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A B S T R A C T

The current use of chemicals puts pressure on human and ecological health. Based on the Aarhus Convention,
citizens have the right to have access to information on substances in their local environment. Providing this
information is a major challenge, especially considering complex mixtures, as the current substance-by-substance
risk assessment may not adequately address the risk of co-exposure to multiple substances. Here, we provide an
overview of the currently available indicators in the Netherlands to explore current scientific possibilities to
indicate the impacts of complex chemical mixtures in the environment on human health and ecology at the local
scale. This is limited to impact estimates on freshwater species for 701 substances, impact estimates of four
metals on soil organisms, and impacts on human health for particulate matter (PM10) and nitrogen dioxide (NO2)
in air. The main limiting factors in developing and expanding these indicators to cover more compartments and
substances are the availability of emission and concentration data of substances and dose-response relationships
at the population (human health) or community (ecology) level. As ways forward, we propose; 1) developing
cumulative assessment groups (CAGs) for substances on the European Pollutant Transfer and Release Register
and Water Framework Directive substance lists, to enable the development of mixture indicators based on
mixture risk assessment and concentration addition principles; 2) to gain insight into local mixtures by also
applying these CAGs to emission data, which is available for soil and air for more substances than concentrations
data; 3) the application of analytical non-target screening methods as well as effect-based methods for whole-
mixture assessment.

1. Introduction

The production and application of chemical substances are an
important basis for modern life. However, the widespread use of sub-
stances has regrettably also led to contamination of the environment,
with risks to human health and ecology. Chemical pollution is listed as
one of the nine planetary boundaries, and experts argue that this
boundary is, although not quantified, already exceeded as the increasing
use and emissions of substances outpace the capacity for risk assessment
(Persson et al., 2022). Risk assessment of substances requires detailed
information on both the hazard of and the exposure to substances, and
this is a major challenge considering the sheer number of produced

substances. Current estimates for the number of substances (including
intentional mixtures) in use range from 25.000 up to 350.000 (Bond and
Garny, 2019; EEA, 2019; Wang et al., 2020). Of these substances, no
more than approximately 500 are currently deemed as “extensively
characterized” by the European Environment Agency (EEA), with a
further 10.000 deemed “fairly characterized” (EEA, 2019). While these
statistics become a little less daunting knowing that about 5.000–6.000
substances account for over 99 percent of the total volume of used
substances (EEA, 2019), risk assessment is further complicated by the
reality that substances do not occur in the environment individually but
as complex mixtures (Bond and Garny, 2019; EEA, 2019). Indeed, even
with data lacking for most substances, it has been shown that mixtures of

* Corresponding author. Centre for Safety of Substances and Products, National Institute of Public Health and the Environment (RIVM), Bilthoven, 3720 BA, the
Netherlands.

E-mail address: matthias.hof@rivm.nl (M. Hof).

Contents lists available at ScienceDirect

Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

https://doi.org/10.1016/j.jenvman.2024.122108
Received 7 May 2024; Received in revised form 29 June 2024; Accepted 3 August 2024

mailto:matthias.hof@rivm.nl
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2024.122108
https://doi.org/10.1016/j.jenvman.2024.122108
https://doi.org/10.1016/j.jenvman.2024.122108
http://creativecommons.org/licenses/by/4.0/


Journal of Environmental Management 368 (2024) 122108

2

known substances in the environment do significantly contribute to the
global burden of disease and are a major driving force for biodiversity
loss in surface waters (Hänninen et al., 2014; Landrigan et al., 2018;
Lemm et al., 2021; Posthuma et al., 2020; Sigmund et al., 2023).

Considering the pressure put on human and ecological health by the
use of substances, the European Union has formulated the Green Deal
and the related Chemical Strategy for Sustainability, in which it sets the
ambitious target of achieving a toxic-free environment (European
Commission, 2020). This strategy is to be implemented at both the in-
ternational and national levels. However, environmental pollution can
also be a location-specific problem that may require a location-specific
mitigation strategy. It is exactly at that level that local authorities, cit-
izens, and other stakeholders often struggle with acquiring the knowl-
edge, expertise, and capacity required to assess, communicate, and
manage the risks arising from substances in their environment. For
example, in the EU, 90% of citizens are concerned about the impact of
chemicals in everyday products on the environment, and the majority of
Europeans does not feel sufficiently informed about the quality of air in
their country while considering air-quality related diseases as a serious
problem (Kantar, 2020, 2022). As citizens have the right to have access
to information on substances in their environment based on the Aarhus
Convention (Aarhus Convention, 1998), there is an urgent need for in-
dicators that support local authorities, citizens, and other stakeholders
in the assessment of the impacts of substances on human and environ-
mental health in the local environment.

At the EU level, the recently released tool by the EEA called “Check
your place” in the European Environment and Health Atlas (EEA, 2023)
is a step towards informing citizens about the quality of their local
environment. The tool includes multiple indicators such as noise
pollution and vicinity to green spaces. However, regarding exposure to
chemical substances, the tool is currently limited to air quality factors
such as particulate matter, nitrogen dioxide, and ozone concentrations.
Information on other environmental compartments, such as soil and
surface water, is also limited. In light of the hundreds of thousands of
substances potentially present in the environment, the tool does not
provide citizens with information on the chemical quality of their
environment that covers the extent of substances potentially present.

At the national scale, there are often additional resources available to
provide citizens with information on the (chemical) quality of their
environment with regard to other substances, environmental compart-
ments, or exposure routes. In this study, we provide an overview of
currently available indicators in the Netherlands to explore the current
scientific possibilities to indicate the impacts of complex chemical
mixtures in the environment on human health and ecology at the local
scale. The Netherlands is a developed and densely populated country in
which living, heavy traffic, intensive agriculture, and highly industri-
alized activities often co-occur in close proximity. Furthermore, the
Netherlands is relatively data-rich with hundreds of available indicators
on the environment which are compiled and made publicly available in
the Environmental Data Compendium (EDC, 2023), Environmental
Health Atlas (EHA, 2023), Atlas Natural Capital (ANC, 2023), and
Emission Registration database (ER, 2024). Examples of similar sources
in other countries include the GEOportal Nordrhein-Westfalen (DE), the
Environment and Health Atlas of England and Wales (UK), and Leefk-
waliteit Vlaanderen for Flanders (BE). The current overview is limited to
an analysis of indicators available in the Netherlands, as the information
available in other countries is generally less extensive than, or not
remarkedly dissimilar to, the information available in the Netherlands.

We assess to what extent current indicators on substances in the local
environment address the multitude of substances that can be present,
and whether and how the impact of chemical mixtures is currently
addressed. This overview provides insight into the current limits and
possibilities in quantifying the impacts of chemical mixtures in the
environment, which can help prioritize the further development of in-
dicators. The analysis is limited to the possibilities offered by natural
sciences to develop such indicators, meaning that possibilities

concerning social scientific aspects such as perception, interpretation, or
desirability of information are not discussed. This analysis then feeds an
outlook on ways forward to develop and expand indicators on the
impact of chemical mixtures in the local environment.

2. Methods

To gain an overview of indicators available to local authorities and
citizens in the Netherlands, the Dutch Environmental Data Compendium
(EDC, 2023), the Environmental Health Atlas (EHA, 2023), the Atlas
Natural Capital (ANC, 2023), and the Dutch Emission Registration
database (ER, 2024) were screened for indicators related to substances
in the environment. The EDC is a website in which environmental in-
dicators from several governmental and research institutes are collated.
The website includes information from Statistics Netherlands (CBS), the
National Institute for Public Health and the Environment (RIVM), the
Netherlands Environmental Assessment Agency (PBL), and Wageningen
University and Research (WUR). The two Atlases are a collection of
maps with information on the living and natural environment and are
managed by the RIVM, the Dutch Department of Waterways and Public
Works, and the 12 Dutch provinces (BIJ12). The emission registration
database is a centralized database that makes mandatory reported
emissions available to the public. The emission database also enables
users to easily view emissions through a map-making tool. These sources
were chosen because they are publicly available, compile information
from multiple sources, and have policymakers and citizens as their
target audience. Specific municipalities might possess additional infor-
mation, which can be difficult to find or access and is not generally
available at a national scale. Therefore, this more scattered municipal
information is not considered within the scope of the present study.

A list of all indicators in the EDC was acquired upon request. All
maps available in the EHA and ANC were added to this list manually.
The information included in the EDC and the Atlases relates to infor-
mation on the environment in general and is not limited to chemical
substances only. For example, the websites also provide information on
topics such as climate change, biodiversity, average house prices, and
the locations of wind turbines. Furthermore, what was considered an
indicator was not strictly defined, and ranged from summary statistics at
the national level to detailed maps. For this reason, the data entries were
filtered based on the following criteria.

• The indicator includes or relates to information on substances in the
outdoor environment (e.g. soil, water, air). Particulate matter is also
included.

• The indicator provides information at the local scale, at the munic-
ipality level, or more refined.

• The indicator has spatial coverage of the entire Netherlands (as
opposed to only being available for a specific region or municipality).

Indicators not fulfilling all three criteria were not removed from the
database, but filtered out during the analysis so decisions made are
transparent and available in the database (SI 1). As the current study
focuses on how impacts of mixtures are indicated, the indicators ful-
filling the criteria were subsequently categorized according to whether
they addressed impacts or provided other types of information on sub-
stances. To support this categorization, the indicators were structured
according to the Drivers, Pressures, States, Impacts, Responses (DPSIR)
framework (Ragas, 2019). The DPSIR framework is a tool that is
commonly used in environmental toxicology to help structure environ-
mental issues, or in the case of this study, indicators on environmental
issues, according to five categories: Drivers, Pressures, States, Impacts,
and Responses. The categories themselves are not strictly defined and
may differ per study or user. For this overview, the DPSIR categories
were defined as follows:

DRIVERS: Any activity or environmental factor that could influence
(i.e. drive) the presence and/or impact of substances in the environment.
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Examples are the production or use of substances in a specific area.
Lastly, indicators that expressed the capacity of the natural environment
to reduce the presence of or exposure to substances were also catego-
rized as drivers.

PRESSURES: Emissions of substances to the environment in a
specified area and indicators that describe a mass flow of substances.

STATES: Chemical state of the environment. The occurrence and
concentration of substances in specific environmental compartments
(water, sediment, soil), including expressions of risk (e.g. concentrations
compared to environmental quality standards).

IMPACTS: Quantitative expressions of the degree of (monitored,
estimated, or predicted) effects on human or ecosystem health, e.g.,
disease burden or number of species expected to suffer adverse effects.

RESPONSES: Indicators providing information on activities taken to
mitigate current or past impacts of substances in the environment, e.g.
remediation efforts.

After categorizing the indicators, we summarized the available in-
formation through these indicators per environmental compartment and
DPSIR category. The data available through the emission registration
database was also included in this overview. Apart from the impact in-
dicators, the indicators were not reviewed in detail. Identified impact
indicators were reviewed in detail based on their supporting documents
by answering the following questions.

• How is the indicator expressed?
• What are the data requirements?
• How and to what extent are chemical mixtures considered?
• To what extent is aggregation of substances across multiple exposure
routes accounted for?

• What are the main knowledge gaps and limitations in determining
mixtures of substances?

3. Results

3.1. Summary of available information on substances in the local
environment

A brief overview of information currently available in the
Netherlands through publicly accessible indicators is presented below
according to their DPSIR categories (chapter 3.1.1–3.1.4). Overall, we
see that the information currently available to citizens consists majorly
of emissions (pressures) and concentrations (states) of substances in the
area (Table 1). Concentration data are often reported in relation to some
kind of threshold or quality standard. There is a large difference in the
amount of concentration data available between environmental com-
partments, with the most information available for surface water. The
impacts of mixtures on the ecosystem in surface water are also well
covered, and some limited information is available for impacts on soil
organisms. In sharp contrast, insights into impacts on human health are
limited to the combined impacts of NO2 and particulate matter in the
air. It is not possible to gain insight into the impacts on human health of
any other substances and exposure routes through the currently avail-
able indicators in the Netherlands. The identified impact indicators and
their underlying methods are discussed in detail in chapter 3.2.

3.1.1. Drivers and Pressures
Through the Dutch emission registration database, and the map-

making tool that enables users to view the data relatively easily, citi-
zens have access to information on emissions of hundreds of substances
in their local environment. In total, the Dutch emission registration
database has information on 375 substances. The amount differs per
compartment, with information on emissions being available for 121
substances for air, 49 for soil, and 277 for water. This includes substance
groups. The emissions included in the emission registration database are

Table 1
Overview of available indicators of substances in the environment and their impacts (NS = non-specific, which means that substances were not identified within the
indicator or its description).

Compartment Driver Pressure State Impact Response

Non-specific Locations of use and
transport of “hazardous
substances” (NS)

Deposition: SO2, NO2, NH3, N

Air Mitigating factor of
environment: Potential
of vegetation to capture
PM (PM2.5 and PM10)

Emission of 121 substances
(including some groups), primarily
substances on E-PRTR list

Concentration: NO, NO2,
SO2, NH3, PM10, PM2.5,
PM0.1, soot, O3

Human health threshold:
NO2, PM10, PM2.5

Human health: Environmental health
risk (PM10 and NO2 in air, also includes
noise pollution)

Surface water Emission of 277 substances
(including some groups), primarily
substances on E-PRTR list and
substances relevant for WFD (45
total + 77 river-basin-specific
substances)

Qualitative score according
to WFD (WFD substances
[45 total] + 77 river-basin-
specific substances),
Qualitative score on
eutrophication (N, P, CHLF-
a),
Number of pesticides
exceeding thresholds and
sum of threshold
exceedance (NS),
Occurrence of substances at
drinking water intake
sources above 100% or 75%
of their threshold (NS)

Ecotoxicological effects on freshwater
organisms (quantitative score, based on
up to 701 different substances [across
all locations], including metals, organic
compounds, pesticides, PAHs

Amount and
duration of intake
stops for drinking
water (NS)

Soil Mitigating factor of
environment: Self-
cleaning potential of
topsoil (NS)

Emission of 49 substances
(including some groups), primarily
substances on E-PRTR list

Concentration: PFAS Ecotoxicological effects on soil
organisms, based on: Cd, Cu, Zn, Pb

Need for- and
status of
remediation efforts
(NS)

Groundwater Mitigating factor of
environment: Water
purification in subsoil
(NS)

Change of NO3 concentration
(compared to the previous year)

Occurrence of substances at
drinking water intake
sources above 100% and
75% of their threshold
(NS),
Qualitative score according
to WFD – (NS)
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based on reporting according to the European Pollutant Release and
Transfer Register (E-PRTR, which includes 91 substances), the Kyoto
Protocol (greenhouse gasses), and the Water Framework Directive
(WFD, 45 substances on the EU priority list). Furthermore, the emission
registration database includes some additional substances relevant to
national policy, such as an additional 77 river-basin-specific substances
being monitored for the WFD.

There are a few additional driver and pressure-related indicators in
the other data sources that are informative to a lesser extent. There is an
indicator that describes locations containing hazardous substances, like
gas pipes or storage facilities. This indicator is focused on hazards
associated with incidents (fires, explosions, poisonous clouds), and the
substances themselves are not specified, making it less suitable to
identify relevant substances. There are also maps of deposition of SO2,
NO2, NH3, and total N. Lastly, some maps describe the capacity of the
natural environment to reduce the presence of or exposure to sub-
stances, which were categorized as drivers for this study; These are maps
that describe the presence of vegetation and its capacity to capture
particulate matter, the self-cleaning capacity of topsoil, and purification
of groundwater in the subsoil.

3.1.2. States
The number of substances covered by indicators that relate to the

occurrence, concentration, and/or threshold exceedances (e.g. envi-
ronmental quality standard) differs per environmental compartment.
For air, the indicators are limited to concentrations of particulate matter
(PM10, PM2.5, PM0.1, soot), nitrogen-based substances (expressed as total
nitrogen), sulfur dioxide, and ozone. These indicators include a

comparison between concentrations of PM10, PM2.5, and NO2 and
human health thresholds. For surface water and groundwater, a quali-
tative score of chemical quality based on theWater Framework Directive
is available. This score is binary (either sufficient or insufficient), with
insufficient meaning that at least one priority substance exceeds its
environmental quality standard. The scoring system includes 45 priority
(groups of) substances that are monitored across Europe and 77 addi-
tional river-basin-specific substances. There are also indicators aimed
specifically at drinking water intake sites in surface- and groundwater
that indicate whether one or more substances were detected above 75%
or 100% of their threshold. The indicators for surface- and groundwater
do not specify which substances exceed environmental quality stan-
dards, nor is it possible to discern how many substances exceed these
standards. For pesticides in surface water, there is a specific indicator
that sums the individual exceedances of environmental quality stan-
dards of multiple pesticides. This enables a more nuanced comparison
between locations with at least one substance above its environmental
quality standard. Lastly, for soil, only concentrations of PFAS are
available.

3.1.3. Impacts
Three indicators focus on the quantitative impacts of substances in

the environment. These indicators are the Environmental Health Risk
indicator, toxic pressure on freshwater organisms, and toxic pressure on
soil organisms. The Environmental Health Risk indicator is focused on
impacts on human health (see section 3.2.2 for a detailed overview),
while the other two are focused on impacts on organisms in either
freshwater or soil. The latter indicators are based on the same

Table 2
Details of impact indicators for chemicals in the Dutch environment, including to which extent mixtures are addressed, and their assumptions and limitations.

Impact indicator Human or
Ecosystem

Expressed as Compartment Mixtures Data requirements Assumptions and limitations

Environmental
health risk

Human % contribution of local
environmental factors to
the total average disability
adjusted life years (DALY)
in the Netherlands

In theory non-
specific, but in
practice only a few
substances in air are
included

Yes, individual
DALYs for each
substance-endpoint
combination are
summed.
Also includes noise
as non-chemical
stressors.
Aggregation across
multiple exposure
routes is not
considered in the
method

- Substance data at certain
spatial resolution

- Dose-response relationships
for humans at population
level supported by
epidemiological and
toxicological data

- Weighing factors for
severity and duration of
endpoint for conversion to
DALY

- Assumed exposure
(duration)

- Temporal and spatial
interpolation

- Assumptions on population
characteristics (‘average’
population)

- Stringent requirements for
exposure and dose-
response relationship data,
which are available for
only a few substances

- Only certain health
impacts are included in
DALY calculation, sub-
clinical effects are
disregarded

- Expert judgement on what
substances and data to use
and include

Toxic pressure Ecosystem Qualitative score based on
chronic and acute predicted
multi-substance potentially
affected fraction of species
(msPAF)

surface water, soil Yes, based on
response addition.
Mixture toxicity is
calculated by
multiplying
individual PAFs

- Substance monitoring data
at certain spatial resolution

- Data of environmental
factors affecting
bioavailability of
substances

- Species Sensitivity
Distributions

- Assumes that substances
have independent action

- Effect calculated on the
‘average’ species
assemblage, not the local
species

- Assumptions on natural
occurrence and
background concentrations

- Expert judgement on
which substances and data
to use and include

- Temporal and spatial
interpolation

- Limited availability of
hazard data

- Secondary poisoning and
endocrine disruption not
addressed
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methodology and will be discussed together (see section 3.2.1). An
overview of the indicators, how they are expressed, which environ-
mental compartments they apply to, how they address mixtures, and the
data requirements, assumptions, and limitations can be found in Table 2.

3.1.4. Responses
Two indicators describe responses to the presence of substances in

the environment. One indicator describes the number of intake stops per
year for drinking water in the rivers Rhine and Meuse. However, it is not
reported which substances caused the intake stops. For soil, there is a
map that details whether research on soil pollution has been conducted
at a location and whether remediation efforts are, or have been, con-
ducted. Again, no details on specific substances are provided.

3.2. Currently applied methods to determine impacts of mixtures in the
environment

3.2.1. Toxic pressure indicator (ecological impacts)
The toxic pressure indicator is an indicator that predicts the impact

of a mixture of substances on a community (group of multiple species)
and is available for freshwater and soil. Details on the calculation
methods are provided in Postma et al. (2021) and Spijker et al. (2011)
for freshwater and soil, respectively. The toxic pressure indicator for
freshwater systems is based on mixture calculations for 701 substances,
including pesticides, metals, polycyclic aromatic hydrocarbons (PAHs),
and other organic substances. In contrast, the toxic pressure in soil is
based on four metals (Cd, Cu, Zn, and Pb) and does not include other
substances.

The indicator is expressed as the predicted potentially affected
fraction (PAF) of species that is affected by a mixture, i.e. the multi-
substance PAF of species (msPAF). The indicator is calculated by esti-
mating the PAF for each single substance based on the concentration of a
substance in the relevant compartment and a species sensitivity distri-
bution (SSD). An SSD is a statistical model that represents the differences
in sensitivity to a specific substance between species, i.e. the distribution
of species sensitivities to a substance (Posthuma et al., 2019). This en-
ables the estimation of the fraction of species that is expected to be
affected (PAF) by a certain concentration of a substance. SSDs for
aquatic ecosystems are available for 12.386 substances (Posthuma et al.,
2019). The indicator for impacts on soil organisms is based on SSDs for
aquatic ecosystems as a proxy for soil ecosystems. In addition to the
inclusion of SSDs for each substance, the calculation of PAF requires
data on concentrations of substances and on factors influencing the
bioavailability of substances. Mixtures are addressed by multiplying the
individual impacts, using Equation (1) for an i number of substances:

msPAF = 1 - Π(1 – PAFi) (1)

Where msPAF is the fraction of species affected by the mixture and PAFi
= the fraction of species affected by substance i.

The msPAF is calculated by using SSDs that are based on acute and
chronic effects and the results of both are used to score the overall
impact of the mixture qualitatively: A msPAFchronic ≤ 0.005 the water
quality in regards to toxic pressure is graded as very good, msPAFchronic
> 0.005 and ≤ 0.05 as good, msPAFactute ≤ 0.005 and msPAFchronic >
0.05 as mediocre, msPAFactute >0.05 and ≤ 0.1 as insufficient, and
msPAFacute > 0.1 as bad. The calculation of mixture toxicity for the
msPAF indicator is based on the principle of response addition (Bliss,
1939; EFSA et al., 2019). This assumes that the individual substances in
the mixture act independently of each other, and only the individual
effects of the substances can be summed (in practice “addition” is a
misnomer, and multiplication is applied in response addition, see
Equation (1)). This contrasts with concentration addition, in which the
concentrations (instead of effects) of individual substances with a
common mode of action, target organ, or adverse effect are summed to
determine mixture effects. By not applying concentration addition in the

calculation of msPAF, potential mixture effects of substances that are
individually present below their no-effect concentration are not
considered. A mixed model was applied in previous iterations of the
msPAF indicator, where initially concentration addition was applied to
substances with the same mode of action followed by response addition.
However, Postma et al. (2021) state that the mixed model is no longer
applied for two reasons: the first is the complexity of assigning a single
mode of action to a substance as these may differ per organism, and the
second reason is that the outcome (i.e., msPAF) is insensitive to applying
the mixed model or just response addition.

One of the main limitations of calculating the impact of substances
using the msPAF approach is the availability of high-quality SSDs. For
the freshwater indicator, 928 out of the 1629 substances with available
monitoring data could not be included in the calculation due to a lack of
available SSDs of sufficient quality, resulting in an msPAF based on only
43% (701) of the detected substances in Dutch freshwaters. Note that
this percentage refers to the overall number of substances included in
the indicator across all locations, not the number per location. Statistics
on the number of substances per location are not available but are likely
lower than 701 due to differences in monitoring efforts between
locations.

The availability of concentration data of substances is a second
limitation of the method since a substance that is not monitored can also
not be included in the calculation of toxic pressure. Furthermore, de-
cisions are required on the desired spatial and temporal resolution, and
how to interpolate across time and space. Additionally, only apical ef-
fects (effects observable in a whole organism) such as mortality, growth
impairment, or reduced reproduction, are included in the SSDs. Indirect
effects such as secondary poisoning or effects at a lower level of bio-
logical organization (e.g. the cellular level) like endocrine disruption are
not included.

These limitations all together exemplify that the method relies on
expert judgment, e.g., decisions on which substances to in- or exclude in
the calculation, for which substances sufficient data are available to
develop SSDs, and which concentrations to use for calculations (e.g.,
average, median, or maximum concentration during a week, month, or
year). Lastly, an important aspect of the interpretation of the indicator is
that the impact is estimated for an “average” set of species based on the
SSDs and not for the actual species at that location. The sensitivity of the
local community to mixture toxicity may differ based on the species
present and their level of adaptation to, for example, background con-
centrations. The toxic pressure indicator must thus be interpreted as a
relative expression of the potential toxicity of a mixture between loca-
tions or points in time. Nonetheless, it has been shown that an increased
mixture toxic pressure, expressed as msPAF, relates to a decrease in
species diversity, making it an informative proxy for the potential effects
of pollution on ecosystem health when comparing locations or mea-
surements (Posthuma et al., 2020).

3.3. Environmental health risk indicator (human health impacts)

The Environmental Health Risk indicator is expressed as a % of the
total disability-adjusted life years (DALYs) caused by environmental
factors at a certain location (RIVM, 2023). It is an indicator that com-
bines multiple factors, including non-chemical factors. Currently, the
indicator includes impacts from noise pollution, particulate matter
(PM10), and nitrogen dioxide in the air. Thus, regarding substances, the
indicator only covers the air compartment, although the indicator is
theoretically not specific to any compartment. The indicator is calcu-
lated by estimating the DALYs for specific endpoints, such as premature
death and asthma, of each included factor based on exposure data and
dose-response relationships at the population level (Forouzanfar et al.,
2015; Prüss-Ustün et al., 2017). The calculation of DALYs also requires
endpoint-specific weighting factors based on the severity and duration
of the condition. The environmental factor and endpoint-specific DALYs
are calculated for the Dutch population, summed, and then divided by
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the total average DALYs (from any factor, not just environmental) in the
Netherlands. Local population characteristics (e.g. presence of vulner-
able sub-populations, such as children and the elderly) are thus not
considered. Therefore, the indicator should be interpreted as a measure
of the environmental quality of the location regarding potential impacts
on human health, and not as representative of actual impacts on the
local population. Mixtures are addressed indirectly since the DALYs of
separate environmental factors are summed. This can be considered a
form of response addition, although the calculation method is different
than commonly applied for response addition (EFSA et al., 2019). Lastly,
aggregation across multiple exposure routes is not considered in the
method.

Although PM10 can be considered a mixture, the chemical factors
explicitly included in the MGR are limited to just PM10 and NO2. The
motivation for this practice is the limited availability of exposure data in
the Netherlands for other substances. The lack of availability of dose-
response relationships is not explicitly mentioned in the handbook of
the MGR as a reason for not including more substances in the indicator.
However, the indicator is based on the method for the estimation of
DALYs, and it is known that this method is limited by strict requirements
for causal relationships between environmental factors and clinical ef-
fects (Grandjean and Bellanger, 2017; Trasande et al., 2015). Estab-
lishing the impacts of substances on human health at ambient exposure
levels requires conclusive evidence from both a toxicological and an
epidemiological perspective. Consensus among experts is required to
determine whether there is sufficient evidence on causality, exposure,
and dose-response relationships to include environmental factors in
calculations of DALYs. Currently, this is available for only a few sub-
stances, and this can be considered a major limitation in the inclusion of
more substances in the impact assessment of chemical mixtures on
human health. Another limitation is that the DALYmethod only includes
clinical effects and disregards sub-clinical effects (Grandjean and Bel-
langer, 2017). Lastly, like the indicator for impacts on the ecosystem, the
indicator expresses an impact on an ‘average’ population and does not
take local population characteristics into account to determine or pre-
dict actual impacts.

4. Discussion

4.1. Current possibilities and impossibilities in developing indicators on
the impact of mixtures at the local scale

Policy measures toward a toxic-free environment are preferably
based on concrete indications of the actual impacts of the whole
chemical mixture on human and ecological health. In the current article,
we analyzed which indicators of substances in the local environment
and their impacts are available in the Netherlands and to what extent
they cover the multitude of substances and their mixtures. Currently,
indicators of the impacts of mixtures of substances in the environment
include the estimated impacts on freshwater organisms that can inte-
grate the combined effects of 701 substances, on soil organisms for a
mixture of four metals, and for human health for PM10 and NO2 in air.

Both the ecotoxicological indicators, which are based on the msPAF
approach, and the human health indicator, expressed in DALY, require
concentration data of substances in an environmental compartment and
high-quality dose-response relationships at the community- (ecology) or
population (human health) level. Both approaches account for mixtures
by multiplying (msPAF) or summing (DALY) the individual estimated
impacts of substances in the mixture, and do not account for mixture
effects in other ways, such as concentration addition, synergy, or
antagonism of substances.

Ideally, to provide citizens with (high spatial resolution) information
on exposure to substances in their local environment, indicators that
provide information at the local scale and are available nationwide will
be developed or expanded to better cover the multitude of substances,
compartments, and exposure routes relevant in a local area. For ecology,

impacts of mixtures in surface water are already covered relatively well,
and the approach could also be applied to soil to account for more
substances than the currently included four metals, provided concen-
tration data of additional substances in soil are available (Faber et al.,
2023). Air quality is typically not considered as a direct exposure route
for organisms in the environment.

In contrast to ecology, high-quality dose-response relationships at
the population level are scarcely available for human health. Estab-
lishing a clear causal relationship between the presence of substances in
the environment and human health requires evidence from both toxi-
cology and epidemiology, which is difficult to establish and not avail-
able for most substances (Grandjean and Bellanger, 2017; Trasande
et al., 2015). Because of this lack of established dose-response re-
lationships for the human population, it currently seems unfeasible to
expand the estimation of impacts on human health for many substances
by using the DALY approach or a toxicology-based response addition
approach.

Because the current coverage of the chemical universe and relevant
exposure routes is small for impacts of mixtures on human health
compared to impacts on ecology, and there is also little opportunity to
expand these by using currently applied methods, we focus our discus-
sion of ways forward on potential alternative methods for developing
indicators for mixtures related to human health.

4.2. Develop mixture indicators for human health based on concentration
addition principles and cumulative assessment groups for environmental
substances

While quantifying the degree of impact on human health, i.e.
expressing the degree to which a population is (expected to be) affected,
is unlikely to be feasible in the foreseeable future for the entire mixture
of known and unknown substances in the environment, significant
progress has been- and is being made in the assessment of risks of
mixtures. Such assessments can express whether a certain effect can be
expected or excluded, i.e. the likelihood of impact, but do not neces-
sarily provide information on the degree of that effect (Fig. 1; Marx--
Stoelting et al., 2023). Calculating risks does not necessarily require
dose-response relationships at the population level but does require
some kind of threshold value below which no (unacceptable) effects are
expected, which are generally more available (EFSA et al., 2019).
Furthermore, the Threshold of Toxicological Concern approach can be
used to include substances for which little to no toxicity data is available
(Baken et al., 2018). To calculate the risks of mixtures the concentration
addition approach is usually applied, which sums the individual risks of
specific groups of substances, effectively treating them as dilutions of
each other.

Applying concentration addition in mixture risk assessment frame-
works strongly relies on decisions on which substances to group. EFSA
has developed scientific criteria for grouping substances into cumulative
assessment groups (CAGs) for human risk assessment, which applies
tiering principles to manage poor data availability (EFSA et al., 2021).
The highest tier consists of groups based on mechanistic information of
common modes of action or adverse outcome pathways of substances,
and lower tiers are based on the grouping of substances with common
target organs or adverse outcomes. The underlying principle behind
tiering is that lower tiers require less information and are more con-
servative, i.e. err on the side of overestimating risks, while higher tiers
require more detailed information and are more predictive, i.e. higher
certainty of risk. However, higher tier grouping may also underestimate
risks by excluding substances that do contribute to mixture toxicity
(EFSA et al., 2019; Kortenkamp, 2022).

CAGs have previously been established for groups of pesticides based
on their effects on the nervous system and thyroid (Crivellente et al.,
2019). These are included and expanded upon in the Monte Carlo Risk
Assessment (MCRA) platform, which is aimed at the assessment of
mixtures and is supported by EFSA (van Klaveren et al., 2023). Outside
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of MCRA, there are other examples of the CAGs concept being devel-
oped, such as for indoor air pollutants by Meek et al. (2022) and in the
Chemical Mixture indicator by Boberg et al. (2021) for over 200 sub-
stances. The establishment of CAGs for substances on the E-PRTR and
WFD priority substances lists, according to EFSA criteria, would be an
important first step towards enabling the development of indicators of
mixtures in the environment. For example, this could then be applied to
develop an indicator of mixture risk for human health when swimming
in surface water. The data on surface water substance concentrations are
available for this but are currently only translated to impacts on ecology.

4.3. Utilizing available emission data by applying the cumulative
assessment group concept

In contrast to surface water, data on concentrations of substances is
currently less available for soil and air (Table 1). This could be addressed
through additional monitoring, or perhaps through making existing data

more findable and accessible. However, there is also an opportunity to
better utilize data on local emissions of substances that are available
through the emission registration database. For the air and soil com-
partments, the number of substances with available emission data is
larger (121 substances for air, 49 for soil) than publicly available data of
concentrations (5 substances, PM and soot for air, PFAS for soil). This
emission data could be developed into an indicator that prioritizes
substances, substance groups, or locations for which mixture effects
seem most relevant to consider by grouping the substances on the list of
emitted substances in an area based on CAG principles.

In its simplest form, this emission-based indicator could provide in-
formation on the maximum number of emitted substances at a location
that affect the same target organ or cause the same adverse effect, with a
higher number being of higher priority. A main benefit of a mixture
indicator based on local emission data is that it is directly tied to known
sources of the emissions, which for example can help the formulation of
mitigation measures or argumentation for more stringent emission

Fig. 1. A schematic overview of ways to develop indicators for mixtures in the environment. Current indicators are based on methods using DALY and response
addition, which requires chemical concentration data and dose-response relationships at the population level, to come to an expression of the degree of impact of the
mixture. As an alternative, indicators could be developed based on concentration addition and cumulative assessment groups to provide an expression of likelihood of
impact (chapter 4.2). These methods only address the impact or risk of the known components in the mixture. Non target-screening and effect-based methods can be
applied to include both the known and unknown substances (chapter 4.4).
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permits (Bodar et al., 2022; van Wezel et al., 2018). However, an indi-
cator solely based on emissions does not directly reflect risks as it does
not adequately account for exposure. Therefore, it should be explored
whether an emission-based mixture indicator can be further developed
by including estimations of concentrations, e.g. by using chemical fate
models (van Wezel et al., 2018), to enable risk assessment. Furthermore,
it should also be explored whether results from exposome or bio-
monitoring studies, such as the European Human Biomonitoring
Initiative (HBM4EU), can also be used to prioritize substances or sub-
stance groups for which it is known that overall exposure is already high
(Luijten et al., 2023; Vermeulen et al., 2020). Lastly, as the emission
registration database is currently limited to data on industrial emissions
of specific sectors, with a certain volume of activity, it should also be
explored to what extent this is representative of the overall emissions in
the area.

4.4. Applying non-target chemical analyses and effect-based methods

The indicators discussed in sections 4.1-4.3 are all based on methods
that calculate mixture impacts or risks based on the individual compo-
nents of the mixture. By definition, these indicators are limited by the
knowledge on the presence and concentration of the substances in the
mixture. However, also unknown substances can strongly contribute to
mixture toxicity (Fig. 1; Neale et al., 2015). To address this, the appli-
cation of non-target screening might be useful to detect and identify
substances that are otherwise overlooked in monitoring programs.
Application of non-target chemical analytical screening methods, such
as non-target high-resolution mass spectrometry (HRMS), can vastly
increase the number of substances that are monitored, without requiring
a priori knowledge of the relevant substances in the area (Vermeulen
et al., 2020). Recently, the open-source platform patRoon was released
to help with data processing and analysis of HMRS data to identify
substances (Helmus et al., 2021). However, to include these substances
in mixture risk assessment, their concentrations and hazards should also
be determined after identifying their presence. While this remains
challenging, there are models available that help estimate concentra-
tions and hazards of substances detected with HRMS (Sepman et al.,
2023; Arturi and Hollender, 2023; Peets et al., 2022).

Another approach to mixture hazard and risk assessment is the use of
bioassays, in which living cells or organisms are exposed to environ-
mental samples. Bioassays are also known as bioanalytical tools or
effect-based methods (EBMs) and integrate the combined biological
activity of all substances in a sample. EBMs can overcome the limitations
of target analyses by providing a risk-scaled assessment of the mixture
toxicity elicited by all known and unknown bioactive substances (Brack
et al., 2019; de Baat et al., 2020; Neale et al., 2023a; Gualtieri et al.,
2018). The advantage of this approach is that all substances in the
sample, known and unknown, and all their interactions are included in
the assessment (Fig. 1). Indeed, EBMs often show effects that cannot be
explained by mixture-toxicity modeling of substances with known
dose-response relationships (Neale et al., 2015). A disadvantage of the
method is that, like component-based methods, deducing impacts on
populations from the results remains challenging, and the substances
driving toxicity are not immediately clear. Currently, distinguishing
between acceptable and insufficient environmental quality for such
bioanalytical responses is based on effect-based trigger values (Neale
et al., 2023b). For surface- and drinking water there are frameworks
available for the establishment of effect-based trigger values (Béen et al.,
2021; Neale et al., 2023b).

Despite the current challenge of translating bioanalytical responses
to toxicological risks, EBMs are very suitable to make a relative com-
parison between the potency of whole-mixture samples; or to demon-
strate the absence of toxicity at a certain location for specific endpoints.
The use of EBMs is well established for the chemical quality assessment
of surface-, drinking- and wastewater and is also included in the Key
Factor Toxicity (STOWA, 2024), which provides guidance for water

quality management professionals in the Netherlands (de Baat et al.,
2020; Dingemans et al., 2019; Enault et al., 2023; Neale et al., 2022).
Until now, effect-based approaches for compartments other than sur-
face-, drinking-, or wastewater are less established, although some ex-
amples of their application exist for sediment, soil, and air (de Baat et al.,
2019; Pieterse et al., 2015; Gualtieri et al., 2018; Halappanavar et al.,
2021; Maciaszek et al., 2023). Incorporating EBM in the chemical risk
assessment of other compartments or exposure routes, such as soil,
vegetables from vegetable gardens, (indoor) dust, and air would be
greatly beneficial for screening the local environment for the toxic po-
tency of mixtures of substances.

For human health, the development of effect-based monitoring of air
quality is especially relevant as air is a major exposure route to envi-
ronmental substances for humans (Landrigan et al., 2018). However, we
are still far removed from implementing EBM for air quality assessment
at a scale that would provide the national coverage needed to reliably
make interpretations for such an indicator. First, a standardized method
should be defined to allow an equal comparison of air toxicity at loca-
tions by effect-based monitoring. This includes the selection of a sam-
pling method and a suite of human health-relevant in vitro assays to
cover a sufficient range of chemicals and toxic modes of action. For now,
this calls for more studies that apply effect-based methods for the
assessment of air quality and that explore and compare different sam-
pling methods (e.g. passive vs active sampling), and the chemical
coverage, specificity, and sensitivity of a range of in vitro assays
(Érseková et al., 2014; Nováková et al., 2020; Halappanavar et al.,
2021). Subsequently, it should be explored to what extent observations
with EBM are indicative of actual effects on human health and
effect-based trigger values should be derived to distinguish between
acceptable and poor air quality. Following this, to bridge the gap be-
tween research and practice, air quality management professionals,
policymakers, and citizens should be included in the design of an
effect-based monitoring program that is informative, practical, and
cost-effective (Neale et al., 2023a,b). Finally, EBM could be integrated
with- or linked to indicators on the emission or occurrence of substances
through the use of CAGs (see chapters 4.2 and 4.3) and adverse outcome
pathways.

5. Conclusions

The current use of chemicals leads to pressures on human and
ecological health. Yet, quantifying the degree of impact on humans and
the environment caused by the resulting complex mixtures of substances
is a formidable task. This is especially so at the local scale, where other
substances may be relevant in addition to the more ubiquitous factors (e.
g. PM10 and NO2 in air) measured at a larger scale. Citizens and other
local stakeholders are concerned about the impact of these chemical
mixtures and have a right to information on the occurrence in their
environment and the potential effects they may exert on human and
ecological health. Publicly available information on the impact of mix-
tures of substances in the Netherlands is currently limited to impact
estimations on freshwater species that can incorporate the combined
effects of 701 substances, impact estimations of no more than four
metals on soil organisms, and impacts on human health for only PM10
and NO2 in air.

The primary limiting factor in incorporating more substances in the
mixture assessment is the lack of established dose-response relationships
at the population level for most substances. This is especially difficult for
human health, as it requires evidence from both toxicology and epide-
miology. As a way forward, we propose the development of mixture
indicators for human health based on mixture risk assessment and
concentration addition principles, as an alternative to approaches using
DALY or response addition. To support this, CAGs should be developed
for environmentally relevant substances, starting with substances on the
E-PRTR and WFD priority substances lists. Furthermore, we note that
current data on the use and emissions of substances, for example
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through E-PRTR, is currently underutilized. By applying the previously
mentioned CAGs to available emission data, these data could be used to
develop indicators that help prioritize which specific substance(s)
(groups), compartments, or emission sources are relevant at a local
scale. Lastly, as the previously discussed indicators all depend on
knowledge of which substances are present in the environment, non-
target screening and effect-based methods should be applied as a com-
plementary approach to gain better insight into the whole mixture of
known and unknown substances. Effect-based monitoring is already
developed for surface and drinking water, and should also be developed
for other relevant compartments, e.g. for the assessment of air quality
for human health.
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Érseková, A., Hilscherová, K., Klánová, J., Giesy, J.P., Novák, J., 2014. Effect-based
assessment of passive air samples from four countries in Eastern Europe. Environ.
Monit. Assess. 186 (6), 3905–3916. https://doi.org/10.1007/s10661-014-3667-z.

European Commission (EC), 2020. COMMUNICATION from the COMMISSION to the
EUROPEAN PARLIAMENT, the COUNCIL, the EUROPEAN ECONOMIC and SOCIAL
COMMITTEE and the COMMITTEE of the REGIONS Chemicals Strategy for
Sustainability towards a Toxic-free Environment. https://eur-lex.europa.eu/lega
l-content/EN/ALL/?uri=COM:2020:667:FIN.

European Environment Agency (EEA), 2023. Check your place. European Environment
and Health Atlas. Retrieved October 26. https://discomap.eea.europa.eu/atlas/?pa
ge=Check-your-place.

European Environmental Agency (EEA), 2019. The European Environment: State and
Outlook 2020 : Knowledge for Transition to a Sustainable Europe. European
Environmental Agency. https://data.europa.eu/doi/10.2800/96749.

Faber, M., Hof, M., Lahr, J., Swart, E., Posthuma, L., 2023. Characterisation of Toxic
Pressure of Chemical Pollutants in Vulnerable Areas. Methods and Guidance for
Operational Characterisation. [Report]. Dutch National Institute for Public Health
and the Environment. RIVM). https://doi.org/10.21945/RIVM-2023-0379.

Forouzanfar, M.H., Alexander, L., Anderson, H.R., Bachman, V.F., Biryukov, S.,
Brauer, M., Burnett, R., Casey, D., Coates, M.M., Cohen, A., Delwiche, K., Estep, K.,
Frostad, J.J., Kc, A., Kyu, H.H., Moradi-Lakeh, M., Ng, M., Slepak, E.L., Thomas, B.
A., et al., 2015. Global, regional, and national comparative risk assessment of 79
behavioural, environmental and occupational, and metabolic risks or clusters of risks
in 188 countries, 1990–2013: a systematic analysis for the Global Burden of Disease
Study 2013. Lancet 386 (10010), 2287–2323. https://doi.org/10.1016/S0140-6736
(15)00128-2.

Grandjean, P., Bellanger, M., 2017. Calculation of the disease burden associated with
environmental chemical exposures: application of toxicological information in

M. Hof et al.

https://doi.org/10.1016/j.jenvman.2024.122108
https://doi.org/10.1016/j.jenvman.2024.122108
https://unece.org/environment-policy/public-participation/aarhus-convention/text
https://unece.org/environment-policy/public-participation/aarhus-convention/text
https://doi.org/10.1021/acs.est.3c00304
https://doi.org/10.1021/acs.est.3c00304
https://www.atlasnatuurlijkkapitaal.nl
https://doi.org/10.1016/j.envint.2018.05.006
https://doi.org/10.1016/j.watres.2021.116859
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1016/j.fct.2021.112167
https://doi.org/10.1016/j.fct.2021.112167
https://doi.org/10.21945/RIVM-2022-0061
https://doi.org/10.1177/0748233719893198
https://doi.org/10.1186/s12302-019-0192-2
https://doi.org/10.1186/s12302-019-0192-2
https://doi.org/10.2903/j.efsa.2019.5800
https://doi.org/10.1021/acs.est.9b02732
https://doi.org/10.1016/j.watres.2020.116017
https://doi.org/10.1016/j.watres.2020.116017
https://doi.org/10.1002/ieam.4096
https://doi.org/10.2903/j.efsa.2019.5634
https://doi.org/10.2903/j.efsa.2019.5634
https://doi.org/10.2903/j.efsa.2021.7033
https://doi.org/10.2903/j.efsa.2021.7033
https://www.emissieregistratie.nl/
https://www.emissieregistratie.nl/
https://doi.org/10.2166/wh.2023.235
https://doi.org/10.2166/wh.2023.235
https://www.clo.nl
https://www.atlasleefomgeving.nl
https://www.atlasleefomgeving.nl
https://doi.org/10.1007/s10661-014-3667-z
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2020:667:FIN
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2020:667:FIN
https://discomap.eea.europa.eu/atlas/?page=Check-your-place
https://discomap.eea.europa.eu/atlas/?page=Check-your-place
https://data.europa.eu/doi/10.2800/96749
https://doi.org/10.21945/RIVM-2023-0379
https://doi.org/10.1016/S0140-6736(15)00128-2
https://doi.org/10.1016/S0140-6736(15)00128-2


Journal of Environmental Management 368 (2024) 122108

10

health economic estimation. Environ. Health 16 (1), 123. https://doi.org/10.1186/
s12940-017-0340-3.

Gualtieri, M., Grollino, M.G., Consales, C., Costabile, F., Manigrasso, M., Avino, P.,
Aufderheide, M., Cordelli, E., Di Liberto, L., Petralia, E., Raschellà, G.,
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