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Introduction:
Climate change is expected to have large and varying impacts across Europe in the 21st
Century (e.g., IPCC, 2021;EEA, 2017), including projected warmer temperatures, especially in
winter in northern Europe and in summer in southern Europe. Furthermore, more frequent and
intense heat waves and drought events, especially in the Mediterranean region, are expected along
with more intense precipitation events, particularly in eastern Europe (e.g., EEA, 2017). These
climatic changes will be happening with the backdrop of other large-scale global changes.
Increased urbanization will result in more populations living in cities (EUROSTAT, 2021),
agricultural practices will likely shift in response to changing environmental conditions (e.g.,
Nikolaou et al., 2020) and to meet rising demand (e.g., Bruinsma, 2009), and governments are
likely to implement policies shifting towards a circular economy (e.g., EC, 2020). These global
changes are likely to have impacts on the emissions, persistence and transformation, and fate and
transport of chemicals in urban and agricultural environments, all of which will ultimately impact
exposure of humans and other species to these anthropogenic chemicals.
At the time of submission of this deliverable, the ECORISK exposure work package (WP4) and
an invited expert in the field (Professor Antonio Di Guardo, University of Insubria) are developing a
journal article titled “Enabling prospective assessment of environmental exposure to chemicals in
European agriculture under global change” (Hader and Lane et al., in prep.). The goal of this article
is to develop forecasts of expected holistic changes in exposure to agricultural chemicals in Europe,
as well as identify key research needs that will enable assessment of exposure and risk from these
chemicals considering a range of global change drivers. The literature findings and planned
modelling approach outlined in this deliverable are largely derived from the findings of this paper.
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Summary of expected impacts of global change on chemical emissions, persistence, and
fate & transport
Emissions of chemicals are likely to be changed by global change drivers. In response to
changing pest pressures from climate change impacts, the use of pesticides is likely to increase, as
well as possibly due to increased tolerance of pests to pesticides (e.g., Delcour et al., 2015).
Changes in demographics are expected to drive changes in amounts of chemicals (e.g.,
pharmaceuticals) used in the coming decades, and will likely impact the down-the-drain emissions,
thus impacting the types and amounts of chemicals that reach wastewater treatment plants and
their effluent (e.g., Sjerps et al., 2017; Van Der Aa et al., 2011). In response to increased
pressures on water resources due to more intense droughts, the use of reclaimed wastewater in
agricultural irrigation has been suggested to be increased in Europe (e.g., Nikolaou et al., 2020; EU
Regulation 2020/741). While beneficial for helping to ease water stress, reclaimed wastewater can
contain a myriad of anthropogenic chemicals (such as pharmaceuticals and personal care products;
e.g., Ben Mordechay et al., 2018) and so its increased use could result in increased emissions of
these chemicals to agricultural environments. With the push towards a circular economy, nutrient
recycling through biosolid application to agricultural fields may increase (e.g., EC, 2020), resulting
in increased availability of the anthropogenic chemicals (such as pharmaceuticals) and
microplastics present in biosolids for human exposure through the agricultural food chain (e.g.,
Tavazzi et al., 2012; Corradini et al., 2019; Ben Mordechay et al., 2018).
Chemical persistence and formation of transformation products in the environment is also
likely to be changed by a range of global change drivers. Current approaches for assessing
chemical persistence from a regulatory perspective require that persistence tests be conducted at
the mean surface water temperature of Europe of 12oC (ECHA, 2017). These persistence data are
then extrapolated to different temperature conditions using the Arrhenius equation (FOCUS, 2006).
However, the log-linear extrapolation used by the Arrhenius equation may not be valid for higher
temperatures (e.g., extrapolations from 12oC to 30-40oC; see Meynet et al., 2020). Furthermore,
understanding of transformation products of chemicals occurring from biodegradation, and the
physicochemical properties of these transformation products, is generally limited (e.g., GonzálezGaya et al., 2021). Changes in soil microbial communities in concert with climate change and other
global changes could also impact these chemical transformation products.
Chemical fate and transport will also likely be impacted by global change. Chemical
mobilization from agricultural fields has been shown to be tied to intense precipitation events (e.g.,
Camenzuli et al., 2012; Yang et al., 2012). The projected increased intensity of rainfall events
under climate change (e.g., EEA, 2017) may change the dynamics of chemical mobilization from
agricultural fields. Conversely, with projected increased frequency and duration of droughts (e.g.,
EEA, 2017), a general increase in the time between precipitation events may have impacts on
chemical fate and transport, the dynamics of which are poorly understood (Ademollo et al., 2011;
see also Ribarova et al., 2008). Furthermore, increased intensity of heatwaves under climate
change would enhance the volatilization of chemicals from agricultural fields (e.g., Bloomfield et
al., 2006), thus impacting their atmospheric transport (however the balance between increased
degradation with increased volatilization would vary depending on chemicals properties; e.g.,
Wöhrnschimmel et al., 2013). In addition to these changes, shifts in agricultural irrigation
techniques to enable increased water usage efficiency (Nikolaou et al., 2020) would impact the
route of entry of chemical contaminants in the water into the environment if reclaimed wastewater
is being used, potentially impacting chemical fate and transport (e.g., Narain-Ford et al., 2020).
Description of Planned Approach:
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Despite the many possible impacts of global change on how chemicals may enter and move
in watersheds impacted by urban and agricultural activities in the coming decades, prospective,
holistic exposure assessments in the context of the identified global change drivers are lacking. In
this deliverable, we identify modelling frameworks that will be used in the forthcoming deliverable
that our Work Package will provide (i.e., D4.4, “Future ecological and human exposure scenarios”),
that address the following question:
How will concentrations of anthropogenic chemicals (namely those coming from urban and
agricultural areas) change in surface water in the coming decades, and how will this impact
chemical exposures of aquatic species, and humans through consumption of drinking water & fish?
To address this question, we plan to use a suite of existing chemical fate, transport, and
exposure models at varying spatial and temporal scales to forecast how the interconnected
elements of global change may impact chemical exposure. The four existing models identified as
suitable for this purpose are the SimpleTreat model (Struijs, 2014), RAIDAR (e.g., Arnot et al.,
2006), BETR-Global (MacLeod et al., 2011), and ACC-HUMAN (Czub and McLachlan, 2004).
SimpleTreat is a non-equilibrium, steady state mass balance model used to estimate the
fate of down-the-drain chemicals within wastewater treatment plants, and is used within the
European Union’s Registration, Evaluation, Authorization, and restriction of Chemicals (REACH)
legislation. The model takes estimates of down-the-drain chemical emissions, chemical properties,
and wastewater treatment plant operating details and calculates the partitioning of chemicals
present in the influent sewage to the outgoing liquid effluent, the solid sludge, chemical emissions
to air, and chemical degradation within the treatment plant (Struijs, 2014). SimpleTreat has been
used at the watershed scale to estimate emissions of anthropogenic chemicals to surface water
bodies due to wastewater treatment plant effluent release (e.g., Douziech et al., 2018; Kilgallon et
al., 2017).
The Risk Assessment Identification and Ranking (RAIDAR) model is a screening-level
chemical fate, exposure, bioaccumulation, and risk assessment model that provides estimates of
risk posed to the most sensitive species in an evaluative regional environment (e.g., Arnot et al.,
2006; Arnot and Mackay, 2008). Within the screening framework, chemical property data and
estimates of emissions are input, along with effect concentrations of the compounds. A unit
emission is assumed for each chemical, and the chemical fate and transport within the abiotic
environment is then calculated within a Level II (steady-state, equilibrium) or Level III (steadystate, non-equilibrium) framework. Bioaccumulation through aquatic and terrestrial food webs are
then calculated, and the highest exposure concentration to effect concentration ratio is identified
throughout the modelled species to identify the most sensitive organism. The user-input emission
rate can then be compared to the modelled unit emission rate to determine the risk that may be
posed from the estimated amount of chemical entering the environment. This screening-level
modelling framework identifies chemicals of greatest concern that can then be assessed using more
comprehensive environmental exposure and risk modelling methods that incorporate more sitespecific realism (Arnot et al., 2006). RAIDAR has been used in high-throughput chemical risk
assessment in Canada and is part of the human exposure modelling suite of tools within the US
EPA’s ExpoCast System (see ARC, 2021; US EPA, 2021).
BETR-Global is a multimedia, fugacity-based, steady-state or dynamic, mass-balance
model used to simulate the fate and transport of persistent organic pollutants globally (e.g.,
MacLeod et al., 2011). Using a spatial grid with user-selected cell sizes (e.g., 15o or 3.75o
latitude/longitude), BETR-Global takes as input chemical emission amounts to 7 different
environmental media (lower atmosphere, upper atmosphere, vegetation, soil, freshwater,
freshwater sediments, and ocean water). Environmental conditions parameterized into the model
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(e.g., precipitation, atmospheric circulations, ocean transport, etc.) along with chemical properties
(e.g., air-water and water-lipid partition coefficients, degradation half-lives, etc.) dictate how the
modelled chemical moves through each environmental media and between the grid cells of the
global model. The model outputs either steady-state or time-dependent concentrations of the
chemical in each environmental media in each global grid cell. BETR-Global has been used
extensively to model a wide range of chemicals, such as PCBs (e.g., McLachlan et al., 2018), PFOA
(Armitage et al., 2009), as well as chemicals over a wide chemical property space (Gouin et al.,
2013).
ACC-HUMAN is a fugacity-based dynamic model used to estimate the bioaccumulation of
hydrophobic chemicals in humans (Czub and McLachlan, 2004). Biomagnification of the chemical is
modelled through an aquatic food chain (through the pathway: water -> zooplankton -> fish ->
humans) and an agricultural food chain (through the pathway air/soil -> grass -> cattle ->
humans), while also considering human exposure through air and drinking water. Abiotic
concentrations of the chemical in the relevant environmental media are fed into the model, along
with parameterizations of the food chain and human ingestion amounts. Chemical properties and
bioaccumulation parameters throughout the food chains are then employed to estimate human
exposure to and bioaccumulation of the modelled chemical, considering either steady-state or
dynamic conditions. ACC-HUMAN has been employed in concert with the BETR-Global model to
estimate historical bioaccumulation of and human exposure to PCBs (McLachlan et al., 2018) as
well as to explore the impacts of possible shifts of dietary trends on human exposure to PCBs in
China (Zhao et al., 2018).
The use of these models in different configurations will enable assessment of future
scenarios of exposure at a range of spatial and temporal scales, and these configurations are
outlined in Table 1.
Table 1. Model configurations to be used in prospective chemical exposure assessments in support
of Deliverable D4.4
Model
Configuration
SimpleTreat +
RAIDAR
SimpleTreat +
BETR-Global + ACCHUMAN
BETR-Global + ACCHUMAN

Spatial Scale
Regional

Chemical
Emissions
Route
Down-the-drain
(surface water)

Global

Down-the-drain
(surface water)

Global

Land/Air

Exposure
Target
Ecological +
Human
Fish +
Humans
Fish +
Humans

Temporal Scale
Steady-state
Steady-state +
Dynamic
Dynamic

Within these modelling frameworks, we will explore the effects on chemical exposure of
combined scenarios of changes in pesticide emissions, changes in down-the-drain chemical
emissions and contamination of effluent wastewater and biosolids, and changes in the increased
use of wastewater for irrigation and the use of biosolids in agriculture. All of these scenarios will be
combined with scenarios for climate change, using environmental conditions output from IPCC
modelling reports (e.g., IPCC, 2021). Furthermore, given the uncertainties around what chemicals
will be used in the future, a wide chemical property space may be analysed, and/or exemplar
compounds may be selected for focused analysis.
Summary:
Global change is likely to impact how chemicals are emitted into watersheds impacted by urban
and agricultural activities, and climate change specifically is likely to impact the fate and transport
4

processes of these chemicals once they are in the environment. Based on a review of existing
literature, we have identified knowledge gaps in understanding of how these global changes will
impact the exposure of humans and other species to these chemicals. To begin filling these
knowledge gaps, we have identified key aspects of environmental scenarios that need to be
explored to constrain exposures under global change conditions. A suite of existing models (i.e.,
SimpleTreat, RAIDAR, BETR-Global, & ACC-HUMAN) can be parameterized with the projected
environmental conditions to explore scenarios of chemical emissions and subsequent exposure.
This modelling framework will support the completion of Deliverable D4.4 (“Future ecological and
human exposure scenarios for chemical contaminants”), help build understanding related to how
elements of global change may impact environmental chemical risk, and potentially elucidate
chemical risk mitigation opportunities within the ECORISK Work Package 6 (i.e., “Risks and
mitigation”).
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