacts

3. Building blocks for landscape-based ERA

The main discussion elements derived from the series of workshops,
extracted as building blocks, and classified into the five abovementioned
areas are summarized in Section B of Supplementary Materials. Building
blocks were diverse in nature, and considered a broad spectrum of ele-
ments, including, among other aspects, the available data and tools,

specificities of agroecosystems, differences in landscape assessments
between aquatic and terrestrial systems, regulatory needs for different
decision-making processes, geographical scales, and stakeholders and
potential users. The main cross-cutting complementary elements are
summarized below.

3.1. Ontologies and vocabularies

An essential element for providing flexibility while ensuring coher-
ence, transparency and interoperability is the selection and use of
harmonized ontologies and vocabularies. Under the PARC initiative, it
has been proposed to use EnvThes vocabularies for ecological terms (see
https://vocabs.lter-europe.net/envthes/en/index).

The proposed definition for landscape “[GEMET] The traits, patterns,
and structure of a specific geographic area, including its biological compo-
sition, its physical environment, and its anthropogenic or social patterns. An
area where interacting ecosystems are grouped and repeated in similar form.”
is applicable to landscape-based ERA of pesticides and the conceptual
model description.

It is important to highlight the interdependency between landscape-
based ERA and systems-based ERA. The conceptual approach of PARC
6.4.4 is framed by the systems-based ERA proposed by Sousa et al.
(2022) in the PERA Roadmap report “Building a European partnership
for next generation, systems-based ERA”. The systems-based ERA is
defined more broadly than landscape-based ERA, but involves and in-
tegrates, landscape considerations. In line with the abovementioned
GEMET definition, a landscape approach for pesticide ERA requires
spatially-explicit considerations of the physical, biological, and
anthropogenic characteristics of the agro-ecosystems.

Specifically for pesticides ERA, a landscape approach requires con-
siderations on the spatial distribution of land uses, and spatial and
temporal considerations of agricultural management, linked to local or
regional environmental and ecological characteristics. The combination
of landcover (mainly distribution of crops, field margins, non-crop areas,
and watershed structure including runoff and drainage for aquatic or-
ganisms) with ecological traits and agricultural management defines the
exposure potential of each individual as a function of its location. The
approach allows a more realistic risk estimations, as the for the same
non-target organism group, the risks, including expected impacts and
potential for recovery, may be differ significantly depending on the
landscape characteristics. Nevertheless, the main advantage of pesticide
landscape ERA is the possibility for addressing the aggregated and
combined risks of all pesticide applications within an area, as the sum of
effects assumed to be acceptable for each application, may lead to un-
acceptable impacts on populations and ecosystem functions.

Landscape consideration should support different regulatory needs
for prospective and retrospective assessments, and be implementable as
tools to assess i) the overall risk of all uses proposed for an individual
pesticide (aggregated exposure), ii) the combined risk of different pes-
ticides on a particular non-target species or taxa; and iii) the overall
environmental impact of pesticide usage and, or in comparison with,
other stressors. Including landscape considerations in ERA is a challenge
as the scope expands and the overall complexity of the assessed system
increases. To avoid unnecessary complexity, ERA tools should be suit-
able for different decision contexts (as exemplified below) and adaptable
for example in terms of appropriate specificity and level of detail.
Additionally, to avoid regulatory silos, a system-based approach should
include a holistic perspective that addresses the connectivity of agro-
ecosystem elements, as well as the political, economic and social con-
texts (Sousa et al., 2022).

3.2. Landscape models

Landscape considerations play a key role in enabling the tran-
sitioning to next generation ERA, with spatially explicit models consti-
tuting the most relevant enabling tool to understand how complex
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systems, such non-targed populations in agricultural environments,
work (Focks et al., 2014), if they are appropriately parametrized and
validated. Such models may enable a more realistic and context-specific
assessment of risks at the landscape scale, which includes the aggregated
exposure to the same pesticide from different locations and routes as
well as the combined exposure to multiple pesticides, on a routine basis.
At the same time the use of a context-specific model requires ensuring
that the context is representative and covers the scope and applicability
domain in which the model is intended to be used, which for landscape
models is linked to the decision scope to be supported by the model.
Decision scopes on pesticide use and associated risks may range from a
single field to regional, national and EU levels. In addition, landscape
models could be used to support other relevant aspects within the ERA
process, such as the definition of specific protection goals, the design of
monitoring strategies, and the evaluation of the efficacy of different
farm management practices including risk mitigation measures. There-
fore, a challenge for landscape-based ERA is the necessity to accom-
modate for the different needs of risk managers or “users” regarding the
risk characterization results. This includes the development of a new
framework for “fit-for-purpose” and protective regulatory ERA of indi-
vidual pesticides. Several landscape-based ERA models, which follow
different approaches, have been proposed by different authors. The
conceptual framework presented here will facilitate the comparison of
approaches and integration of results from different models reported in
the scientific literature.

The main features of a landscape-based ERA model for pesticides are
the consideration of: (1) the spatial distribution of the crops and asso-
ciated systems (such as watersheds) in the exposure assessment; (2) the
spatial and temporal distribution of the non-target organisms in the
area; and (3) the cropping and farm management practices and their
spatial and temporal distribution. The development and implementation
of a landscape-based ERA will require substantial efforts as landscape
structures and associated characteristics are heterogeneous, as well as
spatially and temporally challenging. Landscape models should connect
exposure and effects by coupling pesticides fate in air, soil, water and
biota, with the presence, movements, relevant exposure routes and
resulting effects on non-target organisms in the landscape mosaic.

The integration of landscape ERA in the regulatory context should
consider the decision context and focus on the specific needs, avoiding
unnecessary complexity. An exploratory phase is needed for the iden-
tification of the processes to include and boundaries to set for supporting
the specific decision making. The models may be used at different levels
of the assessment process, and not primarily linked to the assessment of
a specific pesticide. Typical examples are for screening as an introduc-
tory level prior to ERA, for benchmarking and focussing the ERA on
specific aspects, for defining protection goals or management options,
etc. Transparency is a critical element for all users, the interface should
facilitate the use, but keep the traceability regarding the selection for the
input parameters, the model considerations including the level of vali-
dation, and the uncertainty assessment of the results.

As an initial first step, landscape considerations may be applied to
exposure models, but should ideally be extended to the effect models.
Some models, such as ALMaSS (Topping et al., 2003), allow exposure
and risk estimations using geographical information from real land-
scapes, this approach could be combined with local monitoring pro-
grams enabling the comparison of model predictions with monitoring
results at the local level. More generic spatial approaches, using repre-
sentative scenarios, are relevant for identifying the most significant
factors serving as drivers of exposure and effects of PPP on biodiversity,
which, in turn, can support the identification of generic risk mitigation
approaches. Spatially explicit models can: a) integrate multiple sources
and exposure routes, b) consider scenarios for exposure of several
terrestrial and aquatic taxa, and c) predict the combined exposure to
multiple pesticides present at different periods in various landscape el-
ements. The inclusion of temporal trends offers the possibility to
consider the trends in weather and land use scenarios in prospective

ways, and if extended to multiple years, would address long-term con-
sequences of moderated but repeated impacts as well as the influence of
climate change. Landscape composition and configuration can include
both semi-natural habitats and cultivated fields, as well as diversity in
cropping and farm management practices including risk mitigation
measures (Vasseur et al, 2013). Developing spatially explicit exposure
models is a promising avenue to increase realism in predictions depen-
dent on the landscape and local ecological characteristics. The associa-
tion of climatic conditions to geographical regions is also very relevant
and has become a new challenge due to anthropogenic climate alter-
ations. For pesticide ERA in addition to organism traits, the landscape
context metrics (landscape configuration and composition, farmer in-
terventions, etc.) can maximize or mitigate pesticide exposure and/or
effects and affect the potential biodiversity recovery from the sur-
rounding non-impacted areas. In addition, indirect effects, which occur
widely in ecosystems when considering communities and food webs,
must be considered and, if possible, differentiated from direct effects.
The main current limitation of models addressing indirect effects is the
very partial knowledge of key processes and species interactions for
most ecosystems (Fleeger, 2020).

3.3. Monitoring

The application of pesticides, including their quantity, frequency,
timing location and co-occurrences, is linked to specific spatial areas and
timeframes. Therefore, a landscape approach is essential for linking
realistic pesticide usage and chemical monitoring data. Information on
when, where, and how pesticides are applied is the first step to quantify
exposure levels, and co-exposure to multiple pesticides, for non-target
organisms. Yet, monitoring pesticide occurrence in the environment
and monitoring their possible effects on biodiversity require different
approaches, tools, and expertise. The tools may include chemical, bio-
logical and ecological indicators and must connect spatial and temporal
frames to assess the impact of pesticides on specific populations/com-
munities and overall biodiversity. The interoperability must be extended
to other aspects, i.e., for linking pesticide levels with actual use and fate
processes, or for considering the impact of other cropping and farm
management practices and environmental stress factors than pesticides
in biomonitoring schemes. Landscape ecotoxicology approaches provide
the basis for integrating all these aspects through retrospective
landscape-based ERA (Focks, 2014). In the EU actual pesticide use data,
at field level, is expected from the implementation of national plans
under the Sustainable Use Directive; if actual use data is available,
landscape exposure models are a key tool for connecting actual uses with
monitoring results, in order to confirm or refine model estimations. In
addition, chemical and biological monitoring are essential for calibrat-
ing and assessing the suitability of prospective models and approaches
(Centanni et al., 2023).

Monitoring performed to assess pesticide presence, including trans-
formation products, or pesticide effects, using biological and ecological
indicators, is, by definition, temporally and spatially explicit. Data
derived through such monitoring are available typically as “post-market
registration”, hampering their inclusion in prospective ERA. To
circumvent this issue, it has been suggested to establish pre-market
registration monitoring farm-catchment networks with realistic pesti-
cide application patterns. Monitoring data may be overlooked during
the renewal of market approval (in general every 10 years in the EU
system) of registered pesticides, as this information may not be included
in the pre-registration data aggregation process (Schäfer, et al., 2019).
Additional considerations are needed for substances with natural or
historical backgrounds, and EFSA has developed specific recommenda-
tions on the use of monitoring data for metals used as pesticides (EFSA
PPR Panel et al., 2021).
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3.4. Implementation

The implementation of landscape ERA in regulatory assessments
should consider that these approaches are conceptually more complex
than current single-substance regulatory ERA, requiring more effort and
specific expertise. Yet, the implementation in integrated platforms will
increase efficiency and is likely to be more effective for supporting de-
cisions than currently used in in-field vs. off-field simplifications,
enabling more realistic context-specific ERA predictions. Landscape
models may include the assessment of the combined exposure to mul-
tiple pesticides and their potential adverse effects on the environment
within an area, offering the possibility for comparing environmental
impacts of different management scenarios (e.g., crop protection stra-
tegies, structural and/or compositional characteristics of landscapes).

A two-fold connection with chemical monitoring was identified:
measured environmental concentrations would support spatially and
temporally explicit landscape-based exposure assessments, while pro-
spective landscape ERA models would support the design and imple-
mentation of chemical and ecological monitoring programs. The models
are also essential for incorporating spatio-temporal distribution, activity
patterns and population dynamics of non-target organisms (e.g., niche
models) in the landscape mosaic (e.g., between treated and non-treated
area). Following a trait-based (diet, body characteristics, mobility, …)
approach (Knapp, et al., 2023), which are strong drivers of exposure and
effects, would be ecologically relevant and an important issue for cur-
rent ERA. For pragmatic reasons, ERA has always differentiated aquatic
and terrestrial systems, but we need to consider pesticide transfer and
ecological connectivity (e.g., amphibian species, insectivorous organ-
isms that depend on the emergence from aquatic systems; mixed trophic
chains) during the implementation and final integration of risks into
environmental impacts (Schulz et al., 2015).

While pesticides are considered “data-rich” chemicals, effect as-
sessments are limited by the available information, which mostly fo-
cuses on direct toxic effects. Therefore, effect modelling must use the
existing information that mostly derive from laboratory studies that are
conducted with pre-selected “model species” and under controlled
exposure conditions. The currently applied tiered approach creates
heterogeneity in the information available for different pesticides
(Morrissey et al., 2023). In practice, only lower tier information is
available for most pesticides, while additional risk assessment infor-
mation is gathered among higher tiers for the more hazardous pesticides
to refine the risk. Consequently, the landscape-based ERA should ac-
count for the different levels of information available for the different
pesticide-NTO combinations, usually with more information available in
cases where there is higher potential for effects. This situation affects
both prospective and retrospective assessments.

New Approach Methodologies (NAMs) are an emerging set of in silico
(computational), in chemico, and in vitro methods that can replace,
reduce and refine traditional animal-based testing in chemical risk
assessment. The utility of NAMs has mostly been explored for human
health risk assessment, but their value to ecotoxicological hazard
assessment and ERA has been increasingly acknowledged for some time
(Bean et al., 2023; Di Nicola et al., 2023; Rattner et al., 2023). For
example, in silico methods include effect modelling at the organism
level; ecological models for estimating effects from the laboratory to the
field, from individuals to populations, and for extrapolating effects
across untested species and different levels of biological organisation;
and landscape modelling (Astuto et al., 2022). In chemico and in vitro,
including omics, can provide improved mechanistic knowledge of toxic
effects on biological systems and should be investigated as options for
the early identification of effect drivers, targeted traits and vulnerable
species based on molecular and sub-organismal level data. High-
throughput screening methods may facilitate gathering empirical in-
formation on combined effects on biological systems; provide quanti-
tative dose-responses relationships for different pesticide combinations;
and help to identify synergistic effects. However, the relationships

between responses of such biomarkers and the fitness of organism
(survival and reproduction parameters) should be unraveled in order to
allow for the assessment of population outcomes. This approach could
be facilitated through the consideration of Adverse Outcome Pathway
(AOP) approaches (Lee et al., 2015; Camp and Lehmann, 2021).

3.5. Validation

While validation is essential for the regulatory acceptance and up-
take of models, the complexity and intrinsic variability of ecological
responses makes conventional validation (comparison of predictions
with real observations) challenging for landscape ERAmodels. Effects at
the landscape scale are context dependent. Models covering all relevant
environmental stress factors, and validation over large timescale would
probably not be feasible with the current level of knowledge. Alternative
approaches are needed, however the key element regarding the vali-
dation of landscape models needs to be met: the representation of the
fundamental behavior of the populations under consideration within its
ecological context. This requires expert knowledge of ecological in-
teractions, as it will allow to identify the meaningful levels of interaction
to be included in a model and the essential data to gather for the veri-
fication of the model capabilities.

Validation of the next stages, including differentiating contributions
(i.e., role of pesticides, other farming practices, and climate change), is
challenging, as it requires sufficient knowledge and data on each stressor
to compare independent prospective predictions with observed com-
bined effects. Landscape level evaluation should be feasible at the local
scale but is rarely done. This is first due to the difficulty to get extensive
databases required to implement the models with input data and/or
parameterizations as well as to assess their performance with observed
data. Second, this requires a high resource demand.

Improving the knowledge on the interactions between farming
practices and impact of pesticides is a priority, as this will support the
development of more sustainable practices. Concepts such as integration
of larger amounts of data from multiple studies could be explored as a
complementing approach in combination with simpler models based on
key impact drivers over larger scales. It is advisable to identify repre-
sentative landscape scenarios and use citizen science as complementary
data collection sources to validate model predictions over short to me-
dium time scales. Specific elements of the model can be validated
through the conventional comparison of predictions and observations,
in particular exposure predictions and some direct short-term effects
following pesticide applications. One critical aspect that would gain of a
landscape level approach is to predict the co-occurrence of the organism
and pesticide exposure in space and time. The model may identify the
main determinant, the risk-driver, of the impact, allowing the use of the
model for testing mitigation measures.

Another possible route could be to validate some of the most crucial
building blocks of the model composed of several modules. For example,
individual building blocks could be validated at individual levels for an
individual-based model where individuals are represented by dynamic
energy budget theory and toxicokinetic-toxicodynamic processes.
Nevertheless, validation of individual-based models and other landscape
approaches at large scales appear unfeasible currently as indicated
above. Where a conventional comprehensive validation is unfeasible,
case studies may provide the basis for “fit-for-purpose” qualifications, in
the sense that model predictions, including the variability and uncer-
tainty estimations, provide reliable information for supporting the
decision-making process. Thus, the feasibility of using higher-tier field
studies in combination with landscape scale models in regulatory ERA,
as suggested in the EFSA guidance on pesticide risk assessment for bees
(EFSA, 2023a), could be evaluated. In addition, models provide the
possibility to calculate margins of safety for risks. In the context of the
uncertainty about the model quality that emerges with complex land-
scape models, the use of margins of safety, similar to the concept of the
LPx/EPx introduced for the use of TKTD models by EFSA could allow to
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use models according to the quality to which they could be validated/
tested, and relative to the experience with the specific model (EFSA PPR
Panel et al., 2018a). Using landscape scenarios for the quantification of
the margin of safety have recently also been suggested for a complex,
landscape scaled model such as the ApisRAM for honey bees (EFSA,
2023b), and could be considered for other organisms.

The required level of “reliability” and acceptable uncertainty for
model estimations must consider the specific needs of each stakeholder
(which is defined here as the final user of the model predictions). A
proper problem formulation is essential. In addition to uncertainties and
modelling capacities, quantitative estimations may be highly variable
due to different landscape, ecological and environmental characteristics.
This high variability affects the feasibility of validation approaches,
requiring the selection of representative landscape scenarios. Sensitivity
analysis tools, such as those offered through Monte Carlo analysis,
should support this process, and may facility a reduction of model
complexity while guaranteeing the reliability of the model estimates in
line with the user needs. In some cases, the most relevant information to
extract from landscape-based ERAs are: (1) possible trends in the ERA
estimation due to specific landscape characteristics, including landscape
management; and (2) the identification of the taxa/traits driving the risk
in different agricultural systems. This type of “fit-for-purpose” qualifi-
cation approach should specifically consider the users’ needs. For
example, in the case of regulatory ERAs, the qualification can be based
on the model capacity to properly identify differences in the relative risk
among agricultural conditions representing a gradient of agricultural
intensiveness, based on factors related to land management (distribu-
tion/percentage of in-field/off-field areas; percentage of in-field buffer
areas) and pesticide use (distribution/percentage of conventional/

organic farming, in-crop buffer areas).

4. Conceptual framework for landscape-based ERA

The proposed conceptual framework for landscape-based ERA is
flexible and compatible with different existing modelling approaches,
including options to extrapolate toxicological effects from the laboratory
to field; adapt the different levels of resolution to the available infor-
mation and data gathering capacities; and tailor the assessment to the
user’s needs. The conceptual framework can be represented as a 3-D
structure where the landscape structure is defined by the horizontal
plane (XY dimension in Fig. 1), and the biological organization is built in
the vertical dimension (dimension Z in Fig. 1), which includes in-
dividuals nested within populations and communities associated to the
landscape horizontal plane. In this approach, each biological entity has a
value in the Z dimension defining its typology, and an associated spatial
distribution defined in the XY dimension (representing the habitat and
defined as path, probability distribution or density distribution). The
framework is based on iterations to consider the temporal dimension,
and assumes that the biological entity and the associated XY component
may change with time. Cropping and farm management practices,
including pesticide application, environmental and other external fac-
tors are incorporated as iterations. Within this conceptual framework
(see Fig. 1), pesticide environmental fate and the direct and indirect
exposure patterns are linked to the structures defined in the horizontal
dimension. The effects are estimated for the different biological entities
in the vertical dimension. The outer line, circles, represent individuals,
which are grouped into populations and represented as pentagons in a
second line. Populations are further integrated in a single structure, the

Fig. 1. Graphical representation of the conceptual framework proposed for landscape-based environmental risk assessment, with application of different pesticides
(P_A to C) in different fields. For simplification, only the terrestrial compartment is presented, the aquatic compartment follows a similar approach associated to the
catchment areas and river-basin structure. Circles represent individuals and each has an associated territory used for the exposure assessment. Lines connecting
individuals represent ecological interactions. Pentagons represent populations, the population distribution area is the sum of those of their individuals. The effect
assessment considers the interactions between populations sharing the same territory. The biological entities are projected in the horizontal plane to represent the
exposure paths, including bioaccumulation and predation.
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closest to the planes’ intersection, the community, which is represented
as a diamond. Ecological dependencies can be defined at different ver-
tical levels. These are relevant only for biological entities that share at
least part of the horizontal dimension, or are connected through indirect
factors, e.g., two prey species not sharing the same area may be con-
nected by a common predator.

As further refinement, models covering both terrestrial and aquatic
systems can use positive Z values for terrestrial organisms and negative
values for aquatic organisms. Therefore, Z=|3| defines individuals, Z=|
2| define populations, and Z=|1| define communities, with values
negative for aquatic and positive for terrestrial systems. The order re-
flects the aspirations of system-based approaches, i.e., a level 1 model
offers a higher level of ecological integration than a level 2 or level 3
model and will allow the incorporation of Adverse Outcome Pathway
approaches based on effects measured at sub-individual level (|Z| > 3).

A graphical representation of the conceptual model is presented in
Fig. 2.

To facilitate a wide applicability of the conceptual approach, the

framework proposes principles and naming conventions based on the set
theory, which can be applied retrospectively to any landscape model to
assist the comparison/integration of different models.

Individuals of the species “j”, IiSj, are defined as Z=|3| elements
belonging to a Species set “Sj”; where

Sj =
{
I1Sj,…, InSj

}

Each individual “Ix” has an associated spatial location in the XY
dimension associated to its biological characteristics, which triggers the
exposure assessment and the identification of relevant interspecies in-
teractions. The location of each individual at the time of and after
pesticide applications, the traits, and the landcover (mainly distribution
of crops, field margins, non-crop areas, and watershed structure
including runoff and drainage for aquatic organisms) define the expo-
sure potential of each individual. The location also defines inter-
individual links, e.g., predators are exposed through preys sharing
their spatial location. Depending on the model, the spatial location can
be defined as a fixed area, a probability distribution, a pathway indi-
cating the movement of the individual through the territory, or any
other function. The modelled territory is defined in the XY plane,
migration and recolonization, if included in the model, is represented as
individuals leaving or entering the XY limits. Individuals from species
“i” sharing at least partly their spatial location are considered a Popu-
lation set “PkSj” of the Species set.

If all organisms share the territory there is a single population Sj =
PSj; if there are different groups, each group represents a Population of Si
and

Sj= {P1Si, …, PkSi} where f(x,y) for Sj includes all geographical areas
with presence of individuals from species Sj.

Populations are defined as Z=|2| elements. The spatial distribution

Fig. 2. Graphical representation of the proposed approach for describing landscape-based ERA models. Typically, effect models estimate direct effects on individuals
or populations, and forecast the impacts at higher levels of biological organisation. When the direct effects produce significant changes in the ecological dynamics
indirect effects should be considered. A spatially explicit exposure model/tool would provide information at the XY plane level, and can be complement with effect
assessment models/tools to cover the Z dimension.

PkSi =
{
I1Sj,…, InSj

}
forIiSjwithsimilar/sharedspatiallocations, i.e., f(x, y)forIiSj ≈ f(x, y)forIiiSj
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of the population is built through the integration of the spatial distri-
bution for each individual belonging to the population, i.e., as a fixed
area, a joint probability distribution or the combination of individual
pathways. When building the spatial distribution for the population, it is
possible to use a different approach compared to the one used for in-
dividuals, i.e., fixed individual areas or individual pathways can be in-
tegrated as probably distributions for the population.

Most model estimations focus on individuals or populations, but it is
possible to also consider communities as a higher ecological hierarchical
level. In this case, populations of different species sharing the same
geographical area are integrated in a Community, “C”, where:

Cl = {P1S1, …, PkSj, …, PnSm} for PkSj with similar/shared spatial
locations, i.e., f(x,y) for PkSj ≈ f(x,y) for PkkSjj.

Communities are defined as Z=|1| elements. The spatial location
function for the negative Z values must be linked to the identified
aquatic areas. This approach facilitates biological considerations and
allows to address separately different exposure pathways. For example,
amphibians use both terrestrial and aquatic habitat depending on their
life-stage and seasonality. This means the same individual may have part
of its spatial distribution function, f(x,y), associated to terrestrial habi-
tats (Z=3) and part associated to aquatic habitat (Z=-3). Depending on
the species biology, the same individual may therefore be associated to Z
equal to 3 and to − 3 for parts of the same day, or change the sign with
the developmental stage, i.e., aquatic insect larvae have Z=-3 and the
individual moves to Z=+3 when emerging as adult. In this way, the
terrestrial and aquatic exposure pathways can be differentiated and
combined as needed. In the traditional set theory, each object is either a
member or not of a set, meaning Z=|3| individuals are part or not of a |
Z=|2| population, and Z=|2| populations are part or not of a Z=|1|
community; although the allocation may change with time, i.e., due to
dispersal processes, emergence of aquatic individuals, etc. If additional
flexibility is needed, the fuzzy set theory relaxes this condition, and each
object is associated with a “degree of membership” for the next level
sets.

The temporal component sets the dynamics of fate processes and
those of the biological entities. The dynamics of each individual is
established as a combination of biological parameters from specific
stages of the life cycle (e.g., reproduction that may be limited to specific
seasons), background factors (those not related to stressors covered by
the model) and impacts of the stressors (pesticide exposure in this case).
Default parameters or functions can cover biology and background
factors to fix the timing for the different developmental stages, back-
ground mortality, and reproduction rate. The level of information is
limited for most species, requiring parametrization based on a set of
assumptions derived from trait-based approaches anchored in existing
knowledge. These limitations should be presented in the uncertainty
assessment model. The information availability and the user’s needs
should be considered for selecting the optimal model resolution. The
temporal dynamics may be done at the individual level, Z=±3, and then
integrated for each population set at level Z=±2, or directly at the
population level. When the model includes several populations for the
same species associated to different spatial locations, the overall evo-
lution of the species dynamics is represented by the evolution of the
Species set, still at level Z=±2. When the model includes interspecies
linkages, such as predation, competition, or coevolution, the links are
limited to individuals and populations within the same community.
Depending on the model design, individuals can be aggregated in nests
or populations, and species can be aggregated by traits or other condi-
tions. In addition, the links can be established as functions at different
levels. The lower resolution is for level Z=|1|, the full community, and
the higher resolution levels, Z=|2| for populations or Z=|3| for in-
dividuals, may have intermediate values, |1|<Z<|2| represents groups
of species and |2|<Z<|3| represents groups of individuals from the same
species.

Regarding the exposure assessment, a key element for a landscape
model is associating exposure with the spatial and temporal dimensions.

Spatialized multi-compartment models allow integrating multiple
sources and exposure routes for several taxa, terrestrial, and aquatic,
offering the possibility to consider climate and land use scenarios in
prospective ways to estimate concentrations of a mixture of pesticides
present at different periods and landscape elements. For pesticides, at
least three exposure paths should be considered: direct exposure during
the application, indirect exposure related to the environmental fate of
the pesticide following each application, and secondary exposure from
food items; taking into account relevant transformation products. Direct
and indirect exposure paths should be associated with the spatial dis-
tribution defined horizontal plane, with associated XY dimensions and
Z=0. For prospective models linked to regulatory assessments, direct
exposure is defined according to the agricultural land-use pattern. For
each patch, usually represented by the agricultural fields, a temporal
agricultural timeline should be defined (i.e., as steps linked to soil
preparation, sowing, crop development, harvesting, post-harvest prep-
aration); for arable crops, crop rotation may be considered and require
multiannual assessments. Pesticide applications are defined for each
agricultural patch and connected to specific dates, pesticides, and
application rates and conditions. Indirect exposure paths should
consider the relevant fate processes during and after application, i.e.,
deposition on the crop, transfer to the ground, leaching, spray drift (both
downwind deposition and airborne contamination), runoff, drainage,
volatilisation, atmospheric transport, degradation, etc. Regulatory
agencies such as EFSA in the EU and EPA in the USA have developed
detailed environmental fate guidance documents for pesticides. Land-
scape pesticide ERA models may be based on these processes and sce-
narios, but the implementation should be spatially explicit, i.e., linked to
the landform and including ecological infrastructures such as hedges,
ditches, environmental characteristics, and agricultural practices that
modify the pesticide environmental fate. For example, it may be
considered as part of the agricultural practices that tillage may reduce
runoff or that ditches may affect pesticide transfer from the fields to
aquatic bodies (Dollinger et al., 2015). Accordingly, landscape-based
ERA models need to represent in both the exposure and effect assess-
ments, the main structures and processes that provide connectivity be-
tween landscape patches and compartments (air, soil, water). Secondary
exposure from the diet requires first the definition of the diet of the
organisms and then quantitative estimations of the concentration in
each food item, including its variability and temporal evolution. When
the “food items” are individuals from other species included in the
model, organisms are exposed to those belonging to the same commu-
nity and in line with the hierarchical allocation within the food chain.
For models with estimation at the individual level, quantification for
Z=|3|, the exposure can be limited to those individuals within the
community sharing at least partly the spatial location, i.e, f(x,y) for IiSj≈
f(x,y) for IiSjj, and in the case of models with the XY dimension presented
as individualized paths, the exposure is estimated for each individual
according to the expected exposure from each XY plane point and the
time expended or the percentage of food consumed at that point.

The impact of pesticides is defined based on the existing (eco)toxi-
cological information, generally covering mortality and reproduction,
and may be extended with other effects such as growth, behaviour, or
susceptibility to pathogens. Several options for representing this impact
include exceeding threshold levels, full dose–response curves,
toxicokinetic-toxicodynamic (TKTD) models, or population dynamics
approaches; all can be used in spatially explicit effect models. Although
pesticides are considered “data rich” chemicals, limitations in the
(publicly) available ecotoxicological information for non-standard test
species represent a major challenge for implementing landscape ERA
models. In general, the available (eco)toxicological information covers
laboratory studies on a set of selected experimental species, measuring
survival and effects on reproduction, mostly with continuous exposure
to the pesticide during different timelines defined in the test guidelines.
The results of the laboratory studies are used for estimating the expected
effects in the field, requiring extrapolations from acute to chronic
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effects, from the lab to the field, to other species, and from the effects on
individuals to the expected consequences on populations and commu-
nities. The (eco)toxicity tests provide information on the direct effects of
pesticides at some exposure levels, defined by the combination of dose/
concentration and exposure time, and may also include the impact of
abiotic factors such as temperature. The use of TKTD models can, given
that sufficient ecotoxicological information is available, resolve the time
dependency of the effects and reduce uncertainties for example con-
cerning size dependency or the influence of temperature or multiple
stressors on pesticide effects (EFSA PPR Panel et al., 2018a; Mangold-
Döring et al., 2022).

The assessment of indirect effects requires the integration of
ecological dynamic responses in the landscape ERAmodel. Basically, the
results of laboratory studies should be translated into expected direct
effects on individuals at level Z=|3|, then these effects should be
translated into direct effects on populations at level Z=|2|. The conse-
quences of direct Z=|3| effects at the population level, Z=|2|, and then
at the community level Z=|1|, may indirectly affect populations and
individuals linked through food chains and other ecological relation-
ships, including competition. These effects may be integrated into the
successional community dynamics, considering, for example, the back-
ground mortality, dispersion, and reproduction rates of individuals at
level Z=|3|, which may be affected by changes in the abundance (den-
sity and prevalence) of individuals from the same and other species,
modelled at level Z=|2|.

An additional complexity for pesticide ERA is that exposures are
discontinuous, linked to the pattern of pesticide uses and their envi-
ronmental fate; therefore, it is essential to consider the temporal and
spatial scales of the fate and ecological processes related to the exposure
patterns to different pesticides applied during the season by different
farmers in the modelled area. In fact, the models should consider that
the same direct effect on individuals may have different consequences
on level Z=|2| outcomes depending on at which point of the population
cycle the exposure occurs. The combined toxicity assessment should
include individuals simultaneously exposed to different pesticides and
additional options, such as individuals successively exposed to different
pesticides or individuals from the same population exposed at different
times to different pesticides.

5. Linking the conceptual framework to existing models and
approaches

There are several models and approaches for estimating the envi-
ronmental impact of pesticides at a landscape level. Ideally, these
models and approaches should meet the needs of different users and be
adapted/tailored to the available information. Consequently, a battery
of landscape-based models and approaches addressing different (regu-
latory) needs should be developed, tested under different conditions,
and complemented with guidance that clarifies the supported domains
with clear indications of their advantages and limitations. The proposed
conceptual model is expected to facilitate the integration and interop-
erability of different tools/models, and the comparison of results ob-
tained from different approaches; guiding the selection of those most
adequate to the data and users’ needs during the problem formulation.
As proof of concept, this section applies the proposed conceptual
framework to a non-exhaustive selection of landscape models identified
during the workshops based on the participants’ experience focusing on
those developed by the partners. The selection of the models and inte-
gration tools to be used in a specific landscape ERA will depend on
factors such as user’s needs, data availability and time/cost constrains. A
set of case studies are being conducted in this PARC project and will
provide recommendations on model selection and integration.

5.1. Landscape pesticide exposure models (focus on XY plane)

Landscape modelling of pesticide fate is complex due to the intricacy

of involved processes, their non-linearity, coupling and variability in
time and space (Leenhart et al., 2023). Existing models usually address
specific processes such as hydrological transfers (e.g., SWAT, Neitsch
et al., 2005) or spatial scales (i.e., soil profile, plot, or catchments). Most
of them simulate the transport of water and pesticides in the soil and
their transfer to the different environmental compartments (ground-
water, surface water, plants and air) (e.g., PEARL (Van den Berg
et al.,2016), MACRO, (Larsbo et al., 2005)); few ones consider ecological
infrastructures at local scale such as ditches (e.g., TOXSWA (Adriaanse,
2009), PITCH (Dagès et al., 2023)) or grassed strips (e.g., VFSMOD
(Muñoz-Carpena et al., 2010)). At the catchment scale, modeling stra-
tegies go from GIS-based multilocal approach (e.g., GeoPEARL (Tiktak
et al., 2003)) to more complex ones such as the one developed, for
example, in SWAT, widely used at the international level. A new inte-
grative pesticide landscape exposure model MIPP (Modélisation
Intégrée du devenir des Pesticides dans les Paysages agricoles) (Voltz
et al., 2019) is currently being developed by several groups at INRAE in
France, and PARC 6.4.4. partners. A main improvement offered by this
tool is that it considers the horizontal hydrological and atmospheric
transfers within the landscape. It is based on a spatially explicit mech-
anistic approach that couples the fate of pesticides in soil, water, and air
as influenced by the spatial and temporal organization of farming
practices and landscape properties (land use distribution, ditches). Main
simulated processes are drift, soil and plant volatilization, atmospheric
dispersion, diffuse and concentrated overland flow, coupled air, water
and energy transfer in soil, root uptake, degradation, and sorption. It is
planned to link the model with exposure models for non-target organ-
isms likely to be exposed to pesticides by different pathways depending
on their habitat. The model is currently applied to study the exposure of
earthworms in a typical vineyard landscape submitted to various plant
protection and soil management strategies. Given its complexity and
requirements in computing time, the MIPP model is not intended for
regulatory applications, but it can be used for identifying the main
processes driving exposure at the landscape scale that need to be
considered in more synthetic modelling approaches or for designing the
most important features to be considered in landscape scenarios for
exposure/effect assessments.

5.2. Approaches for linking risks with actual environmental impacts
(focus on Z)

A challenge for the ERA of pesticides is to extrapolate effects from
standard test conditions to real world conditions. However, several ac-
tions can be taken to transition to field-supported ERA: (1) rely on
innovative approaches, including modelling and NAMs, as well as
strengthened integration of ERA components (i.e. existing and new
environmental monitoring data into model and method development);
(2) consider indirect, chronic and sublethal effects better; (3) review test
species and test protocols; (4) consider landscape aspects as presented in
the previous sections, including spatial and temporal dynamics of pes-
ticides and non-target organisms; (5) integrate environmental moni-
toring/surveillance data (including those gathered through post-
registration monitoring); and (6) consider simultaneous exposure to
multiple chemicals (including co-formulants and adjuvants), trans-
formation products, and various environmental stress factors (i.e.
climate change, invasive species, resources reduction).

Despite the limitations and remaining uncertainties, as it is not
feasible to simulate reality, several tools and approaches are moving
towards assessments closer to real-world conditions. For example,
SPEAR identification of insecticidal pesticide effects in streams (Liess
and Ohe, 2005) is a trait-based biological indicator system. SPEAR will
be integrated within the indicator systems and German Plant Protection
Index in a forthcoming iteration.

A multipartite working group under the SETAC umbrella depicted a
comprehensive summary of the state of art of mechanistic effect models
(MEMs) (Focks et al., under review). Seven book chapters cover relevant
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topics for the regulatory use of mechanistic effect models. They touch on
aspects of the general use of MEMs, and provide considerations about
criteria for model evaluation. This book delivers relevant and a possibly
very useful collection of knowledge and approaches, including consid-
erations for the formulation of regulatory questions; scenario develop-
ment for the use of MEMs in regulatory ERA; and the evaluation of data
underlying MEMs. It also provides specific perspectives of modular
model evaluation, model calibration and validation, and uncertainty
and sensitivity analyses. In all chapters, the general aim is to provide the
scientific grounds for future regulatory discussions. All chapters also
support both model developers and model evaluators with their tasks.

5.3. Individual-based risk assessment models (Z=|3|)

An example of landscape-based ERA approach focusing on in-
dividuals are the ALMaSS-based models (Topping, 2022; Topping et al.,
2003); linking detailed individual-based models of animals and people
(Z=3) through a richly simulated spatial environment (XY plane defined
by site specific real conditions). Landscape size is limited by computing
power only, and although typical landscapes are 10x10 km, sizes up to
50x50 km have been used. Most recently, the entire German states
Lower Saxony and Brandenburg were simulated to evaluate landscape
effects on ERA (UBA report in prep). XY plane resolution was 1 m2, and
details included pesticide fate, daily crop management and simulation of
off-crop areas. Animal population models available included models for
European Brown Hare (Lepus europaeus) (i.e. Topping et al., 2016), Field
Vole (Microtus agrestis) (i.e. Dalkvist et al., 2009), Skylark (Alauda
arvensis) (i.e. Topping and Odderskaer, 2004), Roe Deer (Capreolus
capreolus) (Jepsen & Topping, 2004), non-target arthropods (Ergione
atra and Bembidion lampros), Great Crested Newt (Triturus cristatus)
(EFSA PPR Panel et al., 2018b), the honey bee (Apis mellifera) (Duan
et al., 2022), and models in the final stages of development for Osmia
bicornis, Bombus terrestris, Poecilus cupreus, and Coccinella septempunc-
tata, as well as major European aphid pests. ALMaSS pesticide handling
now includes spray (with drift), granule and seed coating application
with fate in vegetation, soil, and plant component compartments and the
capability of including body-burden and internal pesticide elimination
rates (Poulsen et al, submitted). Population responses are typically
described in terms of changes in local occupancy and abundance (Z=2),
allowing effects that change density and range to be described (Hoye
et al., 2012). ALMaSS outputs can be used to evaluate the impacts of
indirect effects, spatial and temporal effects (Topping and Odderskaer,
2004; Topping et al., 2014, 2015) and can be used to derive simpler
functions used in regulatory procedures such as deriving a benchmark
dose (i.e., Topping and Luttik, 2017).

5.4. Population-based risk assessment models (Z=|2|)

A spatially explicit meta-population model for a dragonfly (Streib
et al., 2020, 2022) has been implemented in Python and currently in-
cludes Z=2 elements, though extensions to community dynamics are
currently ongoing. The model integrates generated landscapes of
different configurations but could also be used with real landscapes. The
simulation of population dynamics accounts for various factors, such as
the insect’s movement capabilities, landscape-type dependent dispersal,
and environmental variables and stressors affecting habitat quality. The
latter is linked to agriculture and could reflect pesticide effects on sur-
vival, growth, and reproduction. The model has been used to simulate
and analyze the effects of habitat connectivity on the colonization suc-
cess by the aquatic insect and to study the effects of multiple stressors,
including agrochemicals, on the persistence of the population.

For vertebrates, a simplified terrestrial model (Tarazona et al., 2021)
is available. It is basically a Z=2 model implemented in Python, which
includes some Z=3 elements for modelling the population dynamics.
The agricultural landscape, horizontal plane, is defined by the user as
polygons and may be generic or reproduce an actual place in terms of

both size and field distribution. Pesticide applications (active substance,
application rate, day of application) are defined for each polygon. In-
dividuals are grouped in nests, each associated with a feeding area.
Exposure and effects are estimated daily and presented in graphical form
with the option for downloading the raw data. Exposure is estimated for
each species, nest, and age group according to the EFSA guidance
available at that moment (EFSA, 2009), but can be adapted according to
the updated guidance (EFSA et al., 2023c). The nest location and the
pesticides applied in the associated feeding area represent the exposure
drivers. Population dynamics are based on survival and reproduction
rates defined for each age group, and the user may select the details of
the reproductive period for each species, which can be adapted to spe-
cific regional and ecological characteristics. The drivers for effects are
acute lethality, morbidity associated mortality and impact on repro-
duction rate, and are estimated as quantitative equations following a
meta-analysis of the available laboratory studies, considering the timing
of occurrence for the selected effects. Combined probability theory is
used for estimating the combined effects of different pesticides on the
survival and reproduction rates. Estimations are conducted for each nest
and can be grouped according to the user’s needs.

5.5. Integrative system-based approaches (moving towards Z=|1|) and
next steps under PARC

For the moment, in general the available landscape effect models
focus on a single species, may include interactions with other species
and even integrate several models covering several species, but at the
best of our knowledge there are no fully integrated landscape models
estimating the evolution on the full ecological community following
pesticide applications. As an alternative approach, ecosystem services
have been proposed by EFSA as the basis for setting specific protection
goals (Nienstedt et al., 2012; EFSA, 2016), and in areas such as the EU
have been mapped covering the full territory (Maes et al., 2020). Some
exploratory activities have linked the risk assessment results with the
impact on specific services (Urionabarrenetxea et al., 2023), but further
work is needed for moving towards landscape ERA integrating the
pesticide risks at community or service level. Currently, the EFSA-
funded AENEAS project is working on the development of protocols
for linking effects and impacts on ecosystem services and their imple-
mentation in case studies for non-target arthropods.

The next step under PARC 6.6.4 is implementing this conceptual
approach to a set of actual case studies in Europe. The definition of each
case study includes the location, specific research questions, and the
relevant regional stakeholders. Different tools and approaches,
including those mentioned above, will be used and benchmarked against
each other for each case study, and the results will be integrated into the
continued collaborations between projects in PARC 6.4.4 as well as in
specific recommendations, complementing related activities conducted
in other jurisdictions such as the US Pop-Guide (Raimondo et al., 2021).

The main aims of a case study based on aquatic monitoring data are
(1) to understand the predictive power of the exposure-activity ratios
(EAR) approach and (2) to check for established AOPs being evidenced
by the data for further investigation to evaluate the benefit of using these
concepts in landscape model-based risk assessment. In particular, EAR
will be calculated based on chemical monitoring data from a monitoring
campaign in Switzerland (water, sediment, fish) and biotest data for
agricultural sites, that will then be compared with biological monitoring
data. Where meaningful, measured concentrations of individual chem-
icals from chemical monitoring data will be compared to biological
activities determined in high-throughput in vitro assays (U.S. EPA
ToxCast).

A second case study will be based on a Danish dataset (Rasmussen
et al., 2015) aiming to (1) understand ecological effects (benthic mac-
roinvertebrates) of multiple sequential pesticide exposures occurring in
agricultural streams through the main pesticide application season and
(2) evaluate the potential for factoring in multiple significant pesticide
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exposures in effect predictions of the landscape ERA. The case study will
focus on biological and ecological traits to describe functional commu-
nity structures before, during, and after the main pesticide application
season and compared to measured pesticide exposure peaks during
heavy precipitation events.

A set of terrestrial case studies has been designed using vineyards as a
common crop while addressing the landscape variability for European
vineyard landscapes. They include an exposure modelling based on ac-
curate definition of transfer processes of PPP across landscape compo-
nents linked to organism trait matrices in order to rank their potential
exposure based on their ecological traits, as well as predictions and
monitoring of environmental impacts at landscape level for different
non-target organisms.

All case studies will consider the needs of local stakeholders to
implement science-based proposals for assessing the sustainability of
agricultural practices and improving biodiversity conservation in agri-
cultural environments. In this sense, special contributions are expected
from the most recently incorporated case, located in a farm in UK
managed by an organization which has been testing landscape mitiga-
tion strategies to produce food cost effectively while also benefiting
wildlife conservation. Additional cases may be incorporated in the
future.

6. Conclusions

The conceptualization and implementation of landscape-based
modelling approaches for the ERA of pesticides is an essential step to
further advance the current ERA for pesticides and transition towards a
systems-based ERA advocated by the scientific community (i.e., SAM,
2018; Streissl et al., 2018; Topping et al., 2020; Devos et al., 2022a, b;
Sousa et al., 2022; Leenhardt et al., 2023; Williams et al., 2023),
including EFSA (EFSA Scientific Committee, 2021; EFSA, 2018, 2021,
2022a, b) and other EU agencies (EEA, 2023).

It is essential to move towards more informative risk characteriza-
tions that connect risks with environmental impacts (Streissl et al.,
2018). This is expected to solve some of the current limitations (de Luca
Peña et al., 2022) when coupling ERA to life cycle assessments (LCA)
and ecosystem services assessments (ESA). Scientific developments
should be implemented in a stepwise manner. In this stepwise approach,
the integration of landscape considerations in pesticide ERA is an
essential step to foster the transition towards systems-based ERA (EFSA,
2022, Sousa et al., 2022). Following a stepwise approach would enable
to implement different incremental and tangible steps (that would serve
as steppingstones), and reach agreement on medium and long-term
strategic priorities for the full implementation of landscape ERA.

Aggregating exposures from all different sources and merging hazard
assessments would represent a first step in the implementation process
of landscape-based ERA. This first step may be easier to take in juris-
dictions with centralized assessment bodies. In the EU, this would
require coordination and political endorsement, which could be ach-
ieved through the One Substance – One Assessment (OS-OA) approach
under the EU Chemicals Strategy for Sustainability (van Dijk et al.,
2021). Linking more realistic and context-specific ERA predictions with
relevant environmental impacts would help to improve the dialogue
between risk assessors and risk managers for setting protection goals and
formulating sustainable agricultural strategies. It is therefore important
that the different applications and stakeholders’ needs are considered as
part of the development and implementation process.

Environmental chemical, biological, and ecological monitoring are
essential elements for the calibration and validation of landscape
models. Currently, there are several initiatives from regulatory bodies
and research projects, such as EESE, SYBERAC, TerraChem, PollinERA,
among others, developing landscape ERA approaches, but such efforts
are fragmented. Ideally, a large-scale monitoring scheme harmonized at
the EU level should be envisaged. This will require political willingness
and the prioritization of resources.

Despite the European focus of PARC, the developments presented
here are relevant at an international level, and further international
collaboration is envisaged. The impact of pesticides on biodiversity is a
worldwide concern, and the use of landscape ERA for connecting the
identified risks with actual environmental impacts, at prospective and
retrospective levels, is emerging as a key tool for supporting agricultural
sustainability and biodiversity conservation, particularly considering
the challenges of climate change and the exponential increase of human
population and their food needs.
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Spatiotemporal dynamics drive synergism of land use and climatic extreme events in
insect meta-populations. Sci. Total Environ. 814, 152602 https://doi.org/10.1016/j.
scitotenv.2021.152602.

Streissl, F., Egsmose, M., & Tarazona, J. v. (2018). Linking pesticide marketing
authorisations with environmental impact assessments through realistic landscape
risk assessment paradigms. Ecotoxicology, 27(7). 10.1007/s10646-018-1962-0.

Tiktak, Aaldrik & van der Linden, Ton & JJTI, Boesten. (2003). The GeoPEARL model.
Description, applications and manual. https://www.pbl.nl/sites/default/files/
downloads/716601007_0.pdf.

Topping, C.J., 2022. The Animal Landscape and Man Simulation System (ALMaSS): A
history, design, and philosophy. Res. Ideas Outcomes 8. https://doi.org/10.3897/
rio.8.e89919.

Topping, C.J., Hansen, T.S., Jensen, T.S., Jepsen, J.U., Nikolajsen, F., Odderskaer, P.,
2003. ALMaSS, an agent-based model for animals in temperate European landscapes.
Ecol. Model. 167 (1–2), 65–82. https://doi.org/10.1016/S0304-3800(03)00173-X.

Topping, C.J., Hansen, T.S., Jensen, T.S., Jepsen, J.U., Nikolajsen, F., Odderskær, P.,
2003. ALMaSS, an agent-based model for animals in temperate European landscapes.
Ecol. Model. 167, 65–82. https://doi.org/10.1016/S0304-3800(03)00173-X.

Topping, C.J., Kjaer, L.J., Hommen, U., Hoye, T.T., Preuss, T.G., Sibly, R.M., van Vliet, P.,
2014. Recovery based on plot experiments is a poor predictor of landscape-level
population impacts of agricultural pesticides. Environ. Toxicol. Chem. 33 (7),
1499–1507. https://doi.org/10.1002/etc.2388.

Topping, C.J., Craig, P.S., de Jong, F., Klein, M., Laskowski, R., Manachini, B., Pieper, S.,
Smith, R., Sousa, J.P., Streissl, F., Swarowsky, K., Tiktak, A., van der Linden, T.,
2015. Towards a landscape scale management of pesticides: ERA using changes in
modelled occupancy and abundance to assess long-term population impacts of
pesticides. Sci. Total Environ. 537, 159–169. https://doi.org/10.1016/j.
scitotenv.2015.07.152.

Topping, C.J., Dalby, L., Skov, F., 2016. Landscape structure and management alter the
outcome of a pesticide ERA: Evaluating impacts of endocrine disruption using the
ALMaSS European Brown Hare model. Sci. Total Environ. 541, 1477–1488. https://
doi.org/10.1016/j.scitotenv.2015.10.042.

Topping, C. J., Aldrich, A., & Berny, P. (2020). Overhaul environmental risk assessment
for pesticides. In Science (Vol. 367, Issue 6476). 10.1126/science.aay1144.

Topping, C.J., Luttik, R., 2017. Simulation to aid in interpreting biological relevance and
setting of population-level protection goals for risk assessment of pesticides. Regul.
Toxicol. Pharm. 89, 40–49. https://doi.org/10.1016/j.yrtph.2017.07.011.

J.V. Tarazona et al. Environment International 191 (2024) 108999 

13 

https://doi.org/10.1016/j.ecolind.2012.01.017
https://doi.org/10.1016/j.ecolind.2012.01.017
https://doi.org/10.1139/Z04-131
https://doi.org/10.1139/er-2015-0013
https://doi.org/10.1038/s41559-023-01990-5
https://doi.org/10.1016/j.scitotenv.2018.02.056
https://doi.org/10.1016/j.scitotenv.2018.02.056
https://doi.org/10.1016/j.jes.2015.05.002
https://doi.org/10.1038/s41893-020-0582-x
https://doi.org/10.1038/s41893-020-0582-x
https://doi.org/10.1897/03-652.1
https://doi.org/10.1897/03-652.1
https://doi.org/10.1038/srep32965
https://doi.org/10.1038/srep32965
https://doi.org/10.1016/j.watres.2021.117262
https://doi.org/10.1016/j.watres.2021.117262
https://www.kemi.se/en/publications/pms/2021/pm-2-21-methods-for-assessing-the-effects-of-plant-protection-products-on-biodiversity
https://www.kemi.se/en/publications/pms/2021/pm-2-21-methods-for-assessing-the-effects-of-plant-protection-products-on-biodiversity
https://www.kemi.se/en/publications/pms/2021/pm-2-21-methods-for-assessing-the-effects-of-plant-protection-products-on-biodiversity
https://publications.jrc.ec.europa.eu/repository/handle/JRC120383
https://publications.jrc.ec.europa.eu/repository/handle/JRC120383
https://doi.org/10.1021/acs.est.2c04085
https://doi.org/10.1021/acs.est.2c04085
https://doi.org/10.1007/s00204-022-03435-7
https://abcbirds.org/wp-content/uploads/2023/07/2023-Neonic-Report.pdf
https://abcbirds.org/wp-content/uploads/2023/07/2023-Neonic-Report.pdf
https://doi.org/10.1002/ieam.4743
https://doi.org/10.2134/jeq2009.0300
https://swat.tamu.edu/media/1292/SWAT2005theory.pdf
https://swat.tamu.edu/media/1292/SWAT2005theory.pdf
https://doi.org/10.1016/j.scitotenv.2011.05.057
https://doi.org/10.1002/ieam.4377
https://doi.org/10.1002/ieam.4377
https://doi.org/10.1016/j.watres.2015.07.021
https://doi.org/10.1038/nature14420
https://doi.org/10.1111/1365-2664.14223
https://doi.org/10.1111/1365-2664.14223
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1186/s12302-019-0203-3
https://doi.org/10.1186/s12302-019-0203-3
https://doi.org/10.1016/j.scitotenv.2015.08.038
https://doi.org/10.1016/j.scitotenv.2015.08.038
https://doi.org/10.1021/acs.est.1c02669
https://doi.org/10.1021/acs.est.1c02669
https://doi.org/10.2903/sp.efsa.2022.EN-7546
https://doi.org/10.2903/sp.efsa.2022.EN-7546
https://doi.org/10.1016/j.ecolmodel.2019.108909
https://doi.org/10.1016/j.ecolmodel.2019.108909
https://doi.org/10.1016/j.scitotenv.2021.152602
https://doi.org/10.1016/j.scitotenv.2021.152602
https://doi.org/10.3897/rio.8.e89919
https://doi.org/10.3897/rio.8.e89919
https://doi.org/10.1016/S0304-3800(03)00173-X
https://doi.org/10.1016/S0304-3800(03)00173-X
https://doi.org/10.1002/etc.2388
https://doi.org/10.1016/j.scitotenv.2015.07.152
https://doi.org/10.1016/j.scitotenv.2015.07.152
https://doi.org/10.1016/j.scitotenv.2015.10.042
https://doi.org/10.1016/j.scitotenv.2015.10.042
https://doi.org/10.1016/j.yrtph.2017.07.011


Topping, C., Odderskaer, P., 2004. Modeling the influence of temporal and spatial factors
on the assessment of impacts of pesticides on skylarks. Environ. Toxicol. Chem. 23
(2), 509–520. https://doi.org/10.1897/02-524a.

Tscharntke, T., Grass, I., Wanger, T.C., Westphal, C., Batáry, P., 2022. Spatiotemporal
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