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• Ecosystem services-based approach to

environmental risk assessment

• Logic chains link chemical effects to ser-

vice providing units and ecosystem ser-

vices.

• Ecological models addressed the spatio-

temporal magnitude of the direct ef-

fects.

• Ecological models can add to the devel-

opment of ecological production func-

tions.

• Coherent and uniform environmental

scenarios need to be developed for this.
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The objective of this case studywas to explore the feasibility of using ecologicalmodels for applying an ecosystem

services-based approach to environmental risk assessment using currently available data andmethodologies. For

this we used a 5 step approach: 1) selection of environmental scenario, 2) ecosystem service selection, 3) devel-

opment of logic chains, 4) selection and application of ecological models and 5) detailed ecosystem service as-

sessment. The study system is a European apple orchard managed according to integrated pest management

principles. An organophosphate insecticide was used as the case study chemical. Four ecosystem services are in-

cluded in this case study: soil quality regulation, pest control, pollination and recreation. Logic chainswere devel-

oped for each ecosystem service and describe the link between toxicant effects on service providing units and

ecosystem services delivery. For the soil quality regulation ecosystem service, springtails and earthworms

were the service providing units, for the pest control ecosystem service it was ladybirds, for the pollination eco-

system service itwas honeybees and for the recreation ecosystem service itwas themeadowbrown butterfly. All

the ecological models addressed the spatio-temporal magnitude of the direct effects of the insecticide on the ser-

vice providing units and ecological production functionswere used to extrapolate these outcomes to the delivery

of ecosystem services. For all ecosystem services a decision on the acceptability of themodelled and extrapolated

effects on the service providing units could bemade using the protection goals as set by the European Food Safety
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Authority (EFSA). Developing quantitative ecological production functions for extrapolation of ecosystem ser-

vices delivery from population endpoints remains one of the major challenges. We feel that the use of ecological

models can greatly add to this development, although the further development of existing ecologicalmodels, and

of new models, is needed for this.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Currently the environmental risk assessment (ERA) of pesticides in

most jurisdictions is primarily based on the results of single species

tests and, at the higher tier, onmultispecies tests includingmicrocosms,

mesocosms and field studies (e.g. EFSA PPR Panel (EFSA Panel on Plant

Protection Products and their Residues), 2013). Single species tests have

limited ecological realism and might underestimate the real ecological

risks (Zhao et al., 2019), therefore assessment factors are used to extrap-

olate from one species to all species and from effect thresholds (e.g.

LC50) to no effect thresholds. The ecological realism of experiments

using microcosms and mesocosms is greater, but the spatio-temporal

consistency of effects thresholds remains variable (e.g. Sumon et al.,

2018). Another limitation of this risk assessment framework is that

the protection goal is rather vague, e.g. maintaining a healthy environ-

ment and conserving biodiversity, and that the spatio-temporal dimen-

sions of the protection goal remains unclear (i.e. should we protect

everything, everywhere, always?) (Brown et al., 2017; Maltby et al.,

2017). As both the measurement endpoint and the protection goals

used in the current risk assessment have their limitations, there is a

great need for a new or revised risk assessment framework which al-

lows a better informed assessment of and linkage between these factors.

In order to overcome someof these challenges, the use of the ecosys-

tem services (ES) concept in the ERA of chemicals has been proposed.

Besides adding a spatio-temporal dimension into the ERA, using the

ES concept also results in assessments which have more relevance to

risk managers as it can indicate which services should be protected,

when and where (Maltby et al., 2017), i.e. it allows the development

of more specific protection goals. Therefore, EFSA has produced guid-

ance for the development of specific protection goals for use in environ-

mental risk assessment (EFSA Scientific Committee, 2016). Specific

protection goals for taxa important in delivering specific ES (i.e. service

providing units, SPU) are defined in terms of 5 dimensions: ecological

entity to protect, attribute to protect, magnitude of relevant effects, spa-

tial scale of effect, temporal scale of effect (EFSA Ppr Panel (EFSA Panel

on Plant Protection Products and their Residues), 2010; Nienstedt

et al., 2012). Scientific opinions on non-target arthropods (EFSA Ppr

Panel (EFSA Panel on Plant Protection Products and their Residues),

2015), in soil organisms (EFSA Ppr Panel (EFSA Panel on Plant

Protection Products and their Residues), 2017), non-target terrestrial

plants (EFSA Ppr Panel (EFSA Panel on Plant Protection Products and

their Residues), 2014) and guidance on risk assessment to bees (EFSA,

2013) discuss the development of specific protection goals for these

specific groups of terrestrial organisms.

The ecological entity to protect can be the individual, (meta)popula-

tion, functional group, community, ecosystem or habitat (EFSA

Scientific Committee, 2016). For social bees there is the additional entity

‘colony’, which is between ‘individual’ and ‘population’ (EFSA PPR Panel

(EFSA Panel on Plant Protection Products and their Residues), 2012).

The most ecologically relevant attribute to protect for a specific ES

may be the behaviour, survival, growth or reproduction of individuals,

the abundance or biomass of populations, the ecological processes of

populations or functional groups, the diversity within or between spe-

cies, and the landscape or habitat structure. The magnitude of tolerable

effects is defined in the EFSA guidance as negligible, small, medium or

large (EFSA Scientific Committee, 2016). These vague qualitative

terms have been specified for bees, non-target arthropods and in soil or-

ganisms, but not for non-target terrestrial plants (Table 1). A similar

difference occurs in the definition of time scales. The spatial scale rele-

vant to the specific protection goal ranges from in-field to continent, al-

though the primary distinction is between in-field and off-field.

Relevant temporal scales are different for bees than other non-target ar-

thropods or in-soil organisms (Table 1). Specific protection goals for ten

ES provided by non-target terrestrial plants, non-target arthropods (in-

cluding bees), and in-soil organisms are presented in Table SI1.

The EFSA approach to ES-based ERA is to use standard toxicity test

data, when possible, to assess risks to SPU linked to the ES identified

and specified in EFSA scientific opinions and guidance. In order to bridge

the gap between standard toxicity test data and ES-based specific pro-

tection goals, ecological production functions, which quantitatively con-

nect ecological processes to a complete range of ES and human benefits,

can be used. Faber et al. (2021) reviewed the ecological production

functions available for important ES and noted that for some ES quite

some ecological production functions are available, while for others

none were found. Of the ecological production functions available, it

was often difficult to add a spatio-temporal dimension to the ERA as

theymerely consist of correlations between ecological production func-

tions and ES delivery. Logic chains identify the links between environ-

mental pressures, changes in ecosystem properties (e.g. SPU) and

effects on ecosystem functions and associated services (Hayes et al.,

2018). In this paper we want to explore how the development of

these evidence-based logic chains, combined with the use of ecological

models to quantify the links in the logic chains in a spatio-temporal con-

text, can be used to fill in the gap of the missing ecological production

functions. Our approach is to create ecological production functions by

using existing models, especially those with a spatio-temporal dimen-

sion. This to extrapolate to population level effects for key SPU and to

begin to incorporate temporal changes and spatial heterogeneity in ES

delivery.

The objective of this study is to explore the feasibility of applying

ecological models to an ES-based environmental risk assessment using

currently available data and methodologies. It addresses the use of

Table 1

Definition of magnitude and time scale of effect for non-target arthropods (EFSA Ppr Panel

(EFSA Panel on Plant Protection Products and their Residues), 2015), in-soil organisms

(EFSA Ppr Panel (EFSA Panel on Plant Protection Products and their Residues), 2017)

and bees (EFSA, 2013).

Non-target arthropods, in-soil organisms Bees

Magnitude

Negligible Reduction <10% (comparable to

non-detectable effects)

3.5–7% reduction in

colony size

Small Reduction ≥10% but <35% 7–15% reduction in colony

size

Medium Reduction ≥35% but <65% 15–35% reduction in

colony size

Large Pronounced reduction above 65% >35% reduction in colony

size

Time scale

Days Up to 7 days To be defined

Weeks Up to 4 weeks Up to 3 weeks (one brood

cycle for honey bees)

Months Maximum of 6 months Up to 3 months (4 brood

cycles for honey bees)

Seasons Up to 4 seasons (12

months)

Years Not considered adequate to satisfy

protection goals unless effects are negligible.

More than 1 year
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ecological models to extrapolate from standard laboratory tests to ES

assessing the entities and attributes proposed in the EFSA specific pro-

tection goal guidance and scientific opinions (Table SI1). The output

from the case study will be used to develop a methodology to 1) use

the ES concept in a real case study, 2) to assess the knowledge, data

and modelling gaps preventing a practical, full scale implementation

of the concept and 3) to evaluate the added value of an ES-based ap-

proach to regulatory decision making. This is a ‘proof of concept’ study

and is not intended to be a detailed environmental risk assessment

using best agricultural practices or risk mitigation measures. As with

all risk assessments, there are extrapolations between measurement

endpoints and assessment endpoints. The uncertainties associated

with these extrapolations are acknowledged. As this paper is focussed

on a plant protection product, we use the EFSA guidance documents

for the risk assessment to provide a regulatory framework (EFSA

Scientific Committee, 2016). An overview on the implementation and

added value of assessing chemical risk within an ecosystem services

framework as obtained by case studies is provided by Maltby et al.

(2021). Maltby et al. (2021) includes the experiences from this case

study but also from another one assessing the risks of metal released

into rivers within the Water Framework Directive using the ecosystem

services concept (Brown et al., 2021).

2. Materials and methods

2.1. Stepwise approach used to assess effects on relevant ES using ecological

models

For this proof of concept study, a stepwise process is adopted:

Step 1 - Selection of environmental scenario entails, among others,

the choice of environmental compartment, geographical region, dimen-

sions of the scenario and the chemical and its application frequency. The

exact composition of the environmental scenario depends on the eco-

logical models used, as the environmental scenario should, at least, in-

clude all input parameters needed to run the selected ecological

models, butmight also include, e.g. mitigationmeasures and/or alterna-

tive chemicals or cropping systems.

Step 2 - The selection of ES uses the Common International

Classification of Ecosystem Services (CICES v5.1; Haines-Young

and Potschin, 2018) and is based on the potential for the study sys-

tem to provide the ES, the potential for the study system to be ex-

posed to the plant protection product and the potential for the

plant protection product to affect the ES. This approach is consis-

tent with EFSA guidance (EFSA Scientific Committee, 2016) and

has been applied to chemicals other than plant protection products

(Maltby et al., 2016).

Step 3 - Development of logic chains to link the results of standard

toxicity tests to ecosystem service delivery by identifying important

species, which are SPU.

Step 4 - Selection of ecological models to assess the effects of the

plant protection product to the SPU in space and time so themagnitude

and time scale of the effects can be assessed.

Step 5 - Detailed ES assessment extrapolating the effects observed

on the SPU to the ES delivery using the logic chains.

The proof of concept study evaluates a subset of ES at risk. The as-

sessment adopts a tiered approach starting with standard toxicity data

(as per EFSA guidance documents). As the assessment is refined, non-

standard species and measurement endpoints are combined with

ecological modelling approaches to reduce the gap between the mea-

surement endpoint and the assessment endpoint (i.e. ES). No new

data or models are generated as the objective of the case study is to ex-

plore the feasibility of applying an ES-based approach to ERA using cur-

rently available data and methodologies. Selection of ES for detailed

assessment is pragmatic and based on the availability of data and eco-

logical models. It is acknowledged that a regulatory ERA will need to

consider all ES potentially at risk.

2.2. Environmental scenario

The proof of concept study focusses on a European apple orchard

managed according to integrated pest management principles, where

pest populations are managed using a range of tools including pesti-

cides, natural pest control by pest natural enemies (or beneficials) and

agricultural practices that limit the use of pesticides to the minimum.

The purpose of the orchard is to maintain long-term, sustainable and

competitive cider apple production. Apple trees are a permanent crop

and it is assumed that the trees aremature and that the orchard is a per-

manent landscape structure. Flowering occurs in May and apple har-

vesting is in late October-early November. The evaluation of ES

delivery is focused on the orchard (approximately 30 ha) plus a small

boundary area (~10 m), which includes off-crop areas such as hedges

but excludes aquatic systems. It is acknowledged that, whilst the bene-

ficiaries of fruit production (i.e. cider producers and consumers) could

be local, national or international, in most cases beneficiaries and

users of the orchard will be members of the local community (Natural

England, 2012). An assessment of the feasibility of having an orchard

without plant protection product and implications for ES delivery are

out of scope for this proof of concept study.

All models need to be framed within an environmental scenario. In

this case study the evaluation of ES delivery focused on an orchard as

described above. Please note that the scenario used is very simple as,

for instance, tillage and the age of the trees, which will influence the

ES provided and the effects of the plant protection product upon

them, are not included. The interaction between an orchard and the

wider landscape is strongly influenced by the distribution, size and

abundances of patch types represented within the landscape (i.e. land-

scape configuration). Landscape configuration is spatially explicit be-

cause it refers not only to the variety and abundance of patch types,

but also to their placement or location in the landscape. Small scale het-

erogeneity (i.e. within orchard) will be simulated in models for species

with low dispersal (earthworm, springtail), whereas landscape-scale

heterogeneity will be simulated for species with high dispersal (honey-

bees, ladybird, butterfly). Consideration of the effect of changes in land-

scape configuration is out of scope for this proof of concept study.

The study chemical is an organophosphate insecticide,which is applied

to cider apple orchards twice per year as pre- and post-blossom treat-

ments in accordance with the product label requirements. Applications

aremade using low-drift nozzles tominimise spray drift. The study chem-

ical is applied on twooccasions, beforeflowering (480 g a.s/ha onApril 15)

and 6weeks later after flowering (960 g a.s./ha onMay 30). In the follow-

ingmodels, this applicationprofile is equivalent to an exposuremultiplica-

tion factor (EMF) of one. As an example, an EMF of 0.1would represent an

application regimeof 48g a.s./ha onApril 15 and96g a.s./ha onMay30. All

models were run for multiple years of simulation. All models except the

honeybeemodelwere run for 5 yearswithout exposure, 10 yearswith ex-

posure and 5 years recovery without exposure. The honeybee model was

run for 10 years with exposure in order to represent a worst case scenario

ofmanaged honeybee colonies that are placed in the landscape to provide

apple pollination and produce honey.

2.3. Ecosystem service selection

Apple orchards, as any crop, have the potential to provide a range of

ES and to influence and be influenced by ES provided by thewider land-

scape. The potential ES provided by an orchard are dependent on how

the orchard is managed (e.g. integrated pest management and presence

of ground vegetation within the orchard). A list of the ES potentially

provided by cider orchards and nearby off-crop areas are presented in

Table 2. Also indicated are those ES that are potentially affected by

plant protection product exposure. Ecosystems services are based on

CICES v5.1 and are compatible to the list of ES used in EFSA guidance

(EFSA Scientific Committee, 2016). The EFSA Scientific Committee

(2016) uses the Millennium Ecosystem Assessment classification of ES

P.J. Van den Brink, A. Alix, P. Thorbek et al. Science of the Total Environment 798 (2021) 149329
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(Millennium Ecosystem Assessment, 2005). CICES v5.1 provides a

mapping between the two classifications, which has been used here.

Four ES for which unacceptable risk was identified by the EFSA ap-

proach using standard toxicity test data (EFSA Scientific Committee,

2016; Table SI2): soil quality (CICES v5.1 code: 2.2.4.2), pest control

(2.2.3.1), pollination (2.2.2.1) and observational recreation (3.1.1.2)

and have, therefore, been included in the present study. The outcome

of a risk assessment to a groupof organisms is concluded as “acceptable”

or unacceptable”, as per EFSA Scientific Committee (2016), and directly

relates to the comparison of the outcome of the risk assessment metrics

to a trigger value, or the outcome of the modelling as compared to con-

trol or reference situations (see Section 3). Note that in a decision-

making process the level of risk that is expected is considered together

with other aspects entering the regulatory process, such as the benefit

to the crop being treated and the possibility tomitigate the risk through

risk mitigation measures, to finally conclude on the acceptability or un-

acceptability of a risk. This constitutes the next step of the regulatory

process, but is outside the scope of this paper.

2.4. Logic-chains for selected ES

For all the evaluated ES, logic chains were developed sensu Hayes

et al. (2018) (Fig. 1). Hayes et al. (2018) developed evidence-based

logic chains to assess the effects of trace metal contamination in soil on

a suite of ES. We used their evidence-based logic chains to hypothesise

causal chains of effects between the selected ES and their SPU. When

no evidence-based logic chain was available, we hypothesised one

based on existing knowledge. The logic chains start with an exposure

to the plant protection product resulting in a decrease of a sensitive

SPU. This direct effect (e.g. decreased earthworm survival and reproduc-

tion resulting in a decrease of earthworm abundance) cascades to a sub-

sequent effect (e.g. decreased processing of organic matter and soil

aggregates stability) into an altered final process (e.g. decreased soil

nutrient cycling and increased soil erosion) and affected ES (e.g. de-

crease in soil quality/fertility). The ecological models used in the case

study address the spatio-temporal magnitude of the direct effects on

SPU (e.g. earthworms), and in some cases consider effects up to ES deliv-

ery (e.g. pollination).

Ecosystem services are provided by multiple species and there is

some redundancy in function within SPUs. The evaluation presented

in Table SI2 is, however, based on a small number of standard test spe-

cies and individual-level effects. The approach could be extended by

using toxicity information for a wider range of species and by consider-

ing effects on populations rather than individuals. Generating species

sensitivity distributions for SPU would enable an evaluation of the frac-

tion of species within an SPU that are likely to be affected at a given ex-

posure concentration. For example, the risk to natural pest control of

crop plants may be different for above ground and below ground pest

controllers due to differences in exposure but also the pests they con-

trol. In our example the risk to natural pest control (i.e. in-field) is ac-

ceptable for in-soil natural enemies, but the risk to above ground pest

control is not (Table SI2). The assessment of above-ground natural

pest control is based on the toxicity of the study compound to three spe-

cies (lacewing, parasitic wasp, rove beetle), but toxicity data are avail-

able for 16 different natural enemy species. These data were used to

generate a species sensitivity distribution (SSD) for natural enemies

(Fig. 2). Based on this SSD, the fraction of natural enemy species affected

at the in-field rate of 480 g a.s./ha is 70% (90% CI = 51–84%).

Except for individual honeybee foragers, the ecological entities to be

protected for the SPU are colony, (meta)population, functional group or

community. In contrast, laboratory toxicity data are generally available

for individual-level responses only, while the assessment of risk to ES

based on individual-level effects may overestimate risk (Forbes and

Calow, 2013). Population models can be used to extrapolate individual-

level effects to population-level responses and therebyprovide amore ap-

propriate assessment of risk against specific protection goals. Population

Table 2

List of biotic ecosystem services potentially provided by agricultural landscapes. Ecosystem services potentially provided by cider orchards and nearby off crop areas are indicated, along

with orchard ecosystem services potentially affected by plant protection product exposure.

Ecosystem services Cider orchard

areas

Potentially affected by

plant protection product

Example SPU (EFSA Scientific Committee, 2016)

Provisioning

services

Food production √ √ Crop species, small game and other consumable vertebrates, fungi, wild fruits

(berries), roots, shoots, consumable fish, crayfish, molluscs, algae

Fibres and other materials √ √ crop plants, trees, emergent macrophytes. Organisms used for medicinal or

personal care products. Ornamental species and landscape elements

Plant-based or animal-based

energy

Trees, peat, crop plants

Genetic materials √ √ All species that potentially provide products to man

Regulatory

services

Pollination √ √ Pollinators: arthropods, such as bees, hoverflies, butterflies and other pollinator species

Pest control √ √ Natural enemies such as ladybirds, ground beetles, true bugs, lacewings, spiders,

parasitic wasps, vertebrate predators and fungal species

Disease control √ √

Seed dispersal √ √ Insects, birds, mammals, fish and water

Climate regulation √ Several plant species (wild and domestic)

Air quality regulation √ Plants

Water quantity regulation √ Plants and beavers (dams)

Water quality regulation √ √ Plants, fauna, macrofauna, bacteria and fungi

Soil quality regulation √ √ Soil fauna (e.g. earthworms, ants, springtails), microorganisms, primary producers,

detritivores

Erosion regulation √ √ Rooted plants, soil fauna

Natural hazard regulation √ Rooted plants (shrubs and trees), flood plains

Maintaining nursery

populations and habitats

√ √ Plants

Cultural

services

Recreation and ecotourism –

observing nature

√ √ attractive plants, animals (birds, mammals), invertebrates, landscape features (e.g.

hedgerows, vegetation)

Recreation and ecotourism –

engaging with nature

√ Fish (sport fishing), vertebrates (hunting)

Cultural diversity and heritage √ Structures constructed and/or modified by man and their typical

Biota

Education and inspiration √ Particular species

Spiritual and religious values √ Particular species

Existence, option or bequest

values (i.e. non-use)

√ √
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models are available for service providers for each of the species

highlighted as being at risk from the case study chemical and are explored

further in the next sections (Section 2.5).

2.5. Ecological models

Population models were used to evaluate the potential population-

level effects of the study compound to services providers relevant to

the four ES for which unacceptable risk was identified (Table SI2): soil

quality, natural pest control, pollination and observational recreation

(aesthetic value). Soil quality regulation is dependent on nutrient cy-

cling, soil formation/retention and soil remediation. Whereas the risk

posed by the study compound to soil remediation was acceptable, the

risks to nutrient cycling and soil formation/retention facilitated by

earthworms and in-soil arthropods were unacceptable according to

EFSA Scientific Committee (2016) (see also Section 2.3). Focal service

providers modelled for the regulation of soil quality were therefore

earthworms and springtails. The risk to natural pest control by non-

target arthropods was unacceptable in-field and off-field. Ladybirds are

an important natural enemyof pests in apple orchards andwere selected

as the focal service provider to be modelled. The risk to pollination was

also unacceptable in-field and off-field and honeybees were selected as

the focal service provider to be modelled. Agricultural landscapes pro-

videmany cultural services and are often used for recreational activities,

Decreased

ladybird

abundance

Increased

aphid

populations

Increased

pest

damage

Ladybird model

(Bianchi et al

2007) Increased prey

abundance

Elevated

exposure

conc.

Decreased

ladybird

survival

+

Decreased 

bu�erfly 

abundance 

and ac�vity

Decreased 

bu�erfly

observa�ons

Decreased 

aesthe�cs

Meadow brown model 

Elevated 

exposure 

conc.

Decreased

caterpillar 

survival

Fig. 1. Simplified logic chains showing role of the population model (orange box) in linking toxicity test results (gold box) to ecosystem service delivery (blue boxes) of soil quality

regulation, natural pest control, pollination and recreation given the environmental exposure (green box). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

P.J. Van den Brink, A. Alix, P. Thorbek et al. Science of the Total Environment 798 (2021) 149329

5



including observing nature and appreciating its aesthetic value. All

above-ground terrestrial species could potentially contribute to this as-

pect of recreation, but some species are more charismatic or attractive

than others, for example butterflies. There was an unacceptable risk to

the contribution of non-target arthropods to cultural services including

aesthetic value and butterflies were therefore selected as the focal ser-

vice provider to be modelled.

2.5.1. Soil quality regulation: springtail and earthworm models

An individual based model (IBM) for the collembolan Folsomia

candida (Meli et al., 2013; Meli et al., 2014) was adapted for use in

this proof of concept study. Log-logistic dose-response relationships

for effects on survival and on reproduction were implemented and

other adaptations enabled the use of two applications per year, the

input of a half-life or DT50 value, the use of an EMF and differentiation

of initial concentrations producing heterogeneous exposure in space.

Ecological population model parameter values were obtained from

Meli et al. (2013) and the parameterisation of the toxic effects of the

study chemical was derived from a laboratory study with Folsomia

candida in artificial soil (OECD 232 and ISO 11267 compliant).

Simulations assumed heterogeneous concentration and exposure dy-

namics in parts of an orchardwith a size of 11× 11m. Themodelled sce-

narios consisted of three 1-m wide tree rows, three 2-m wide inner

tramlines and one 2-m wide outer tramline. The outer tramline was

not sprayed. Model simulations ran for a time period of 20 years: 5

years without exposure, then 10 years with 2 pesticide treatments per

year, then 5 years without pesticide exposure. Pesticide concentrations

were based on values from experimental field trials. Pesticide loss was

calculated assuming first order decline and a DT50 of 34.6 days. A

vertical differentiation of exposure was not realised in the model.

Simulations were performed for one control ecological scenario

(settings of the ecological parameters and landscape characteristics).

Soil concentration input was modulated by multiplication with EMF.

Simulationswere performedwith 100 replicates for the control without

exposure, to characterise the control population dynamics in soil, and

with 10 replicates, for each of an increasing series of EMF values be-

tween 0.001 and 1. A standard control year was defined by taking the

average of control simulations, providing one average standard popula-

tion density for each day of the 20 years simulation time. Control sce-

narios were used to calculate the normal operating range. The normal

operating range after 5 years ranged between −24.4% and 21.1%.

Consequently, a 10% deviation of a treatment from the control (the

start of small effect, Table 1) would not be significant, since it would

be well inside the normal operating range.

The IBM for predicting how agricultural management practices

(pesticide applications and tillage) affect soil functioning through

earthworm populations developed by Johnston et al. (2015) was

adapted slightly. A log-logistic dose-response relationship for effects

on reproduction was implemented and other adaptations enabled

the use of two applications per year, the input of a DT50 value, the

use of an EMF and differentiation of initial concentrations producing

heterogeneous exposure in space. Ecological population model

parameter values were derived from Johnston et al. (2014). The

parameterisation of the toxic effects of the chemical used data from

a laboratory study on the toxicity of the study compound to the com-

post worm Eisenia andrei (De Silva et al., 2009), which conforms to

OECD test guidelines (222; 2004). Simulations for the earthworm

model assumed a soil compartment of 3 m width and 1 m depth,

where earthworms can move vertically. Homogeneous concentra-

tions and exposure dynamics were assumed in the top 5 cm soil

layer and were assumed to be 0 below 5 cm, so no pesticide leaching

was considered. Model simulations were performed over a time pe-

riod of 20 years as described for the springtails. Simulations were

performed in 100 replicates for the control without exposure to

characterise the control population dynamics in soil, and with 10

replicates, for EMF values between 0.001 and 100. The normal operat-

ing range after 5 years ranged between−15.5% and 18.3%. Consequently,

a 10% deviation of a treatment from the control would not be significant,

since it would not be outside the normal operating range.

2.5.2. Natural pest control: ladybird model

A landscape-scale model for the dynamics of ladybirds (Coccinella

septempunctata) and their prey (aphids) was used (Bianchi and Van

der Werf, 2003; Bianchi et al., 2007). Ladybirds disperse (up to

100 m) in an agricultural landscape containing crop and non–crop

plants and feed on aphids. The deterministic model was adapted to im-

plement multiple year simulations, where each year consisted of 140

days (start day represents Julian day 130 up to day 270) and therefore

excluded the hibernation period. Adults leave the hibernation habitats

in the first weeks of the simulation (beginning of May) and enter the

fields and other habitats. At the end of the simulation adults move

again into hibernation habitats. The original model was also adapted

to address pesticide exposure to ladybirds. Themortality was calculated

using a dose-response relationship obtained from a glass-plate experi-

ment in which ladybirds were exposed to fresh dry residues of the in-

secticides. The mortality associated with the amount applied in the

orchard (480 or 960 g a.s./ha) was calculated for every day assuming a

DT50 of 10 days. The mortality was only taken into account when the

ladybirds were in the orchard habitat, so the first application on Julian

day 106 only had a partial effect on the ladybirds entering the orchard

habitat on Julian day 130. The configuration of the landscape for the sce-

narios was defined as a checkerboard of three types of habitat: orchard

(grassland), cereal field and forest edge. Forest edge provides hiberna-

tion habitat. Ladybirds feed on aphids in all habitats but can reach

much higher densities in cereal fields, compared to forest edge and, par-

ticularly, orchards. Each field (orchard or cereals) measured 600 by

600 m (36 ha) and between two fields there was a 40-m wide strip of

hibernation habitat. The endpoints considered were average density

(individuals m−2) in orchard habitats and in cereal fields. Model simu-

lations were run with an increasing series of EMF values between 0.001

and 1000. The control scenario (i.e. no exposure) had an EMF of zero.

Control simulations were run over a 10-year time period. The model is

deterministic, so no normal operating range could be defined.

2.5.3. Pollination: honeybee model

The impact of spray application of the study compound in an apple

orchard on colony performance of managed honeybees in a heteroge-

neous landscape was evaluated using the BEEHAVE (Becher et al.,

2014) and the BEESCOUT (Becher et al., 2016) models. Models were

adapted to allow inclusion of pesticide collection and transposition

into the beehive via nectar and pollen and to allow simulation of acute

oral and dermal exposure to adult honeybees, and larval toxicity of

the compound. BEESCOUT modifications are limited to the calculation

of the relative habitat composition from the landscape used for foraging
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Fig. 2. Species sensitivity distribution for natural enemies exposed to the study compound

in Tier 1 acute toxicity tests.
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activity determination. Additions to the BEEHAVE model (Version:

BEEHAVE_BeeMapp2016; available at http://beehave-model.net/

download/) were made to (i) record foraging activity in a specific

plant (number of flights) as proxy for pollination activity and (ii)

allow simulating lethal effects on adult and larva bees. The landscape

comprised three habitat types (orchard, woods/hedges, grassland),

each represented by a focal melliferous plant species (Fig. 3). Three bee-

hives were placed in the landscape; one within the apple orchard (hive

3), one at the edge of the apple orchard (hive 1) and one outside of the

apple orchard (hive 2). The simulated orchard was sprayed twice per

year (before and after apple blossom) and simulations were run for

ten consecutive years with a starting population of 2000 bees per col-

ony. Applications were provided as compound concentrations in nectar

(ng/L) and pollen (ng/Kg) at the day of application (Julian day 105 and

151). A factor of 147 between nectar and pollen concentration at theday

of application was used, based on measured pollen and nectar concen-

trations one day after spray application. Model simulations were run

for a control scenario (no pesticide) and a series of EMF values (applica-

tion rate (g a.s./ha) for 1st application in parentheses) between 0.024

(11.9) and 9721 (4666159), the latter of course being completely unre-

alistic and only chosen to obtain a dose-response relationship. The first

application was outside of the apple flowering season and therefore

bees were exposed via compound in/on nectar and pollen of an under-

story floweringweed (Dandelion). Cumulative compound brought back

to the hive via nectar and pollen on a daily basiswas used to calculate an

in-hive concentration in food. The food requirement for worker bees

and larva was used to calculate the daily compound intake, and this

was subsequently related to an LC50/LD50 for adults and larva bees

(with the larvae being 4 times as sensitive as adults) to calculate in-

hive bee and brood mortality. The concentration in nectar and pollen

outside the hive and within the hive is subject to exponential degrada-

tion using a DT50 of 1 d. The number of simulations per colony and con-

centration was 100. The modelling endpoints of interest were the total

foraging activity on the apple trees over ten years (=pollination flights)

and colony survival over ten years. Usual beekeeper activity was

allowed in the BEEHAVE model to represent managed honeybee colo-

nies that are placed in the landscape to i) provide apple pollination

and 2) produce honey. Beekeeping activities included are: feeding of

honeybees (pollen in spring and nectar in autumn), honey harvesting

(occurring after apple blossom (Julian day 151) over a period of three

weeks when more than 20 kg of honey are in the hive), queen replace-

ment if necessary.

2.5.4. Recreation (aesthetic value): butterfly model

The focal species was themeadowbrown butterfly (Maniola jurtina)

and the model used was based on an unpublished IBM developed for

risk assessment of non-target arthropods at the edge-of-field scale

(Baveco, personal information). The model incorporates temperature-

dependent development through egg, larval and pupae stages and

density-dependence in the number eggs deposited per m2. The original

model considered either a single crop field onwhich a pesticidewas ap-

plied, or an off-crop strip exposed through spray drift. The typical size of

an evaluation of the model was 30 m by 30 m for the field. For the cur-

rent study the landscape was adapted in two aspects: the dimension of

the field was increased as much as feasible (computationally) and an

off-crop edge was added consisting of semi-natural habitat. The field

is assumed to be an orchard where only the grassy understorey is rele-

vant for the meadow brown butterfly, and the off-crop habitat is as-

sumed to be grassland as well. Thus with respect to the types of

habitats it is composed of, the landscape can be treated as homoge-

neous. The model was also modified to provide multi-year simulations.

Only the larval stage was assumed to be exposed to the pesticide via di-

rect overspray. The landscape was defined as a 80 m by 80 m lattice

comprised of an orchard (dimension is 60 m by 60 m, cells of 1 m2)

surrounded byoff-crop habitat area (width 10m)on all sides. A time se-

ries of temperature values from north-west Europe were used. The

model was run for a range of EMFs between 0.00001 and 1000. For

each value, 10 replicate runs were performed. The model was run for

20 years: first 5 years without exposure, then 10 years with exposure,

ending with 5 years without exposure. A drift reduction factor of 1

was assumed, implying that outside the orchard, no exposure occurs.

Endpoint was the overall density of butterflies in the landscape, i.e.

the total number of adults present divided by total landscape area in

meters squared.

3. Results and discussion

Relationships between maximum effect on population abundance

and EMF, derived from population models described in Section 2.5,

were used to assess risk to focal service providers (Fig. 1). Maximum

Fig. 3. Landscape map for BEESCOUT simulations including the location of the three hives, indicated by the numbers 1, 2 and 3, simulated.
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effect was based on 10 years exposure with two applications per year.

An EMF equal to 1 represents an application of 480 g a.i/ha followed

by an application of 960 g a.i./ha. The assessment of risk to ES described

in Step 2 (EFSA approach, see Section 2.3), was based on standard tox-

icity data and a single application of 480 g a.i./ha. To increase compara-

bility between approaches, the following evaluation of model outputs

used an EMF of 0.5 (i.e. applications of 240 g a.i./ha and 480 g a.i./ha).

Consequences of reductions in population abundance for ES delivery

were evaluated by: (i) comparison with specific protection goals and

(ii) use of evidence-based logic chains. For all ES considered in this

study, the entity specified in specific protection goal was population/

colony or higher levels of biological organisation (Table SI1). Ideally,

the extrapolation from pesticide-induced effects on the key service pro-

viders to changes in ES delivery, would be based on quantitative ecolog-

ical production functions. However, there are almost no quantified logic

chains available in the literature to extrapolate consequences for deliv-

ery of any ES from toxicity data at individual or population level (ob-

tained from standardised test and modelling) (Faber et al., 2021),

except in the case of strawberry yields and pollination by honey bees

(Kleczkowski et al., 2017).

3.1. Soil quality regulation

Soil quality regulation includes decomposition of organic and inor-

ganic material and its incorporation into soil as well as the transforma-

tion of potentially harmful organic and inorganic substances. Organisms

that play an important role in soil quality regulation include soil fauna

(earthworms, ants, springtails), microorganisms, primary producers,

and other detritivores. Decomposition and pedogenesis are major eco-

system processes that affect biogeochemical cycling, soil fertility, gas

fluxes and primary production. An application of the EFSA approach

using standard toxicity test data indicated that there is an unacceptable

risk to soil quality regulation (nutrient cycling and soil formation/

retention) via pesticide-induced effects on in-soil organisms (Table SI2

and Section 2.3). The focal service providers explored in more detail

were collembolans (springtails) and earthworms.

The relative reduction of population abundance was then calculated

per EMF using the average population abundance for the specific EMF

per day. Folsomia were exposed in large parts of the simulated area.

Since springtails are mobile, the buffer zone without exposure (outer

tramline) did not lead to a stable population for higher concentrations.

There were no effects outside the normal operating range up to EMF

0.15 and EMF 0.5 was the highest EMF tested that allows a sustainable

population. For EMF > 0.75 full recovery was not observed and for

EMF 6 the population went extinct after the first treatment (Fig. SI1).

The specific protection goal for in-soil arthropods in field is small effect

on population or functional group abundance for months or a medium

effect (< 65%) for weeks. The maximum effect at EMF = 0.5 over 10

years was a 96% reduction in relative population abundance. Popula-

tions were able to persist in orchards at EMF = 0.5, but at a much

lower relative abundance (i.e. 17 to 96% lower within a single year,

Fig. SI1). The risk to the in-field specific protection goals for nutrient cy-

cling and soil formation and retention, via effects on arthropods as ser-

vice providers, is therefore unacceptable.

No adverse effects were detected on earthworms at EMF 1 and at

EMF 10 the maximum level of effects has already been reached

(Fig. SI2). This plateau effect is most likely caused by the mobility of

the earthworms, the exposure in the topsoil can only impact a certain

fraction of the population fraction which appears in the topsoil. Under

the current scenario, even high values of EMF will not drive the overall

population to extinction. The specific protection goal for earthworms in

field is a small effect (< 35%) on population or functional group abun-

dance for months. The maximum effect at EMF = 0.5 over 10 years

was a 12% reduction in relative population abundance, which is within

the normal operating range (Fig. SI 2). The risk to the in-field specific

protection goals for nutrient cycling and soil formation and retention,

via effects on earthworms as service providers, is therefore acceptable

according to EFSA Scientific Committee (2016).

Evidence-based logic chains linking reductions in the abundance of

earthworms and collembolans to reductions in soil fertility and ulti-

mately to crop production and other ES, have been developed following

the approach of Hayes et al. (2018) and making reference to the EFSA

Ppr Panel (EFSA Panel on Plant Protection Products and their

Residues) (2017) Scientific Opinion addressing the state of the science

on risk assessment of plant protection products for in-soil organisms.

A simplified logic chain indicating the role of populationmodels is illus-

trated in Fig. 1. Soil quality is important as it influences crop yield.

Johnston et al. (2015), provide a quantitative relationship between

earthworm biomass and crop yield based on an analysis of published

studies on arable crops. The resulting relationship between crop yield

and earthworm biomass (Fig. 5 of Johnston et al., 2015) indicates that

at a high earthworm biomass (e.g. 200 g/m2), considerable reduction

in biomassmay occur before crop yield is affected, however at low to in-

termediate biomass (i.e. < 100 g/m2) there is a linear positive relation-

ship between earthworm biomass and crop yield.

Comparing the results of the population modelling to the EFSA spe-

cific protection goals, indicates that there is no unacceptable risk to the

regulation of soil quality by earthworms, but theremay be an unaccept-

able risk to ES delivery via effects on springtails (see Section 2.3).

Although the contribution of collembolans to soil quality processes is

important, it is quantitatively not as important as that of earthworms

(Filser et al., 2016). The main effect of collembolans on soil quality is

by enhancing decomposition and nutrient cycling by microorganisms,

in particular fungi. Collembolan species may increase fungal biomass

by over 50% (Filser, 2002). However, the case study did not include ver-

tical heterogeneity of exposure and can therefore be considered a con-

servative approach. Nonetheless, the question regarding what effect a

fluctuating 18 to 96% reduction in the relative abundance of collembo-

lans will have on soil quality needs to be answered.

3.2. Natural pest control

Natural pest and disease control is a regulating ESwith beneficial ar-

thropods (natural enemies such as ladybirds, ground beetles, true bugs,

lacewings, spiders, parasitic wasps), vertebrate predators and fungal

species as service providers (EFSA Scientific Committee, 2016). Since

beneficial arthropods are closely related to insect pest species, insecti-

cides used to control pests may also impair biological control by benefi-

cial arthropods, although recoverymight be quick in some cases (Markó

et al., 2017). Pests in apple orchards include blossom weevil, caterpil-

lars, aphids and spider mites. Passerine birds play an important role in

caterpillar control in apple orchards (Mols and Visser, 2007; Peisley

et al., 2016). Passerines also feed on blossom weevils, but parasitic

wasps are the more important predators here. Ladybirds are important

predators of aphids, bugs, moth eggs and some mites. Predatory mites

are important predators of red spider mites.

An application of the EFSA approach using standard toxicity test data

indicated that there is an unacceptable risk to natural pest control via

pesticide-induced effects on non-target arthropods (NTA) (Table SI2,

see also Section 2.3). The specific protection goal for NTA natural ene-

mies in field is a medium effect (< 65%) on functional group abundance

for a few weeks at most. The maximum effect at EMF = 0.5 was a 41%

reduction in relative abundance of ladybirds inside the orchard

(Fig. SI3). Although ladybird populations were able to persist for 10

years exposure at EMF = 0.5 and steadily increase in abundance after

the pesticide application stopped, however therewas no evidence of re-

covery within the year of application (Fig. SI3). Therefore, although the

magnitude of effect is in line with the specific protection goal, the dura-

tion of effect is not. Consequently the risk to the ES of pest control via ef-

fects on NTA would be unacceptable. The entity to be specified in the

specific protection goal is functional group and many different species

of NTA are potential natural enemies. For example, a study of the
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predators of the rosy apple aphid in orchards identified 54 different spe-

cies, of which the most abundant were ladybirds (Coccinellidae),

hoverflies (Syrphidae) and earwigs (Forficulidae) (Dib et al., 2010). A

species sensitivity distribution of natural enemies exposed to the

study compound, indicates that ladybirds are not a particularly sensitive

group of natural enemies (Fig. 2).

Evidence-based logic chains linking reductions in the population

abundance of predators to reductions in pest populations andultimately

crop production, as well as other ES, have been developed and a simpli-

fied logic chain showing the role of population models is illustrated in

Fig. 1. Exposure over 10 years to EMF of 0.5 or greater leads to a steady

decline of the ladybird population across thewhole landscape (Fig. SI3).

There is a yearly negative growth rate of the overall population leading

to an exponential decline over the years. Interestingly, although there is

evidence that natural enemies, including ladybirds, can suppress pest

populations (e.g. Votava and Bosland, 1996), it is generally not enough,

at least in South-East France, to prevent damage to apple trees (Dib

et al., 2010). Moreover, experimental exclusion of NTA predators from

orchards did not cause a significant difference in aphid abundance be-

tween predator exclusion and control treatments (Frécette et al.,

2008). This would suggest that the consequences of the reduction in

NTA natural enemy populations to the ES of pest control is limited for

orchards, although this is certainly not always the case (see Table SI 1

of Faber et al. (2021) for examples).

3.3. Pollination

Pollination provides a critical ES for the culturing of crops. Pollination

contributes to one third of food production and is essential for the pro-

duction of three-quarters of our crops (IPBES (Intergovernmental

Science-Policy Platform on Biodiversity and Ecosystem Services),

2016). Although many apple varieties are self-fertile, other varieties

require pollination and cross-pollination increases the productivity of

self-fertile varieties (Ramirez and Davenport, 2013). Pollination can be

delivered by wild pollinators (e.g. wild bees) and managed pollinators

(i.e. honeybees), and wild pollinators generally increase yield biomass,

quality and value of fruits and seeds – even over honeybees (Faber

et al., 2021).

Dose-response curves for honeybee colony survival and apple polli-

nation over 10 years could be generated for those hives being located

within or at the edge of the apple orchard (Fig. 3). Bees from hives lo-

cated outside of the orchard foraged on dandelionwithin direct proxim-

ity of the hive rather than on dandelion within the orchard. Control

colony survival over ten years was simulated to be 98%. The application

rates used covered effect intensities from 0 to 98% for colony survival,

but limited up to 87% of reduction in apple pollination. This discrepancy

in effect intensity is not driven by the upper limit of the application rate,

but is an artefact of foraging flights into apple trees prior to compound

effects (preliminary first year). The EFSA approach using standard toxic-

ity test data indicated that there is an unacceptable risk to pollination

via pesticide-induced effects on bees (EFSA Scientific Committee,

2016; Table SI2). The specific protection goals for bees are rather com-

plex: The entities are defined as foragers/colonies or as populations for

solitary bees. The attributes to be considered are forager behaviour, col-

ony survival and reproduction or population abundance for solitary

bees (Table SI1). The acceptable level of effect is negligible (i.e. ≤ 7% re-

duction in colony size after two brood cycles) to small (i.e. ≤15% reduc-

tion in colony size after two brood cycles) for days in crop. The

maximum effect on colony survival after ten years at EMF = 0.5 was

<7% for hives in the orchard (Fig. 4), indicating that the risk to the ES

of pollination by honeybees was acceptable.

The evidence-based logic chain linking reductions in the population

abundance of honey bees to reductions in pollination and ultimately

crop production, and other ES, have been developed and a simplified

logic chain showing the role of BEESCOUT and BEEHAVE population

models is partly illustrated in Fig. 1. The effect of pesticide application

on apple pollination was simulated using adaptations of the BEEHAVE

model (Fig. 4). The effective concentration for pollination effect was at

least 4 times higher than for colony survival, and the relationship be-

tween modelled change in colony survival and change in pollination

(exponential regression, r2 = 0.99) is illustrated in Fig. 5. There was

no evidence from the comparison of effect levels with EFSA specific pro-

tection goals or from the prediction of pollination effects that the ES of

pollination by managed honey bees was at risk.

3.4. Recreation

Recreation is a bundle of cultural ES and distinction is made in the

CICES v5 classification between observing nature and engagingwith na-

ture (e.g. boating, swimming, hiking etc.). The recreational value of ob-

serving nature is in part related to the aesthetic value of species i.e.

observation of attractive and iconic species. Insecticides may have a di-

rect impact on iconic invertebrate species (e.g. butterflies and bees) in

the orchard, which may affect the experience of people using the or-

chard for recreation (Haines-Young and Potschin, 2018). Observing

species with a high aesthetic value (e.g. butterflies) is the aspect of rec-

reation used in this proof of concept study.

The risk to aesthetic value andother cultural services providedbynon-

target arthropods is unacceptable according to the EFSA approach using

standard test species (EFSA Scientific Committee, 2016; Table SI2). Single

species toxicity test data for Lepidoptera also indicate that the risk to this

aspect of recreation is unacceptable (Table SI2; see also Section 2.3). The

specific protection goal for aesthetic value suggested by EFSA is a small

(35%) effect on the abundance of metapopulations in-field for months.

The output from the meadow brown butterfly model indicates that the

species is very sensitive to the study chemical with a >80% reduction in

relative population abundance at EMF= 0.001 and above, although pop-

ulations do recover once pesticide applications stop (Fig. SI4). Therefore,

based on the specific protection goal, the risk to the ES of recreation

(aesthetic value) via observing butterflies is unacceptable. Pesticide appli-

cations occur when most Meadow brown individuals are in their

immobile (non-flying) larval stage, and thus vulnerable. Depending on

temperature, however, a small fraction may already pupate, and –

according to the model assumptions – escape exposure. With high

application rates the larval population in the orchard itself is

wiped-out. All larvae survive in the off-crop habitat where exposure

is zero. This prevents extinction of the population in the landscape

and sets a limit to the maximum reduction in abundance (Fig. SI4).

A simplified logic chain linking reductions in the population abun-

dance of butterflies to reductions in aesthetics is illustrated in Fig. 1.

The butterfly model does not simulate movement or activity in general.

The probability of observing a meadow brown individual can however

be assumed to be proportional to the density of adults, and a decrease

in service provision from pesticide exposure proportionally result

from a decrease in adult density. Consequently, the risk to the cultural

service of recreation via nature observation (butterfly watching) is

unacceptable.

This is a very conservative risk assessment as the model assumes

that all caterpillars receive the full application rate and there is limited

spatial variation in the landscape and hence in exposure. In a landscape

withmoremixed and connected habitats, the buffering by off-crop hab-

itats would be higher (as would be the recreational value).

3.5. Recommendations and outlook

The ecosystem services approach enables an extrapolation and valu-

ation of the potential implications of pesticide effects on laboratory test

species to the things that matter to people (i.e. benefits from nature). It

also provides a mechanism for risk managers to consider the potential

impact of plant protection products on ES prioritized in agricultural

landscapes against the revenues of the use of plant protection product

on crop production.
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The use of population models provides a means of extrapolating the

individual level effects measured in laboratory toxicity tests to potential

effects on populations in the field. Populationmodelsmay also be useful

for exploring possible riskmitigationmeasures. However the usefulness

of population models will depend on the environmental scenario. If the

environmental scenario is broadly similar to toxicity test systems then

they will be of limited value as they will not addmore details and infor-

mation on the spatio-temporal scale of the risk assessment. In the case of

themodels used in this proof of concept study, a primary consideration is

landscape spatial configuration and heterogeneity and its consequences

for the distribution and exposure of organisms. This proof of concept

studywas constrained tousing existingmodelswithminormodifications.

The environmental scenario was therefore relatively simple and in some

cases (i.e. butterfly model) there was no spatial variation in habitat type

and limited spatial variation in exposure and, herewith, also in effects.

Some of the maximum effects shown in the EMF – effect relation-

ships (Fig. 6) start already in the small effect area (springtail) which is

a consequence of the background variability in the models. This could

Fig. 4. Dose-response curves for 10-year colony survival (left) and 10-year pollination flights in apple (right) for honey bee colonies located at the edge of the apple orchard (top, C1),

distant to the apple orchard (middle, C2) or within the apple orchard (bottom, C3). The grey areas show the 95% confidence interval of the fit. The organophosphate insecticide dosage

is given in g a.s./ha.
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be tackled by taking into account uncertainty variability of the model,

but is leading to the question of how to define significant deviations

then? This is of course not a question related to the ecosystem services

concept, but to the background variability underlying models which

may also reflects the (real) environmental variability.

A major remaining challenge is the quantitative translation of

changes in population abundance to changes in the delivery of ES (i.e.

ecological production functions) (Faber et al., 2021). Evidence-based

logic chains can provide insight into qualitative relationships and

some models may be able to provide a direct measure of the effect of

chemical exposure of an ES (e.g. the BEEHAVE and the BEESCOUT

(Becher et al., 2016) models we used for our bee modelling). However,

in all other cases full range quantitative ecological production functions

covering toxicity data for standard test species up to service provision

by SPU are not available (Faber et al., 2021). The natural world is also

very complexwithmultiple species potentially contributing tomultiple

ES. However, it may be a way forward to agree on a set of standard en-

vironmental scenarios and for those ‘typical’ conditions use modelling

approaches to link population dynamics through ecological functioning

to service provision.
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