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Enabling forecasts of environmental exposure to chemicals in European

agriculture under global change
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a Department of Environmental Science, Stockholm University, 10691 Stockholm, Sweden
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H I G H L I G H T S

• Global change will impact agricultural

chemical emissions, persistence, & trans-

port.

• We identify knowledge& data gaps for fu-

ture chemical exposure scenario assess-

ment.

• We present Agricultural Chemical Expo-

sure (ACE) scenarios as forecasting frame-

work.

• Forecasts of agricultural chemical expo-

sures will guide sustainable development.

G R A P H I C A L A B S T R A C T

A B S T R A C TA R T I C L E I N F O

Editor: Dimitra A Lambropoulou European agricultural development in the 21st century will be affected by a host of global changes, includ-

ing climate change, changes in agricultural technologies and practices, and a shift towards a circular econ-

omy. The type and quantity of chemicals used, emitted, and cycled through agricultural systems in Europe

will change, driven by shifts in the use patterns of pesticides, veterinary pharmaceuticals, reclaimed waste-

water used for irrigation, and biosolids. Climate change will also impact the chemical persistence, fate, and

transport processes that dictate environmental exposure. Here, we review the literature to identify re-

search that will enable scenario-based forecasting of environmental exposures to organic chemicals in

European agriculture under global change. Enabling exposure forecasts requires understanding current

and possible future 1.) emissions, 2.) persistence and transformation, and 3.) fate and transport of agricul-

tural chemicals. We discuss current knowledge in these three areas, the impact global change drivers may

have on them, and we identify knowledge and data gaps that must be overcome to enable predictive

scenario-based forecasts of environmental exposure under global change. Key research gaps identified

are: improved understanding of relationships between global change and chemical emissions in agricul-

tural settings; better understanding of environment-microbe interactions in the context of chemical degra-

dation under future conditions; and better methods for downscaling climate change-driven intense

precipitation events for chemical fate and transport modelling. We introduce a set of narrative Agricultural

Chemical Exposure (ACE) scenarios — augmenting the IPCC's Shared Socio-economic Pathways (SSPs) —

as a framework for forecasting chemical exposure in European agriculture. The proposed ACE scenarios

cover a plausible range of optimistic to pessimistic 21st century development pathways. Filling the
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knowledge and data gaps identified within this study and using the ACE scenario approach for chemical

exposure forecasting will support stakeholder planning and regulatory intervention strategies to ensure

European agricultural practices develop in a sustainable manner.
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1. Introduction

The 20th century was marked by unprecedented changes in human

population, demographics, land use, technology, and emissions of

climate-changing greenhouse gases (e.g., Steffen et al., 2007). Agriculture,

which “sits at the interface between the environment and society”

(Masseroni et al., 2017), has both driven these changes, and been driven

to respond to them. Currently, agriculture is estimated to account for

38 % of land use globally (FAO, 2020), 70 % of freshwater withdrawals

(FAO, 2017), and requires the use of hundreds of millions of tonnes of

chemical or mineral fertilizer nutrient additions annually (FAO, 2021a).

Globally, since the mid-20th century, per-hectare land equipped for irriga-

tion has doubled, gross agricultural output has more than doubled, and nu-

trient fertilizer use has increased by over 600 % (Fig. 1). Similar patterns

are seen across Europe, except for nutrient fertilizer use which has re-

mained relatively stable since 1990.

In addition to its large land, water, and nutrient footprint, a wide range

of non-nutrient chemicals is emitted by, and cycledwithin, agricultural sys-

tems. Pesticides, veterinary pharmaceuticals, and feed additives enter the

environment as a direct consequence of their use in agriculture

(e.g., Boxall et al., 2003; Kuppusamy et al., 2018; Silva et al., 2019;

de Souza et al., 2020). Other chemicals, including pharmaceuticals and per-

sonal care products, are introduced unintentionally into agricultural sys-

tems through the application of reclaimed wastewater for irrigation and

sludge biosolids applied as a soil amendment (see Christou et al., 2017;

Topp et al., 2010). In Europe, this diverse group of chemicals in agriculture

is subject to exposure and risk assessment under different regulatory instru-

ments, including Regulation (EU) 2019/6 for veterinary medicines,

Regulation (EU) No 528/2012 for biocidal products, Regulation (EC) No

1107/2009 for plant protection products, and the Registration, Evaluation,

Authorisation, and Restriction of Chemicals (REACH) regulation for many

chemicals emitted down the drain (Regulation (EC) No 1907/2006).

A number of global change drivers over the 21st century (notably,

changes in climate, disease and pest pressures, human diet, technology,

and policy) have the potential to change the types and amounts of non-

nutrient chemicals that cycle within the agricultural system in Europe (see

Welch et al., 2021). These changes will be superimposed on changing

environmental conditions, such as increases in heat waves, floods, and

droughts (e.g., IPCC, 2021; Fig. SI 1) which themselves will impact chemical

transformation, fate, and transport.

The goals of this paper are to 1.) review the scientific literature regard-

ing how global change drivers may impact the introduction of organic

chemicals into agriculture and how chemical fate, transport, and exposure

processes might change in the future, and the associated implications for

fate testing and modelling; and 2.) based on this literature review, develop

a set of preliminary, narrative scenarios describing a plausible range of al-

ternative pathways of human development and environmental change

that, when developed into quantitative scenarios, could drive exposure

modelling simulations of European agricultural systems to organic

chemicals. The development and analysis of such alternative pathways is

a common practice in climate science (e.g., IPCC, 2021; Riahi et al., 2017)

and has also been applied specifically to European agricultural develop-

ment (Mitter et al., 2020). Our proposed Agricultural Chemical Exposure

(ACE) scenarios augment previous scenario frameworks with consideration

of global change's possible impacts on agricultural chemical exposures.

While exposure to inorganic chemicals and microplastics will likely also

be impacted by the global change drivers we discuss, our main focus is on

organic chemicals, and we focus on agricultural practices in Europe.

In Section 2 we present the literature review focused on impacts of global

change on chemical emissions (Section 2.1), chemical persistence and trans-

formation (Section 2.2), and chemical fate and transport (Section 2.3) in ag-

ricultural systems. Research and data needs that must be addressed to

develop our narrative scenarios into quantitative scenarios that can drive

chemical exposuremodels are summarized in each of these three subsections.

In Section 3, we present our narrative Agricultural Chemical Exposure (ACE)

scenarios, and in Section 4,we discuss the ACE scenarios from the perspective

of modelling and how the outputs of scenario analysis could be used.

2. Review of the impact of global change on agricultural chemical

exposure

Bloomfield et al. (2006) adopted a “source-pathway-receptor” frame-

work for their review of how climate change may impact pesticides in sur-

face and groundwater in the United Kingdom. For our literature review, we
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focus on sources of organic chemicals and exposure of the agricultural sys-

tem by considering chemical emissions, persistence & transformation, and

fate & transport (see Fig. 2). The focus of our literature review is on non-

nutrient, organic chemicals introduced into agricultural environments for

crop protection (pesticides), animal rearing (veterinary pharmaceuticals),

and as a result of soil irrigation/amendment, especially with wastewater

and biosolids.

2.1. Emissions of chemicals into agriculture and drivers of future change

2.1.1. Overview

2.1.1.1. Pesticides. Data from the Food and Agricultural Organization (FAO,

2021a) show that per-hectare European pesticide usage has been stable

since 1990, while global usage nearly doubled between 1990 and 2010

(see Fig. 3), then plateaued during 2010–2019 at a level of almost 6 million

tonnes of pesticides used per year.

Future changes in temperature and precipitation patterns due to climate

change (see Fig. SI 1) are forecasted to shift agricultural activity and associ-

ated pest pressures, potentially requiring more widespread, more frequent,

and higher intensity pesticide use (e.g., Bloomfield et al., 2006; Delcour

et al., 2015). For example, the area suitable for crops in Europe increases

by 27%between 2020 and 2100 under the Intergovernmental Panel onCli-

mate Change's (IPCC's) Representative Concentration Pathway 4.5 scenario

(Grünig et al., 2020). Increased temperatures may increase pest generation

and growth rates, lengthen plant growing seasons, and shift crop growth re-

gions northward (Noyes et al., 2009; Delcour et al., 2015). Grünig et al.

(2020) modelled how the climatic suitability for 89 insect pests in Europe

may change under different climate change scenarios, and found on aver-

age a 9 % increase in suitable area for pests across Europe under the RCP

4.5 scenario. A notable example was that the suitable area for

S. frugiperda, an insect capable of destroying crops and which has a docu-

mented history of invasive behaviour (see EPPO, 2022), increased by 51%.

Other factors that could drive increased pesticide use include increasing

resistance of target organisms to pesticides (see Bloomfield et al., 2006;

Delcour et al., 2015), and increased proliferation of plant diseases driven

by increased precipitation and/or frequency of extreme events (Delcour

et al., 2015). Furthermore, changes in the timing of pest activity due to cli-

mate change (e.g., warmer temperatures leading to earlier pest activity dur-

ing the year; Bloomfield et al., 2006; see also Delcour et al., 2015) may

require changes in the timing of pesticide application. New pesticide active

ingredients may also be required to adapt to changes in plant tolerance and

pest resistance (e.g., see Bloomfield et al., 2006; Delcour et al., 2015), and

previous shifts in pesticide formulations have been associated with in-

creased toxicity for some ecological endpoints (Schulz et al., 2021).

While increasing suitable agricultural land areas and increased pressure

and ranges of pestsmay drive increases in the use of pesticides in the coming

decades, new technology and changes in agricultural practice may act to re-

duce the amount of pesticides that are used and emitted. For example, the

development of modern agronomic techniques alongside novel agrochemi-

cal delivery methods may enable the use of less traditional plant protection

products (e.g., Bonanomi et al., 2008; Kookana et al., 2014; Kah and

Hofmann, 2014). One such technique is the use of ‘nanopesticides’, which

can include pesticides contained within nanoemulsions or polymeric cap-

sules. These can be designed such that the active ingredient is protected

from degradation or that delivery is enhanced via increased solubility (Kah

and Hofmann, 2014; Kookana et al., 2014). While the use of such technolo-

gies could result in an overall reduction in the quantity of pesticide being

used, they will result in novel materials (such as nanomaterials) being intro-

duced to agricultural systems, and exposure and risk assessmentmethods for

these materials need to be further explored (Kookana et al., 2014).

Precision agriculture (e.g., using satellite data and drones to optimize

inputs to and yields from agriculture) can also reduce pesticide emissions

(e.g., EEA, 2019). Furthermore, as part of their Zero Pollution Action

Plan, the EU has a target of reducing the use of and risk from chemical pes-

ticides by 50 % by 2030, in pursuit of their ultimate goal by 2050 of reduc-

ing air, water, and soil pollution to levels that are not harmful to ecosystems

(i.e., a “toxic-free environment”; EC, 2021a).

Another driver of reduced pesticide emissions is the trend towards or-

ganic crop production. The per-hectare amount of agricultural area devoted

Fig. 1. Percent change (relative to 1961 values) in per-hectare agricultural use of fertilizers (left column), land area equipped for irrigation (middle column), and agricultural

production index (right column) globally (top row) and across Europe (bottom row) from 1961 to 2019. Note the y-axis scale difference between the figures for fertilizer use

and the other two categories. Geographic and temporal comparisons should bemade with caution, due to variability and inconsistencies in methods and data coverage. Data

from FAOSTAT (FAO, 2021a). Data analysis and plotting conducted using R with ggplot2 (R Core Team, 2019; Wickham, 2016).
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to organic agriculture has roughly doubled in Europe since 2004, with the

increase in organic cropland being substantially higher (see Fig. SI 2). As

part of the EU Green Deal's “Farm to Fork” strategy (EC, 2020a), the EU

has set a goal of having at least 25 % of agricultural land being organic

by 2030, an increase over the 8.5 % reported in 2019 (Eurostat, 2021). It

should be noted, however, that certain pesticides are still permitted for

use in organic farming in Europe (such as various copper- or sulphur-

based pesticides, see Annex I of EC, 2021b), and that the environmental im-

pact of organic pesticides can be more uncertain compared to those used in

conventional farming due to a lack of life cycle assessment characterization

factors (see Meier et al., 2015).

In summary, some global change drivers are likely to increase pesticide

usage, while others portend potential decreases. Bounding scenarios for fu-

ture emissions of pesticides under global change should reflect both in-

creases and reductions, and represent potential changes in pesticide

active ingredients and formulations (see Section 3).

2.1.1.2. Veterinary pharmaceuticals. The use of antibiotics, steroidal

growth-promoting substances, endo- and ecto-parasiticides, and other

veterinary pharmaceuticals in livestock rearing is known to result in res-

idues and metabolites of these compounds in agricultural environments,

generally after treatment of livestock and the spread of manure onto

fields (e.g., Boxall et al., 2003; Sarmah et al., 2006; Challis et al., 2021).

In 2018, there were over 6430 tonnes of active ingredients of veterinary

pharmaceuticals purchased across European countries (EMA, 2020).

Looking forward, climate change and a societal movement towards plant-

based foods could drive changes in the use and emissions of, and therefore

environmental exposure to, veterinary pharmaceuticals.

Changing climate may increase disease pressures for animals in agri-

culture (Gale et al., 2007). For example, more frequent flooding may in-

crease the spread of diseases through spreading of pathogen spores

(e.g., anthrax, cryptosporidium), and by creating conditions in which

vectors for parasites and viruses (e.g., snails or mosquitos) thrive. Future

environmental conditions may also be more suitable for non-native patho-

gens (Gale et al., 2007). Adaptation to climate change may also require dif-

ferent animal housing practices and thus increase the spread of diseases

through animal-animal contacts (Gale et al., 2007). All of these factors

could result in an increase in the use, and therefore environmental emis-

sions, of veterinary pharmaceuticals (e.g., Boxall et al., 2009).

On the other hand, over recent years there has been an increase in con-

sumer demand for non-animal (or ‘alternative’) sources of protein

(e.g., plant-based meat or dairy alternatives; Aschemann-Witzel et al.,

2021). An analysis of retail market data conducted by the Smart Protein

EU Horizon 2020 project showed that sales within the plant-based meat/

dairy sector increased by 49 % between 2018 and 2020 across 11

European countries (Smart Protein Project, 2021). In addition to having a

smaller environmental footprint in terms of land and water usage and

greenhouse gas emissions compared to animal sources of protein

Fig. 3. Percent change (relative to 1990) of per-hectare pesticide usage globally and

in Europe from 1990 to 2019. Pesticide usage data are defined as the “quantities

(in tonnes of active ingredients) of pesticides used in or sold to the agricultural sec-

tor for crops and seeds” (see source for more details on data collection). Geographic

and temporal comparisons should be made with caution, due to variability and in-

consistencies in methods and data coverage. Data from FAOSTAT (FAO, 2021a).

Data analysis and plotting conducted using R with ggplot2 (R Core Team, 2019;

Wickham, 2016).

Fig. 2. Flow diagram enumerating—for the three themes of emissions, persistence& transformation, and fate& transport of agricultural chemicals in Europe—the expected

global change forcings, the responses in agriculture, and the associated key research needs for evaluating scenario-based forecasts of environmental exposures. Abbreviations:

precip. = precipitation; agri. = agriculture; pharm. = pharmaceuticals.
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(e.g., Poore and Nemecek, 2018), plant-based proteins do not require the

use and emissions of veterinary pharmaceuticals. Demand for alternative

protein sources is expected to continue to grow. Barclays Investment

Bank (2019) projects that between ~2019 and 2029, the global market

share of alternative meats (e.g., plant-based and lab-grown meats) will in-

crease 10-fold from 1 % to 10 %. Furthermore, the EU, as part of their

Zero Pollution Action Plan, intends to decrease the sale of farmed ani-

mal/aquaculture antimicrobials by 50 % by 2030 (EC, 2021a). However,

the projected increase in alternative protein demand will likely occur

against a global backdrop of increasing demand for animal protein due to

growing population and rising incomes (e.g., OECD/FAO, 2021; see also

Bijl et al., 2017).

A range of scenarios that encompass different paths for veterinary phar-

maceutical emissions are thus possible, depending on the magnitude of dif-

ferent competing global change forcings that may increase or decrease

emissions, as described below in Section 3.

2.1.1.3. Reclaimed wastewater and biosolids. Reclaimed municipal wastewa-

ter is used in agriculture in water-stressed and arid regions such as the

Middle East, North Africa, and southern Europe (Carter et al., 2019). In

Europe (EU-28), 50 % of the sludge produced from wastewater treatment

is applied to agricultural fields, with the fraction varying widely across

member countries (see Collivignarelli et al., 2019). These waste resources

contain contaminants such as heavy metals (Xu et al., 2010), persistent

organic pollutants, chemicals of emerging concern like pharmaceuticals,

endocrine disrupting chemicals, and personal care products (e.g., Tavazzi

et al., 2012; Christou et al., 2017), and microplastics (e.g., Corradini

et al., 2019).

The types and concentrations of organic chemicals present in reclaimed

wastewater and biosolids are determined by down-the-drain disposal of

chemicals from connected households and businesses, and the wastewater

treatment processes employed (e.g., Struijs, 2014). Estimating down-the-

drain emissions of chemicals and determining their fate in wastewater

treatment plants is an area of active research, with recent examples for

pharmaceuticals in Canada (Grill et al., 2016), estrogens in China (Grill

et al., 2018), triclosan and linear alkylbenzene sulphonate in the UK

(Kilgallon et al., 2017), and personal care products in the US, South

Korea, the Netherlands, and France (Douziech et al., 2018).

The FAO's Global Information System on Water and Agriculture

(AQUASTAT, see FAO, 2021b) provides data on the amount of treated or

untreated municipal wastewater used directly for irrigation purposes

(Fig. 4). The ratio of reported treated municipal wastewater used for irriga-

tion to the amount of treated wastewater produced is the highest in water-

stressed regions such as the Middle East, Chile, Australia, and North Africa.

Within Europe, the only countries for which these data are available from

AQUASTATare Cyprus, Greece, and Italy (Fig. 4). However, other literature

indicates that additional EU countries use treated wastewater for irrigation

(e.g., Spain; see Paranychianakis et al., 2015), and several issues in

reporting of reclaimed wastewater usage in Europe are discussed in a

2015 report on optimising EU water reuse prepared for the EU's

Directorate-General for the Environment (BIO, 2015). The values in Fig. 4

should thus be viewed as incomplete, not directly comparable between

countries, and are subject to unquantified uncertainties. Such data gaps

and uncertainties prevent accurate analysis of trends in the use of reclaimed

wastewater in agriculture in Europe and globally.

Climate change is expected to increase agricultural irrigation water de-

mand by roughly 20%ormore in southern Europe in the 21st century, with

some regions showing higher increases (see EEA, 2017). While some of the

increased demand for irrigation water may be offset by increased irrigation

efficiency (e.g., Nikolaou et al., 2020), one proposed solution to meet some

of the projected demand is the increased use of reclaimed wastewater

(Regulation (EU) 2020/741; Nikolaou et al., 2020). Only about 2.4 % of

treated urban wastewater (roughly 1100 million m3/year) is estimated to

be reused in Europe as of 2015, corresponding to roughly 0.4% of freshwa-

ter withdrawals in the EU annually (BIO, 2015)—this includes use in agri-

culture irrigation as well as other uses including industrial use and non-

potable water use in urban areas. While projections are limited and highly

uncertain, one estimate of potential increased wastewater reuse in Europe

is for it to reach 6000 million m3/year by 2025 (BIO, 2015). Furthermore,

increased wastewater reuse for irrigation is part of the European Commis-

sion's Circular Economy Action plan (Section 3.7 of EC, 2020b). This in-

creased use of reclaimed wastewater could result in increased emissions

of chemicals such as pharmaceuticals and other down-the-drain chemicals

into agricultural environments (e.g., see Carter et al., 2019).

The magnitude and trend of biosolids application in agriculture varies

widely across European countries, as exemplified by data from Spain, the

Netherlands, and Norway (Fig. 5, based on data from Eurostat, 2022), how-

ever gaps in data reporting make comparisons between countries difficult.

Looking ahead, as part of the European Commission's Circular EconomyAc-

tion Plan, an “Integrated Nutrient Management Plan” will be developed to

stimulate the recovered nutrient market and increase nutrient application

sustainability, with a review of the current directive for sewage sludge to

be considered (EC, 2020b). Such measures could create continent-wide in-

centives to increase the use of biosolids in agriculture. Given the wide var-

iability of current biosolids usage across Europe (Fig. 5), there is therefore a

wide variability of possible increased biosolids application patterns and as-

sociatedflux of chemicals present in biosolids to agricultural environments.

Furthermore, increases in the area suitable for crops (see Grünig et al.,

2020) may drive shifts in where biosolids and/or reclaimed wastewater

are applied, and thus where chemicals are being emitted.

However, with the implementation of the EU's Chemicals Strategy for a

Toxic-Free environment, additional safety requirements for chemicals that

are present in consumer products (e.g., applying to persistent/

bioaccumulative chemicals or endocrine disruptors; see EC, 2020c) could

result in lower down-the-drain emissions of potentially harmful chemicals

from consumer products that reach wastewater treatment plants. Further-

more, as with the emissions of pesticides and veterinary antimicrobials,

the implementation of the EU's Zero Pollution Action Plan may result in de-

creased amounts of pharmaceuticals and othermicropollutants inwastewa-

ter and biosolids that are ultimately applied to agriculture (EC, 2021a). The

implications of these pollution-reducing strategies, in tandemwith possible

changes in the usage of waste resources in agriculture, are considered

within the bounds of possible future scenarios of agricultural chemical

emissions presented in Section 3.

2.1.2. Research needs to parameterize quantitative scenarios for emissions of

chemicals in agriculture under global change scenarios

An improved understanding of current locations and trends of agricul-

tural chemical usage are needed to establish a baseline of emissions to agri-

cultural settings of pesticides, veterinary pharmaceuticals, and chemicals in

waste resources. As an example, improved spatial resolution (e.g., at the

field or catchment scale) of pesticide and veterinary pharmaceutical

usage, in contrast to using the country- or regionally-resolved application

or sales data that is currently available for development of emissions esti-

mates (e.g., see Maggi et al., 2019; Werner et al., 2018) would greatly aid

in chemical fate and exposure modelling efforts. Lack of data on current

chemical usage has been identified as a key knowledge gap in establishing

forward-looking emissions scenarios in other studies (see Nagesh et al.,

2022; Desrousseaux et al., in press).

Additionally, the types and quantities of chemicals present in reclaimed

wastewater and biosolids using current and emerging treatment technolo-

gies should be studied further, and include suspect screening and non-

target approaches (e.g., González-Gaya et al., 2021). More modelling in-

vestigations of urban down-the-drain chemical emissions and their

fate within the wastewater treatment process (e.g., Grill et al., 2016)

would also aid in understanding the chemical load entering waste re-

sources, which is crucial to understand the flux of these chemicals into

the environment upon application to agricultural areas. Furthermore,

to address the large uncertainties and data gaps with the use of waste-

water and biosolids in agriculture (see Section 2.1.1.3), European gov-

ernments should coordinate to harmonise data reporting to

AQUASTAT. Specifically, data on the source, amount, treatment quality,
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location, affected crop type, time, and method of application of waste

resources in agriculture would be useful additions to the reported data

for environmental exposure assessment.

Relationships between global changes and resultant chemical loading to

agricultural settings should also be explored. Specifically, spatially-explicit

modelling of how the use patterns of veterinary pharmaceuticals and pesti-

cidesmay change in response to changing animal and plant pest and disease

pressures under climate change is needed. Relationships between factors

such as technological adoption or diet change and the patterns of chemical

usage down to the field scale should be determined for extrapolation in fu-

ture scenarios. Additionally, identification of new technologies that might

be employed in agriculture in the future with a focus on the mixture of

chemicals that may be available on the European market in response to

European “Toxic-free environment” policies is needed.

2.2. Understanding the effects of global change on chemical persistence

and transformation

2.2.1. Overview

Temperature is a key factor that influences rates of chemical degrada-

tion and therefore chemical persistence (Matthies and Beulke, 2017). Reg-

ulatory tests that assess chemical persistence are conducted at one static

temperature, often 12 °C or 20 °C, and chemical half-lives can then be ex-

trapolated to other temperatures using the Arrhenius equation approach

Fig. 4. Log-transformed proportion of producedwastewater used for irrigation from treated (top) and untreated (bottom)municipal wastewater in 2017.Wastewater irrigation

is defined by AQUASTAT as “wastewater applied artificially (irrigation) and directly (i.e., with no or little prior dilution with freshwater during most of the year) on land to

assist the growth of crops and fruit trees. [Wastewater] applied artificially and directly for landscaping and forestry also falls under this category.” Units are: log10(wastewater

typeused km3year−1 /wastewater type produced km3year−1). Gray countries indicate one or both of thewastewater used orwastewater produced variableswere not available

for that country. For Oman in the top panel and for Mexico in the bottom panel, ratios of used to produced wastewater were greater than one, potentially indicating an error in

data reporting, and these values were set to missing. Data from AQUASTAT (FAO, 2021b). Data analysis and plotting conducted using R with ggplot2 (R Core Team, 2019;

Wickham, 2016).
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as suggested by the Forum for the Coordination of Pesticide Fate Models

and their Use (FOCUS, 2006). Other environmental factors, such as intense

precipitation, heatwaves, droughts, and how these conditions may impact

soil conditions and themicrobial communities responsible for chemical bio-

degradation are omitted from current persistence assessment methodolo-

gies. The FOCUS approach is recognized as being specific to pesticides

and should be applied cautiously to other substances emitted to agricultural

systems (Culleres et al., 2007).

The application of the Arrhenius approach across a temperature range

of 4–40 °Cwas studied byMeynet et al. (2020)who determined the temper-

ature dependence of degradation rates for 42 micropollutants in sewage.

The authors reported exponential decreases in half-lives with inverse tem-

perature as temperatures increased up to 20 °C, which would be well-

described by the Arrhenius equation. However, the Arrhenius equation

did not accurately describe the data as temperatures increased through 30

°C and 40 °C. At these higher temperatures, the Arrhenius equation tended

to overestimate degradation rates, except for sulfonamides (Meynet et al.,

2020). At the extreme lowest (4 °C) and highest (40 °C) temperatures

there were also chemicals that did not demonstrate any notable dissipation

over the course of the 120-day study (Meynet et al., 2020).

Modified versions of the Arrhenius equation, such as the quadratic

Arrhenius or deformed Arrhenius, might provide better fits to degradation

or biotransformation kinetics data when deviations from the classical

Arrhenius equation occur (Aquilanti et al., 2010). However, if temperature

influences the nature of the microbiological community and therefore the

capacity for degradation to take place, usingmodified forms of theArrhenius

equation might not allow for robust prediction, since the biological changes

might not be reproducible as a function of temperature in different systems.

Aside from temperature, the biological impact of microbial community

on chemical degradation is ambiguous. Fenner et al. (2020) have demon-

strated that common routes of biodegradation can exist despite differences

in microbial community structure. Coll et al. (2020) have reported that

“fast” and “slow” chemical dissipation can be related to differences in mi-

crobial community composition, and that normalizing dissipation times ac-

cording to microbial biomass can reduce variability in the kinetic

measurements. When considering how seasonal variations in temperature

could drive changes in microbial community composition in sediment

and water and therefore in degradation rates of the fungicide isopyrazam,

Southwell et al. (2020) were unable tofind any linkages betweenmicrobial

taxa and degradation rates among differences existing in community com-

position. Evenwith established differences inmicrobial community compo-

sition, a species was always present to metabolise isopyrazam (Southwell

et al., 2020), suggesting that functional redundancy among microbial con-

sortia might cause similar rates of chemical degradation despite there being

differences in the microbial community composition (Fenner et al., 2020;

Southwell et al., 2020).

Fig. 5. Comparison of time series of dry weight sludge production and disposal patterns in Norway (top row), the Netherlands (middle row), and Spain (bottom row). Left

column: per-capita sludge generation. Middle column: per-capita sludge disposal on agricultural fields. Right column: time series of fraction of different disposal methods

of sludge. For the panels in the right column, the “Unknown” category makes up for discrepancies in the data between the total reported sludge (not shown) and the summed

amount in the other provided categories (i.e., Agriculture, Compost, Incineration, Landfill, andOther). For any instanceswhere the provided total reported sludgewas less than

the sum of the other provided categories, the provided categories are shown as-is. Geographic and temporal comparisons should be made with caution due to possible data

gaps, breaks in reporting, and regional differences. Data from Eurostat, 2022. Data analysis and plotting conducted using Rwith ggplot2 (R Core Team, 2019;Wickham, 2016).
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Climate change-driven heat waves and droughts also introduce uncer-

tainties to estimations of chemical persistence, but according to most re-

ports they favour increased persistence. A report in the early 1990s

indicated that pesticide application before or during a drought could lead

to “carry-over” of pesticides via suppressed degradation (Leavitt et al.,

1991). Subsequently, chemical degradation during a drought was demon-

strated to be less efficient, as lack of water can disrupt soil conditions and

substrates available for soil microbes to use (Franco-Andreu et al., 2016;

Schimel et al., 2007). The combination of chemical exposure by the pesti-

cides chlorpyrifos or oxyfluorfen and drought conditions resulted in re-

duced enzymatic activities and changes in the microbial community

composition that reduced rates of degradation compared to watered soils

(Franco-Andreu et al., 2016).

Chemical persistence under extensive precipitation leading to water-

logged soils orflood-like conditions is another scenario that must be consid-

ered under climate change. Underwater-logged conditions, soil can become

anaerobic, which potentially leads to longer chemical half-lives (Biel-Maeso

et al., 2019). Under anaerobic conditions, dissipation of carbamazepine,

ibuprofen, diclofenac, hydrochlorothiazide, and gemfibrozil in agricultural

soils was reportedly non-existent over 30 days (Biel-Maeso et al., 2019). In

another study, Pan and Chu (2016) observed increased dissipation times for

tetracycline, sulfamethazine, norfloxacin, and erythromycin under anaero-

bic soil conditions compared to aerobic soil conditions, both under sterile

or non-sterile conditions.

2.2.2. Research needs to improve quantitative understanding of persistence and

degradation pathways for organic chemicals in agriculture

Monitoring how soil composition and conditions such as temperature,

moisture content, aerobic or anaerobic status, and microbial community

makeup shift in response to global change and affect chemical persistence

is needed. Degradation rates and routes of degradation for chemicals repre-

sentative of varying physicochemical properties determined across the

range of environmental factors identified above, including extreme temper-

atures, water-logged soils, and drought conditions, would provide insight

regarding the importance of each environmental variable. These data can

be assessed alongside current persistence testing andmodelling approaches

to provide insight on the implications of these findings for exposure assess-

ment. Limitations in the Arrhenius equation approach when extrapolating

chemical half-lives between temperatures and under varying soil conditions

should also be investigated to determine if alternative approaches are more

suitable. If degradation rates and routes are not predictable under dynamic

environmental conditions, studies will be needed to determine if this is due

tomicrobial community structure and functionality, or if there are other un-

derlying abiotic factors influencing persistence under these conditions

which could be used to inform the development of new predictive persis-

tence models. Investigation of the persistence of chemicals found in

reclaimedwastewater and biosolids applied to agricultural soils under envi-

ronmental conditions where temperatures are beyond 30 °C, and in soils en-

during drought conditions, is also needed (e.g. Zhu et al., 2021).

2.3. Capturing the impact of changes in extreme weather events and agricultural

practices in chemical fate and transport modelling

2.3.1. Overview

2.3.1.1. Extreme events. Intense precipitation events have been shown to

have a substantial impact on the fate and transport of chemicals in agricul-

ture in modelling and measurement studies of agriculturally-intensive wa-

tersheds. For pesticides, for example, Camenzuli et al. (2012) found that a

quarter of the diuron applied annually within an Australian watershed

was transferred to the ocean from rainwater/flooding. Morselli et al.

(2018) similarly found that intense rainfall events in a mountainous Italian

watershed resulted in increases of peak riverine pesticide concentrations up

to several orders of magnitude. Yang et al. (2012) simulated episodic rain-

fall events on field plots containing land-applied biosolids, and found that

the amount of hormone chemicals mobilized from biosolids correlated

with the simulated precipitation amount, indicating that heavy rainfall

can result in a pulse of chemical runoff.

Given the documented sensitivity of agrochemical fate and transport to

floods and other intense precipitation events, it is important to understand

how increases in the intensity and frequency of such events with global

change (see Fig. SI 1; EEA, 2017) may impact chemical fate and transport.

Bloomfield et al. (2006) found that changes in the timing (i.e., seasonality)

and intensity of precipitation patterns and increased temperatures would

be the primary climate-related drivers of change in pesticide fate and trans-

port. Since that study, many investigations have found a small effect of cli-

mate change-induced shifts in precipitation on pesticide fate, however a

recurring theme in these studies is an acknowledged weakness in the fore-

casts of changes in intense precipitation events derived from downscaled

global climatemodels (e.g., Gagnon et al., 2016; Chiu et al., 2017). Climate

models used to project changes in short-term precipitation events often do

not explicitly resolve localised, heavy, convective precipitation events at

sub-daily timescales (EEA, 2017; see also Ban et al., 2015). For example,

Gagnon et al. (2016) used downscaled climate modelling output to investi-

gate pesticidemobilization.While they found climate changewould not im-

pact the mean pesticide runoff from a range of Canadian agricultural fields

between 1981 and 2040, they indicated the climate model downscaling

employed did not consider all possible causes of precipitation intensity in-

creases (namely, intensity changes from more frequent convective precipi-

tation). Similarly, Chiu et al. (2017) employed downscaled daily climate

model output and the Soil andWater Assessment Tool (SWAT)model to in-

vestigate pesticide application, fate, and transport in a California water-

shed. “Few changes” from the direct impacts of climate change on

pesticide transport were expected, however Chiu et al. indicate their

method of downscaling the climate model output may not have captured

future changes in extreme event frequency. Climate models that do explic-

itly resolve convective precipitation suggest an increase in intense precipi-

tation events in many regions (e.g., Westra et al., 2014; see also Kendon

et al., 2014). Our literature review identified no studies that investigated

the impact of climate change on the fate and transport of organic chemicals

present in reclaimed wastewater or biosolids applied to agricultural fields.

Boxall et al. (2009) identified the need to generate flood emersion

models in the context of chemical exposure pathways for agricultural sys-

tems. Since their review, a handful of studies have developed modelling

frameworks that investigate the impact of flood dynamics on chemical

fate and transport (e.g., Mendez et al., 2016; Camenzuli et al., 2012).

Camenzuli et al. (2012), for example, developed a model to simulate

flooding within an Australian river basin and the impact of this on the mo-

bilization of diuron. Information for parameterizing the water runoff occur-

ring during saturated soil conditions was not available, so they employed a

range of possibilities and they indicate the need to constrain “dominant

mass transfer processes during flood events” more in the future.

The increased frequency of droughts due to climate change in Europe

(Fig. SI 1; see also EEA, 2017) could also impact chemical fate and transport

processes. For example, Ademollo et al. (2011) indicate that “temporary

rivers”, which will increase in prevalence in the Mediterranean region

from climate change, result in pulsed emissions of compounds upon return

of precipitation. They indicate the chemical fate and transport processes in

such transient rivers are not well understood, particularly regarding

chemical-sediment dynamics during dry periods (see also Ribarova et al.

(2008) regarding the impact of “first floods” on chemical fate). Topaz

et al. (2018) also found that antecedent conditions (i.e., the time between

rain events) may impact pesticide application methodology and thus the

number and types of pesticides mobilized once rainfall occurs. Addition-

ally, changes in drought dynamics as a result of climate change may in-

crease the formation of desiccation cracks in clayey soils (e.g., Bordoloi

et al., 2020), which can increase the infiltration rate of water into soils

(e.g., Cheng et al., 2021) and impact the transport of chemicals in agricul-

ture to groundwater.

Furthermore, Bloomfield et al. (2006) identified that increased temper-

atures from climate changemay increase the volatilization and atmospheric

transport of pesticides (however whether increased degradation would

J.D. Hader et al. Science of the Total Environment 840 (2022) 156478

8



outweigh the impacts of enhanced volatilizationwould vary as a function of

chemical properties; e.g., see Wöhrnschimmel et al., 2013). Volatilization

and atmospheric transport have been identified as a cause of pesticide con-

tamination of remote areas, including regional glaciers (Rizzi et al., 2019;

see also review by Noyes et al., 2009). Furthermore, the melting of

contaminant-laden snow and ice in the spring can cause pulsed chemical

emissions, and Morselli et al. (2014) indicate the impact climate change

may have on snow and ice melting dynamics needs to be investigated in

the context of contaminant transport and exposure (e.g., an earlier spring

melt causing earlier increased runoff and exposure; see Falloon and Betts,

2006).

2.3.1.2. Agricultural practices. Amendment of soils with reclaimed wastewa-

ter and/or biosolids has been shown to impact the properties of soil

(e.g., Jueschke et al., 2008; Rana et al., 2010; Skowrońska et al., 2020), in-

cluding possibly decreasing pH and increasing organic carbon content. pH

and organic carbon content have been found to be important factors

influencing chemical fate in soils (e.g., Müller et al., 2007; Terzaghi et al.,

2020), so changes in the agricultural application of waste resources in re-

sponse to global change may impact the fate and transport of chemicals

in agriculture. Dissolved organic carbon (DOC) supports microorganism ac-

tivity (von Lützow and Kögel-Knabner, 2009) and plays an important role

in chemical transport and regulation of bioavailability and degradability

(Terzaghi et al., 2020, 2021). Likewise, the addition of microplastics

through biosolid application could impact the fate and transport of associ-

ated chemicals through sorption mechanisms dependent on microplastic

composition and physical properties (e.g., Gao et al., 2020).

No or minimum tillage has been proposed as an agricultural practice

that can be used to adapt to some of the stresses of climate change, as it

can increase soil moisture, soil organic carbon content, and soil resilience

to erosion (EEA, 2019). Such practices can increase pesticide persistence

due to higher retention in surface soil and lower accessibility for biodegra-

dation, decrease runoff losses of pesticides due to enhanced soil stability,

and increase leaching amounts due to enhanced macropore connectivity

(Alletto et al., 2010). However, Alletto et al. also indicate that the highly

variable and complex interactions of different factors surrounding pesticide

fate and transport in the context of different tillage systems requires addi-

tional studies to fully understand the associated spatiotemporal dynamics.

Changes in agricultural wastewater irrigation techniques to increase

water use efficiency could also impact the route by which contaminants

enter into the environment and their subsequent fate and transport pro-

cesses. For example, Bhalsod et al. (2018) found that overhead versus sur-

face irrigation of lettuce plants using contaminant-laden irrigation water

resulted in an increased uptake of several pharmaceuticals. Narain-Ford

et al. (2020) reviewed the fate processes associated with contaminants of

emerging concern for a range of different wastewater irrigation types.

They found that runoff and volatilization are key processes associated

with sprinkler irrigation, drip irrigation involves an insignificant amount

of runoff, and that sub-surface irrigation involves an insignificant amount

of runoff and volatilization but an increased importance of chemical sorp-

tion and potentially enhanced transport to groundwater. Narain-Ford

et al. indicate, however, that there are still many unknowns surrounding

the chemical fate processes associated with sub-surface irrigation.

2.3.2. Research needs to improve quantitative understanding of the impact of

global change on the fate and transport of organic chemicals in agriculture

Modelling studies that can be validated against field observations are

needed to investigate the impact of extreme weather events on the fate

and transport of chemicals in agriculture, and to build confidence that the

models can be applied for scenario analysis in the context of global change.

Particularly, the use of more enhanced methods for downscaling climate

model output than those used in many previous studies is needed to better

capture how intense precipitation events mobilize chemicals in agriculture.

Validated models that incorporate chemical fate and transport during river

flooding of agricultural areas area also needed (Boxall et al., 2009), and

could build off the progress of e.g., Camenzuli et al. (2012). Further

investigations are also needed into how increases in the time between pre-

cipitation events due to climate change will impact chemical emissions,

fate, and transport (e.g., Topaz et al., 2018; Ademollo et al., 2011). Addi-

tional investigation is also needed into whether more frequent and intense

heat waves will result in episodic increased volatilization and atmospheric

transport of chemicals in agriculture (Bloomfield et al., 2006), with a focus

on regional/medium-range transport (e.g., Rizzi et al., 2019). Lab and field

studies are also needed to further understand the impact that different till-

age practices (Alletto et al., 2010) and irrigation techniques employedwith

reclaimedwastewater (Narain-Ford et al., 2020) have on the fate and trans-

port of organic chemicals.

3. Narrative scenarios for environmental exposure to chemicals in

agriculture under global change

Scenario analysis for potential future pathways of development is well

established as a decision-support framework. The IPCC's Shared Socio-

Economic Pathway (SSP) scenarios (IPCC, 2021) for human development

and greenhouse gas emissions (see also e.g., O'Neill et al., 2016; Riahi

et al., 2017) is a notable example. Furthermore, Mitter et al. (2020) estab-

lished a set of European agriculture SSPs (Eur-Agri-SSPs) reflecting plausi-

ble development scenarios in agricultural systems in response to climate

change mitigation/adaptation. While their scenarios capture changes in ur-

banization, economic/technology development, and policies, they do not

cover the impacts of the storylines on chemicals in agriculture that are

needed to forecast possible changes in environmental exposures. Here, we

augment the existing SSPs and Eur-Agri-SSPs to propose narrative Agricul-

tural Chemical Exposure (ACE) scenarios that represent bounding andmore

realistic assumptions of combinations of the impact of global change drivers

on agricultural chemical emissions, transformation, and fate and transport

(see Table 1).

3.1. ACE-1 “sustainable development”

In the highly-optimistic “Sustainable Development” scenario ACE-1 (see

Table 1), the combined effects of climate, technology, policy, and other

global change drivers exert limited forcings on pathways for environmental

exposure to chemicals in agriculture, either increasing exposures relatively

little or decreasing exposures. From a climate perspective, this scenario

would assume a rapid decrease in greenhouse gas emissions that leads to

limiting 21st century global warming to approximately 1.5 °C relative to

1850–1900 (corresponding to SSP1-1.9; see IPCC, 2021) and a correspond-

ing relatively low increase in pest pressures and extreme weather events.

Furthermore, in response to EU policies like the Zero Pollution Action

Plan (EC, 2021a), increased amounts of organic farming as part of the

EU's “Farm to Fork” strategy (EC, 2020a), and additional development

and implementation of pesticide-reducing technologies like precision agri-

culture (e.g., EEA, 2019) and novel agrochemical delivery methods

(e.g., Kah and Hofmann, 2014), pesticide usage decreases in both absolute

tonnage and tonnage applied per hectare of crops in the ACE-1 scenario.

More chemicals employed in agriculture as well as in consumer products

that are emitted down the drain will be developed on the “safe and sustain-

able by design” principle (e.g., EC, 2020c), decreasing chemical persis-

tence, mobility, and toxicity. Wastewater treatment facilities would also

have a greater adoption of technologies for the removal of organic

chemicals (e.g., Sabri et al., 2020; Wolf et al., 2022), resulting in chemical

emissions to agriculture through wastewater and biosolids decreasing.

Pressures on water resources will also have a relatively low increase in re-

sponse to climate change in this scenario, resulting in little increased

need to reuse reclaimed wastewater for irrigation. In response to environ-

mental concerns of animal agriculture (e.g., Willett et al., 2019), animal

rearing for food decreases, with a corresponding decrease in the usage of

veterinary pharmaceuticals (aided further by the EU's push to reduce the

sale of animal and aquaculture antimicrobials; see EC, 2021a). There

would also be an increase in the adoption of agricultural practices that mit-

igate chemical transport, like soil incorporation of pesticides and practices
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Table 1

Proposed Agricultural Chemical Exposure (ACE) scenarios and corresponding magnitudesa of global change drivers that would influence the emissions, persistence/transformation, and fate/transport of chemicals in agriculture.

ACE 

scenario

Corresponding 

SSPb
Climate change Pesticide usage Down-the-drain chemicals

Agri. WW & 

biosolids 

application

Vet. pharm. usage

Microbe-driven 

chemical 

degradation

Agricultural practices

1

SSP1- 1.9 

“Sustainable 

Development”

- Rapid decrease in GHG emissions

- 1.4 oC global temperature increasec

- Minimal impact on pest pressures

- Minimal increase in extreme weather 

events

- Decreases

- Less persistent 

chemicals employed 

(e.g., ‘green’ 

chemistry)

- Decrease in down-the-drain 

emissions

- Less persistent and mobile 

chemicals used

- Widespread tertiary treatment

Constant - Animal agri. 

decreases

- Use of vet. pharm.

decreases

Increased chemical 

biodegradability

- Increased adoption of agri. 

mitigation techniques

- Increased irrigation 

efficiency

- Agri. land use decreases

2

SSP2-4.5 

“Middle-of-the-

road 

Development”

- Current GHG emissions, decreasing 

around mid-21st century

- 2.7 oC global temperature increasec

- Increase in pest pressures

- Increase in extreme weather events

- Increases

- Current chemicals 

remain employed

- Down-the-drain emissions 

constant

- Current chemical composition

- WW treatment remains constant

Increases - Animal agri. stays 

constant

- Use of vet. pharm.

stays constant

Current chemical 

biodegradability

- Current agri. mitigation 

techniques

- Current irrigation 

efficiency

- Current agri. land use 

- Some shifts in crops grown 

and locations

3

SSP3-7.0 

“Regional 

Rivalry”

- Increased GHG emissions

- 3.6 oC global temperature increasec

- Large increase in pest pressures

- Large increase in extreme weather 

events

- Large increase

- Current chemicals 

remain employed

- Increase in down-the-drain 

emissions

- Current chemical composition

- WW treatment remains constant

Large increase - Animal agri. 

increases

- Use of vet. pharm.

increases

Decreased 

chemical 

biodegradability

Large shifts in crops grown 

and locations

4

SSP5-8.5 “Fossil-

fuelled 

Development”

- Substantially increased GHG 

emissions

- 4.4 oC global temperature increasec

- Substantial increase in pest pressures

- Substantial increase in extreme 

weather events

- Increases 

substantially

- More 

persistent/harmful 

chemicals employed

- Urban down-the-drain emissions 

increase substantially

- More persistent/mobile chemicals 

employed

- WW treatment remains constant

Increases 

substantially

- Animal agri. 

increases 

substantially

- Use of vet. pharm.

increases 

substantially

Substantially 

decreased chemical 

biodegradability

Substantial shifts in crops 

grown and locations

aIncreases or decreases in magnitude of variables are relative to current levels. Discussion of reasoning behindmagnitude changes for bounding scenarios provided in Section 3. bNumbering and naming conventions are those from

IPCC, 2021 and Riahi et al. (2017). cGlobal surface temperature increase by end of 21st century relative to 1850–1900 (IPCC, 2021). Abbreviations: ACE = Agricultural Chemical Exposure; Agri. = Agricultural; SSP = Shared

Socio-economic Pathway; Vet. Pharm. = Veterinary pharmaceuticals; WW = Wastewater.
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that reduce agricultural runoff (see Gagnon et al., 2016), along with an

increase in irrigation efficiency (e.g., Nikolaou et al., 2020) and an overall

decrease in agricultural land use (see Riahi et al., 2017).

3.2. ACE-4 “fossil-fuelled development”

At the other end of the spectrum in the highly-pessimistic “Fossil-fuelled

Development”ACE-4 scenario (see Table 1), global change drivers combine

to exert forcings on pathways that substantially increase environmental ex-

posure to chemicals in agriculture. In this scenario, an increase in green-

house gas emissions continues through 2050 and beyond, leading to 21st

century global warming of approximately 4.4 °C relative to 1850–1900

(corresponding to SSP5-8.5; see IPCC, 2021). A substantial increase in aver-

age temperatures, shifts in precipitation, and extreme weather events

would occur (see IPCC, 2021), leading to substantially increased pest and

disease pressures and thus increased use of pesticides and veterinary phar-

maceuticals (i.e., see Gale et al., 2007; Boxall et al., 2009; Grünig et al.,

2020). Furthermore, wastewater treatment technologies in this scenario

would be assumed to remain constant, so with increased urbanization

(e.g., EEA, 2017) and an increased usage of pharmaceuticals (see van der

Aa et al., 2011), down-the-drain emissions of chemicals will increase sub-

stantially. Within this scenario, EU policies to reduce the production and

usage of harmful chemicals (e.g., EC, 2020c; EC, 2021a) are not adequately

implemented, resulting in more persistent, mobile, and toxic chemical

emissions to agricultural settings through the application of biosolids and

wastewater for irrigation contaminated with down-the-drain emissions.

Animal agriculture would also increase in response to increasing demand

for meat globally (e.g., OECD/FAO, 2021; Bijl et al., 2017), resulting in vet-

erinary pharmaceutical usage and emissions increasing substantially. Large

shifts in the types of crops grown and an expansion of areas where crops are

grown due to climate change would also occur (e.g., see Grünig et al.,

2020), along with an increased usage of wastewater for irrigation in re-

sponse to climate change-induced stresses on water resources (e.g., EEA,

2017). The “Regional Rivalry” ACE-3 scenario reflects slightly less intense

global warming of 3.6 °C compared to ACE-4 (and therefore slightly

lower associated impacts on increased chemical emissions), however

ACE-3 would incorporate a larger increase in cropland (corresponding to

SSP3-7.0; see IPCC, 2021 & Riahi et al., 2017).

The ACE-1 and ACE-4 scenarios provide bounds on the forecasts for ag-

ricultural chemical exposures, while the “middle-of-the-road” scenario

ACE-2 (corresponding to SSP2–4.5) reflects roughly constant CO2 emis-

sions until the mid-21st century, economic and technical developments

that generally stay with historical patterns (IPCC, 2021 & Riahi et al.,

2017), and agricultural practices that generally reflect those of today (see

Table 1 for more details).

4. Discussion and summary

The four narrative ACE scenarios we propose in Section 3 and the re-

search priorities we identified in Section 2 provide a basis for developing

quantitative scenarios to drive model simulations. Additional stakeholder

consultation could be warranted to further develop and refine the four nar-

rative ACE scenarios we have proposed here, for example as was done for

the Eur-Agri-SSPs in Mitter et al., 2020. These ACE scenarios can then pro-

vide a basis for constructing quantitative estimates of emission rates for

each chemical category of interest, which could be guided by the frame-

work for establishing future emissions outlined in Desrousseaux et al. (in

press). Generally, interactions between economic development, climate,

agriculture, and land use could bemodelled using the IMAGE integrated as-

sessment model (e.g., Doelman et al., 2018), which could be used to eluci-

date future chemical emission rates. Nagesh et al., 2022, for example, have

conducted a quantitative assessment of scenarios of chemical emissions to

surface waters in Europe for five select pharmaceuticals, pesticides, and in-

dustrial chemicals. They identified key drivers of emissions (namely popu-

lation, cropland area, and industrial production of steel/paper), related

these drivers to chemical emissions, and employed the IMAGE modelling

framework to project quantitative changes in the drivers and thus chemical

emissions under future socio-economic scenarios. Their approach could be

extended to explicitly consider emissions of chemicals to agricultural envi-

ronments, rather than surface water. Additionally, incorporation of direct

and indirect effects of climate change (e.g., increased disease and pest pres-

sures, increased stress on fresh water resources; see Section 2.1) were not

included in the projections of Nagesh et al. but would need to be incorpo-

rated in the ACE scenarios. Fulfilment of the research needs associated

with chemical emissions (Section 2.1.2) is needed, however, to inform

such modelling to ensure the use of robust baseline emissions data and ro-

bust relationships between global change drivers and emissions

(e.g., changes in pest and disease pressures and usage of pesticides and vet-

erinary pharmaceuticals).

The IMAGE model can be a basis for projections of chemical usage and

emissions based on socio-economic development scenarios. Chemical fate

and transport models would then be needed to extend emissions of

chemicals to exposure.Modelling of down-the-drain emissions of chemicals

to the waste stream (e.g., Douziech et al., 2018; Grill et al., 2016) would be

needed to construct scenarios of chemicalflux to agricultural fields through

the application of reclaimed wastewater and biosolids, which could incor-

porate use of the SimpleTreat wastewater treatment plant chemical fate

model (Struijs, 2014). Simulations of chemical fate and transport using

models like the SWAT model (e.g., Chiu et al., 2017) could then be em-

ployed with projected environmental and field conditions to obtain ex-

pected environmental chemical concentrations. Modelling at the

agricultural field-scale and at sub-daily time scales would be required to

fully capture the effects of short-duration extreme precipitation events

and other direct impacts of climate change. Generic modelling at the water-

shed level, however, could be conducted with much lower computational

cost for a range of watersheds in Europe to capture the variability in ex-

pected climate change impacts and the wide diversity of soil properties,

land use types, slopes, and crops grown across Europe. Work associated

with filling the research needs for how chemical persistence and degrada-

tion will be impacted by changing environmental conditions (see

Section 2.2.2) would be a key input to these forward-looking chemical

fate and transport simulations. Similarly, improved usage of climate

model downscaling, models that more fully capture the impact of flooding

on chemical fate and transport, and improved understanding of how

changes in river flow dynamics impact chemical fate and transport will be

needed (see Section 2.3.2) to comprehensively drive these modelling

exercises.

The proposed ACE scenarioswould result in forecasts of plausible future

ranges of chemical exposure concentrations, which could be used by

ecotoxicologists and policymakers to advance environmental protection

goals under global change. As the ACE scenarios would result in exposure

concentrations for single chemicals and chemical mixtures in aquatic and

terrestrial environments, they could be used in studies of the impact of mul-

tiple stressors on ecological endpoints (e.g., Polazzo et al., 2021). The ACE

scenarios could further help inform and support policy efforts that look to

minimize the exposure of environmental endpoints to chemicals in agricul-

ture by identifying the specific global change drivers that have the largest

influence on environmental exposures to identify pre-emptive exposure

mitigation strategies. Furthermore, the scenario analyses of wastewater

and biosolids use that we advocate for would help expand the understand-

ing of environmental exposures to the associated organic chemicals under a

wide range of environmental conditions and use scenarios. This could pro-

vide additional insight into the possible safe and responsible use of these

waste resources, and support part of the UN's Sustainable Development

Goal of improving the safe reuse of wastewater (see Target 6.3; UN, 2018).

Over the coming decades, drivers of global change have the potential to

shift the way chemicals in agriculture are released into and move around

the environment. The potential ramifications of these global changes on en-

vironmental exposures to chemicals in agriculture are, however, poorly un-

derstood. We have reviewed existing literature related to how global

change drivers may impact the emissions of organic chemicals in agricul-

ture, their persistence and transformation, and their fate and transport.
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We have identified knowledge gaps related to each of these three key

themes, and charted a path forward for filling these gaps using both exper-

imental and numerical modelling techniques. Filling these knowledge gaps

will support the analysis of the proposed Agricultural Chemical Exposure

(ACE) scenarios. Optimistic, status-quo, severe, and extreme scenarios are

proposed, which will provide bounding and more realistic forecasts of

how global change drivers may impact environmental exposure to agricul-

tural chemicals. While this review focused on European agriculture, many

of the identified knowledge gaps and the overall framework for addressing

them apply at the global scale as well. This exposure forecasting framework

aims to further our understanding of the impact global changemay have on

environmental exposure to chemicals in agriculture and elucidatemeasures

that can be taken to avoid unacceptable risks, while also providing addi-

tional insight into the safe and responsible reuse of waste resources. Achiev-

ing this will help with the transition to a sustainable and circular economy

while at the same time a toxic-free environment.
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