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ABSTRACT: Novel entities are diverse and complex; hence,
defining their Planetary Boundary through control variables,
indicators, and acceptable limits is challenging. Here, we highlight
shortcomings of the current quantitative boundary, which applies a
purely precautionary interpretation of safety that defines the safe
operating space as zero novel entities that are not fully characterized.
In practice, the zero limit is unattainable and undesirable for human
societies that rely on services provided by novel entities.
Furthermore, it is not operational within the framework of other
boundaries, which have risk-based thresholds. We therefore propose
a reboot of the Planetary Boundary for Novel Entities and
recommend governance and monitoring strategies based on: (a)
clarification of the “safe operating space” for novel entities,
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distinguishing pure precaution (“safe from the unknown”) from operational precaution that tolerates a workable, non-zero level
of uncertainty; (b) complementary, multilayer control variables spanning pressures, states, and impacts; (c) extensions to existing
monitoring systems to provide quantitative indicators of distribution, accumulation, exposure, and impacts for subsets of novel
entities to communicate the status and trends of stress from novel entities on the Earth system; and (d) recognition of regulatory

Downloaded via GERMAN RSRCH CTR GEOSCIENCES GFZ on July 24, 2026 at 09:19:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

and policy-related success stories that illustrate comprehensive, protective, and operational governance of novel entities.

KEYWORDS: chemicals and materials, Earth system stability, risk management, pressures — states — impacts control variables,
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safe operating space

B BACKGROUND AND SCOPE

The Planetary Boundary framework characterizes human-
induced pressures that lead to Earth system destabilization and
increased risk of reducing its habitability. Within the
framework, the Planetary Boundary for Novel Entities
comprises a vast diversity of anthropogenic and naturally
occurring chemicals and materials, newly created or mobilized
at scales capable of perturbing Earth system processes,
characterized by persistence and mobility, often combined
with poorly understood impacts. They exert pressure along
technology life cycles (resource extraction, production, use,
and end-ofife treatment), leading to impacts via fate and
distribution, accumulation and exposure, and negative
effects.'™® Novel entities can destabilize the Earth system in
many ways, including impacts on biodiversity, climate (e.g.,
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through changes in albedo), habitats, regenerative food supply,
and biogeochemical cycling.?”'" Novel entities may be
produced and globally distributed long before they are
detected and their impacts are understood, attributed, or
assessed. Substantial data gaps arising from confidential
business information (e.g, data relevant for safety assess-
ment),'" the presence of complex substances of unknown or
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variable composition, uncharacterized transformation products,
limited safety assessment, and very restricted global monitoring
coverage, make their assessment and management highly
challenging.">"?

Why the Planetary Boundary for Novel Entities Needs a
Reboot

After more than a decade of remaining “not yet defined”,
Persson et al.’ introduced a qualitative, weight-of-evidence
approach to the Novel Entities boundary. Based on past
experience with large-scale pollution issues, they argued that
the boundary was transgressed because the pace of
introduction, production, and releases of novel entities
exceeded the capacity for safety assessments, monitoring, and
management. Richardson et al.” later translated these argu-
ments into a quantitative boundary for the safe operating space
for novel entities of zero, asserting that “the only truly safe
operating space [ . ..] is one where these entities are absent”.
The current boundary is logical and consistent with a stringent
definition of precaution.'* However, it is inconsistent with the
other Planetary Boundaries, which define safe operating spaces
through risk-based thresholds aligned with the “working

definition” of precaution (Box 1).'* Furthermore, this
Box 1. Box 1:

Defining the safe operating space. The goal of the Planetary
Boundary framework is to define a “safe operating space for
humanity” as a set of risk-based thresholds. For novel entities,
uncertainty and ignorance of impacts are intrinsic: most novel
entities are poorly characterized, impacts may only manifest
with long delays and far from sources, and those impacts may
be practically irreversible.” Hence, some might interpret “safe”
as “safe from the unknown”, which logically leads to a purely
precautionary boundary of zero.” However, such a boundary
is non-operational since societal benefits of novel entities are
ignored. Here, we interpret the “safe operating space” for
novel entities in a way that is consistent with the rest of the
Planetary Boundary framework, i.e., as a zone of operational
precaution under uncertainty. This framing acknowledges
that zero release of novel entities is practically unattainable
and uncertainty remains central, while emphasizing the need
to prevent the combination of stressorsfrom exceeding levels
that could erode Earth system resilience.

definition is impractical because of societal reliance on novel
entities, and hence their continued production, and insufficient
capacity to conduct comprehensive risk assessments for the
growing number and diversity of novel entities. As a result, the
current boundary is not operational since it does not provide
indicators to assess the severity, distribution, or evolution of
planetary-scale risks from a widely varying range of novel
entities, nor does it support prioritization among compound
groups, impacts, or affected regions.

Scope of This Paper

We describe four conceptual building blocks for the Planetary
Boundary for Novel Entities to be workable within the
Planetary Boundaries framework: (a) the interpretation of a
“safe operating space” for novel entities and its implications for
operationalizing precaution (Box 1); (b) clarifying the scope of
novel entities and proposing a system of complementary
control variables spanning pressure, state, and impact (Section
1), (c) improving data coverage and availability to provide

quantitative indicators for the control variables (Section 2);
and (d) highlighting regulatory and policy-related success
stories to identify leverage points for reducing planetary risk
from novel entities and strategies for improved communication
(Section 3).

1. CONTROL VARIABLES AND INTERACTIONS OF
PLANETARY BOUNDARIES

Scope of the Novel Entities Boundary

To maintain conceptual clarity and minimize overlap with
other Planetary Boundaries, a clear definition of “novel
entities” is required. In the context of the Planetary Boundaries
framework, novel entities comprise anthropogenic and
naturally occurring chemicals, materials, and other human-
generated entities that have the potential to disrupt Earth
system processes through biological or physical effects, whose
likelihood and scale of impact are increased by persistence,
mobility, accumulation, and delayed detectability. In the
present Perspective, we focus primarily on chemicals and
materials as the most tractable components of the Novel
Entities boundary and therefore suggest using the subtitle
“Chemicals and Materials” for more clarity. We further
propose that engineered biological systems (e.g, genetically
modified organisms) should be considered outside the
definition of novel entities and, instead, should be considered
under the Biosphere Integrity boundary, given their primary
modes of action via ecological interactions, replication, and
gene flow. Anthropogenically mobilized elements (including
metals, rare earth elements and radionuclides) could, by
analogy, be considered under the Biogeochemical Flows
boundary. However, since they can be assessed using a system
of control variables representing their impact pathway,'® we
consider them within the scope of the Novel Entities
boundary.

Requirements for Control Variables

Novel entities in the environment lead to multifaceted impacts
that are, in practice, impossible to fully characterize. Their
complexity requires defining a broad set of control variables
and related indicators (Box 2). Three criteria apply for control
variables:” they must be Earth-system-relevant, reflect evidence
of destabilizing behavior or eroding Earth-system resilience,
and be observable by means of quantitative indicators,
preferably at a cross-regional or global scale. Applying these
criteria to novel entities poses considerable challenges related
to (lack of) knowledge, observability, and causality for the
enormous number of novel entities. We conclude that
operationalizing the Novel Entities boundary requires a
flexible, integrated system of control variables that accounts
for uncertainty, delayed effects, and systemic interactions. The
Novel Entities boundary should enable accounting for
boundary interactions, as pressures from novel entities can
propagate across and affect multiple Earth system processes
including climate and biosphere integrity.

Three Control Variables for Novel Entities Representing
Pressure, State, and Impact

We propose that the Novel Entities boundary should be
understood as a dynamic container for chemical and material
stressors whose planetary relevance may be well established,
emerging, or not yet recognized. Given the sheer number of
chemicals and materials, a substantial fraction remains
uncharacterized.” Following a generalized impact pathway
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Box 2. Box 2:

Control variables vs. indicators. Within the Planetary
Boundary framework, control variables are planetary-scale
parameters that regulate the state and functioning of a
Planetary Boundary process or system and are traceable to
anthropogenic stressors to assess human influence on Earth
system stability. For most boundaries, this process is clearly
defined (e.g., radiative forcing for climate change). For novel
entities, however, no single Earth system process can be
identified, as they affect multiple Earth system elements and
boundaries. These interactions complicate the identification of]
appropriate control variables. Indicators are measurable
quantities, causally linked to control variables, that enable
their operationalization (i.e., their practical assessment,
monitoring, and comparison across time and space). Control
variables and indicators must be “fit-for-purpose” according to
the boundary. For some boundaries, control variables are
directly observable and therefore used as indicators, such as
atmospheric carbon dioxide concentration for the Climate
Change boundary. In other cases, control variables are
conceptual and require representation by one or more
observable indicators. For example, for the Biosphere Integrity
boundary, the control variable genetic diversity is operational-
ized using the indicator extinctions per million species-years.

(life cycle emissions, distribution, accumulation, exposure —
impacts),'” at least three control variable types should be
included covering pressure (extraction, production, waste
generation), state (use, distribution, accumulation, exposure),
and impact. Individually, each type captures only part of the

risk posed by chemicals and materials, but together, they
complement each other regarding the level of prevention
(versus reaction), proximity to Earth system impact, and
management/governance feasibility (Figure 1). The proposed
pressure, state, and impact control variable types describe (i)
extraction and production pressures, (ii) environmental
distribution, accumulation, and exposure, and (iii) Earth
system impacts of chemicals and materials. They are not
directly measurable when addressing the high number and
diversity of chemicals and materials. Therefore, they must be
operationalized with indicators that could be globally
quantifiable using standardized methodologies or harmonized
modeling, and with sustained international efforts to establish,
strengthen, and harmonize open and interoperable data
systems.

a. Production (Pressure) Control Variable

The “production” control variable represents chemical and
material proliferation early in the impact pathway, with the
potential to support preventive management. In addition to
intentional production, anthropogenic release pathways linked
to unintentional generation such as byproduction, inappro-
priate waste management, including open burning of
agricultural biomass residues, municipal solid waste, and
plastic debris, may contribute substantial emissions and
environmental exposure. Quantitative indicators for the
“production” control variable could include rates of resource
extraction, production volumes, waste generation, and their
change over time, measures of chemical and material diversity,
and share of produced novel entities with high potential to
cause poorly reversible planetary impacts due to high
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Figure 1. Conceptual framework for operationalizing the Novel Entities boundary using complementary control variables covering pressure, state,
and impact, positioned along the extraction, production — use, distribution, accumulation, exposure — impact pathway. The bottom panel
provides a qualitative comparison with respect to preventive leverage, proximity to Earth system impacts, and management/governance feasibility.
Circles with “+” symbols indicate higher relevance or performance relative to the other types. Complementary use of the three control variable

types ensures robust assessment.
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persistence or mobility in the environment. Chemicals and
materials can also continue to be present due to the “lock-in”
of production and use and/or the accumulated stock of a
chemical or material from which releases are slow.'®"? A key
challenge is that relevant data are incomplete across novel
entities and regions, dispersed across jurisdictions, and in many
cases subject to confidentiality constraints.'"'*'”*" Selected
indicators of production and waste generation should align
with existing or emerging regulatory or policy frameworks to
maximize reporting efficiency. However, data availability,
accessibility, and transparency vary strongly across regions: in
many countries, record keeping and monitoring infrastructures
remain incomplete, difficult to access, or absent (see Section
3). These limitations constrain the choice, quality, and
comparability of indicators to operationalize this control
variable.

b. Accumulation (State) Control Variable

The “accumulation” control variable represents the distribu-
tion, accumulation, and exposure to novel entities, in particular
of wildlife because of close links with the Biosphere Integrity
boundary, and in remote regions as indicators of poorly
reversible planetary pollution. Quantitative indicators could
include concentrations in biodiverse regions (e.g,, Amazonia)
where related ecotoxicological impacts may be particularly
consequential, remote areas (e.g., polar regions, high-altitude
mountains) as indicators of long-range transport and
persistence, and in environmental media that act as long-
term reservoirs for pollution, such as sediments and areas for
which recovery is very slow (e.g, deep seas) or impacts are
very high. Analytical tools are being developed to capture ever
more novel entities. Furthermore, modeling is advancing to
provide more robust and comprehensive predictions (depend-
ing on data availability). Indicators of accumulation should
capture past and present emissions, cover environmental stocks
of both legacy and emerging novel entities, and identify cases
where emissions and exposure remain high even for non-
persistent substances. They should be adaptable to changes in
analytical capabilities and capacities, changes in emissions,
market pressures, and regulatory interventions.

c. Impact Control Variable

The “impact” control variable represents the extent to which
novel entities affect ecosystem resilience. We propose to
consider mixture effects in cell-based bioassays as a promising
indicator, to be tested and validated in recurring applications,
since current substance-specific regulatory approaches system-
atically underestimate impacts from complex mixtures.”””'
Examgles include mixture toxicity equivalents in water, soil, or
biota,”” derived using new approach methodologies (NAMs)**
that determine toxicity of chemical mixtures from environ-
mental media comprising known and unknown compounds,
including transformation products. We propose mixture effects
as additional indicator, predicted from measured or estimated
concentrations, such as toxic units, potentially affected or field-
observed disappeared fractions of species.”*™*” Such indicators
integrate the combined effects of hundreds to thousands of
known and unknown substances and have been applied at
regional scales.”* ™" The spatial variability of these indicators
(e.g., decline with distance from sources or global standard
deviation) could provide additional information on locally vs
globally distributed stressors. Although impacts on humans are
not explicitly included in the Planetary Boundary concept,
human exposure and health effects at the level of populations

and communities may nevertheless provide important evidence
of broader biosphere impacts from novel entities in the context
of a One Health approach which recognizes the interconnected
health of people, animals, and ecosystems, particularly given
the comparatively extensive monitoring and data availability for
human populations. As a more prospective impact-level
indicator, the ‘chemical footprint’ metric could be used to
quantitatively connect sources of novel entities to impacts on
both ecosystems and human health, while relying on data
related to usage and emissions of novel entities as well as on
tools translating these into potential impact."®

Interactions with Other Planetary Boundaries

Novel entities act as stressors across planetary boundaries,
affecting multiple Earth system processes. Our system of
pressure, state, and impact control variables provides a
structured way to relate the scale and persistence of
anthropogenic stress from novel entities to observed ecosystem
impacts and to position that stress within the broader Planetary
Boundaries framework. The most explicitly assessed inter-
action is with the Biosphere Integrity boundary,””*'7** where
chemical and material proliferation can alter species
composition, ecosystem functioning, and biodiversity. For
example, widespread exposure to antibiotics and biocides is
contributing to antibiotic resistance through the proliferation
and global dissemination of resistance genes, affecting
biosphere integrity and ecosystem functioning.”*™** Novel
entities also interact with the climate system and other
boundaries.’ Chlorofluorocarbons and other ozone-depleting
substances drive stratospheric ozone depletion, which is
recognized with its own boundary. Many contemporary
novel entities have more diffuse effects on multiple boundaries,
including greenhouse gas emissions across life cycle stages,
formation of radiatively active trace gases or aerosols, and
physical effects such as changes in surface properties and
albedo.””* They further affect biogeochemical processes by
interacting with microbial nutrient cycling and carbon
sequestration pathways, often in combination with other
anthropogenic stressors.”*’ Because of the diversity of novel
entities, we must stay vigilant regarding potential unknown or
emerging impacts of novel entities at the planetary scale.

2. MAKING INFORMATION MORE AVAILABLE
Closing Knowledge Gaps

Data scarcity is a challenge across the entire impact pathway of
novel entities, increasingly toward impacts. For many known
substances, data at the production stage exist (though are
seldom public) but less so regarding where and how they are
used, their releases, distribution, accumulation, exposure, and
impacts. Data are constrained by analytical limitations and
sparse geographical coverage, particularly in low-resourced
countries and remote regions with limited infrastructure.
Without a comprehensive data set covering the full impact
pathway, a comprehensive assessment remains severely con-
strained. Initiatives such as the planned EU Common Data
Platform on Chemicals may provide a starting point for more
integrated assessment.' To move ahead, biomonitoring of
novel entities in humans could be a useful indicator, noting
that production, use, release, and exposure are generally
widespread when a novel entity is detectable. Humans are
broadly monitored in high-income countries and integrate
exposures across uptake pathways, times, and sites. Human
biomonitoring, performed under the best ethical practices, can
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provide evidence of bioaccumulation, long-range transport, and
exposure to complex mixtures, including certain regions poorly
captured by environmental monitoring. While human health is
not an Earth system process and thus is formally outside the
purview of the Planetary Boundary framework, accumulation in
and impacts on humans can be indicators of exposure-related
stress on the biosphere and cases where novel entities have
surpassed acceptable levels.

Toward Comprehensive Monitoring and Data Collection

We propose multiple strategies for improved monitoring, to be
adjusted to the subset of novel entities of interest as well as to
the emergence of new technologies over time: (i) innovative
approaches for inexpensive, standardized, and globally
applicable sampling methods and sensors that can generate
data even in regions with limited infrastructure,”** (ii)
chemical screening combined with (mixture) effect model-
ing;zg’zg’d'5 (iii) effect-based methods including NAMs for
mixture effect assessment;**™** (iv) remote-sensing tools (e.g,
drone- or satellite-based surveillance with automated image
analysis for plastics) where accessibility for sampling is
limited;** (v) machine learning approaches to evaluate and
cluster chemicals based on their structure and hazard
similarities, identify patterns of co-occurrence, and support
predictions of distribution, accumulation, exposure, and
negative effects (e.g, toxicity, adverse ecological outcomes)
where empirical data are lacking.’"~>* These tools can also
help to systematically extract and synthesize relevant
information from existing databases (e.g, regulatory data
such as registration and authorization dossiers) and to connect
fragmented data sets and improve early warning capabilities,
among others through impact pathway approaches developed
for plastics.”® Their effective use requires sustained investment,
capacity building, and global coordination since regions facing
the highest pollution burdens in many cases have the weakest
monitoring capacity and resources for data compilation.
Monitoring cannot be a short-term, isolated effort but rather
needs to be developed as a global infrastructure that enables
continuous, harmonized observation and estimation of
pressure, state, and impact of novel entities through
strengthened international monitoring networks and long-
term institutional support.

3. GOVERNANCE FRAMEWORKS AND
COMMUNICATION

Regulatory and Policy-Related Success Stories

Global governance frameworks are essential for addressing
widespread pollution. Several international frameworks have
successfully led to reductions of releases, distribution,
accumulation, and exposure and ultimately led to reduced
impacts from novel entities, albeit limited to specific chemicals,
e.g., the Stockholm Convention on Persistent Organic
Pollutants. The Globally Harmonized System of Classification
and Labeling of Chemicals (GHS) defines hazard criteria,
setting the basis for many national and regional regulations and
policies designed to provide public information on the hazards
of chemicals and mixtures. The EU Water Framework
Directive integrates chemical and ecological pressures and
may be a role model for scaling up. Consistent implementation
can stimulate broader international adoption and generate
spillover effects to global levels.”*™>’

Current Obstacles to Effective Governance of Novel
Entities

Beyond the scope of existing international governance
frameworks, regulation remains fragmented and largely
reactive. Even in well-resourced countries, regulatory systems
focus narrowly on individual substances, in stark contrast to
the more than 350 000 chemicals globally registered for
production and use.”” With few exceptions, assessments are
typically conducted on a substance-by-substance basis and are
largely retrospective, often documenting evidence of harm
rather than anticipating or preventing it. Even where
multilateral environmental agreements exist, they require
national implementation, which frequently lags due to limited
resources, institutional capacity, or political prioritization.®!
Beyond fragmented governance, knowledge gaps further
constrain effective regulation, e.g., related to confidentiality
claims, analytical limitations, and structural barriers to data
sharing.ll’62 Moreover, the complexity of chemical mixtures,
multiple interacting stressors, and the vast number of poorly
characterized or unknown novel entities substantially compli-
cate conventional risk assessment, let alone regulation, and
compliance monitoring.

Approaches to Overcome these Obstacles

Addressing these structural weaknesses requires a shift toward
proactive, systemic governance. The “One Substance One
Assessment” approach of the EU, aiming to streamline
chemical safety assessments,”> could be an important step
forward if data are transparent and widely accessible. However,
business confidentiality and competition law currently limit
data sharing and cooperation among cornpanies.64 In contrast,
agreements such as the Stockholm Convention and institutions
such as the World Health Organization emphasize that
restricting access to environmental and human health-related
information conflicts with the right to information and public
health protection.”>°® For substances with insufficient data, a
higher level of precaution is warranted. Defining exposure
levels associated with no observable or minimal harm may offer
an operational basis for governance while explicitly acknowl-
edging uncertainty. Implementing mixture allocation fac-
tors,” "’ grouping of chemicals with shared hazard character-
istics, and promoting chemical simplification strateggies could
make governance more proactive and protective.”**” Combin-
ing concepts such as “essential use” and “safe-and-sustainable-
by-design” could provide pathways toward reducing unneces-
sary chemical complexity and fostering innovation.”””"
Extended producer responsibility and full life-cycle cost
accounting are also critical. Product prices should reflect
environmental and public health costs to incentivize green
chemistry and reduce overall chemical intensity. However,
these approaches remain insufficiently implemented in a
geopolitical context which increasingly sidelines environmental
concerns. A way forward might be for coalitions of willing
countries to pioneer positive changes in chemicals manage-
ment. Another avenue might be introducing a new hazard
category within the existing GHS framework for substances
that are “hazardous to the Novel Entities Planetary Boundary”,
as soon as it is defined in an operational way, explicitly linking
chemical classification to Earth system stability.

Public Engagement as a Driver
Public engagement can trigger governance action and market-

based change to counteract chemical and material prolifer-
ation. Correspondingly, the general public should be a major
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target audience and cooperation partner for planetary
boundaries science, providing civil society with knowledge
on potential impacts on ecosystems and human health and
empowering them for action. Citizen science activities (e.g.,
monitoring, plastic cleanup activities) can bring the topic close
to people and increase their interest and willingness to support
reducing pressures from novel entities. Analytical costs are
decreasing, allowing some citizens to commission analyses and
act on the basis of the outcomes. Seeking material sufficiency
to reduce overconsumption and the related environmental
burden cannot, and should not, be placed on individual
consumers nor applied uniformly across contexts.”””* In high-
income countries, sufficiency may involve consuming less and
demanding safer alternatives, while in lower-income settings,
the leverage lies in poverty reduction and economic security to
reach sufficiency as well as holding international companies
and regulatory bodies accountable for safe production and
waste disposal practices. Overall, public engagement cannot
replace but should support system-level changes.

Communication about Novel Entities

The term “novel entities” is not intuitive; hence, we propose to
use “chemicals and materials“ as a short name or subtitle for
clarification. Effective communication should build on existing
knowledge, use accessible language, and highlight solutions to
overcome hazardous exposures. Involving social scientists and
adopting co-design approaches, where scientists, policy-
makers, industry actors, and civil society jointly develop
solutions, can help in that respect. Scientists can articulate the
co-benefits of action in one domain (e.g.,, reducing chemical
complexity) generating positive outcomes across Planetary
Boundaries (e.g., reduced greenhouse gas emissions). Visual
communication by artists can make positive future pathways
tangible.”* Decision-makers need robust evidence on the
societal costs of using novel entities, e.g., health care costs,
productivity losses, and ecosystem damage.”>”* Such informa-
tion may justify restrictions as economically rational decisions
that reduce net societal costs and align with the precautionary
and “polluter pays” principles.”® It might be useful to remind
decision-makers of successful collaboration (e.g., within the
European Green Deal)”’ to revive this spirit. However,
decisions ultimately depend on political priorities and are
region-specific.

B FINAL REMARKS

Our main proposals include (i) adopting the subtitle
“chemicals and materials” to clearly communicate the scope
of novel entities; (ii) defining the “safe operating space” as
operational precaution under uncertainty rather than absolute
safety; (iii) establishing a system of multimetric, comple-
mentary pressure — state — impact control variables combined
with suitable indicators; (iv) moving engineered biological
systems from the Novel Entities to the Biological Integrity
boundary while keeping anthropogenically mobilized elements;
and (v) strengthening long-term global monitoring, manage-
ment, and communication regarding novel entities, building
upon existing policy, legislation, governance, and involvement
of many via citizen science. Together, these measures enhance
the operational value of the Novel Entities boundary while
maintaining a precautionary approach, consistent with the
Planetary Boundaries framework.
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B NEXT STEPS

Next steps could include (i) clarifying how existing and
emerging concepts and management approaches, such as the
envisaged circularity of novel entities can be categorized in the
pressures — states — impacts system; (ii) learning from
approaches used in other Planetary Boundary domains to
translate from the status of the boundary to implementing
controls; (iii) exploring to what extent existing data on
chemicals and materials can serve to quantify the proposed
indicators for the complementary control variables; (iv)
examining the needs and design of future data collection
which ensures that regulatory reporting and data infra-
structures generate the evidence needed to quantify the
proposed indicators; (v) developing a system to qualify the
level of knowledge available for different chemicals and
materials within the broader novel entities framework and
guidelines on how to deal with knowledge gaps; (vi) discussing
how existing regulations and chemicals management ap-
proaches could be extended to cover broader ranges of novel
entities and a wider geographical region with respect to
monitoring and assessment; (vii) conducting proof-of-concept
studies, e.g., under the umbrella of the Organisation for
Economic Co-operation and Development (OECD), the
Global Framework on Chemicals (GFC), and/or other
inclusive international fora, to test the operationalization of
the proposed indicators for the complementary control
variables; and (viii) supporting existing and emerging multi-
sectoral fora including scientists, regulators, industry, and
representatives of civil society to strengthen protective
management of chemicals and materials globally. While new
ideas and perspectives are needed and welcome, it may also be
worthwhile to explore mechanisms that ensure the comple-
mentarity of future initiatives in a coordinated manner.

B AUTHOR INFORMATION
Corresponding Author

Annika Jahnke — Helmholtz-Centre for Environmental
Research - UFZ, 04318 Leipzig, Germany; RWTH Aachen
University, 52074 Aachen, Germany; © orcid.org/0000-
0001-7815-151X; Email: annika.jahnke@ufz.de

Authors

Yuge Bai — Potsdam Institute for Climate Impact Research
(PIK), Member of the Leibniz Association, D-14412
Potsdam, Germany; © orcid.org/0009-0007-7331-5395

Werner Brack — Helmholtz-Centre for Environmental
Research - UFZ, 04318 Leipzig, Germany; Institute of
Ecology, Evolution and Diversity, Goethe University, 60438
Frankfurt am Main, Germany

Bethanie Carney Almroth — Department of Biological and
Environmental Sciences, University of Gothenburg, 405 30
Géteborg, Sweden; © orcid.org/0000-0002-5037-4612

Miriam L. Diamond — Department of Earth Sciences,
University of Toronto, Toronto, Ontario MSS 3B1, Canada;
School of the Environment, University of Toronto, Toronto,
Ontario MSS 3E8, Canada; ® orcid.org/0000-0001-6296-
6431

Anna Lia S. Tromer Dragsdahl — Section of Quantitative
Sustainability Assessment, Department of Environmental and
Resource Engineering and Centre for Absolute Sustainability
Assessment, Technical University of Denmark (DTU), 2800
Kgs. Lyngby, Denmark; © orcid.org/0009-0007-3815-2260

https://doi.org/10.1021/acs.est.6c03044
Environ. Sci. Technol. 2026, 60, 19761—-19770


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annika+Jahnke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7815-151X
https://orcid.org/0000-0001-7815-151X
mailto:annika.jahnke@ufz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuge+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-7331-5395
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Werner+Brack"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bethanie+Carney+Almroth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5037-4612
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+L.+Diamond"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6296-6431
https://orcid.org/0000-0001-6296-6431
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Lia+S.+Tromer+Dragsdahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-3815-2260
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beate+I.+Escher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Beate 1. Escher — Helmholtz-Centre for Environmental
Research - UFZ, 04318 Leipzig, Germany; Environmental
Toxicology, Department of Geosciences, Eberhard Karls
University Tiibingen, 72076 Tiibingen, Germany;

orcid.org/0000-0002-5304-706X

Peter Fantke — substitute ApS, 2400 Copenhagen, Denmark;
Department for Evolutionary Ecology and Environmental
Toxicology, Goethe University, 60438 Frankfurt Am Main,
Germany; Department of Environmental Sciences, College of
Agriculture and Environmental Sciences, University of South
Africa, 1710 Roodepoort, South Africa; ® orcid.org/0000-
0001-7148-6982

Dana Kiihnel — Helmholtz-Centre for Environmental Research
- UFZ, 04318 Leipzig, Germany; Centre for Mineral
Biogeochemistry, University of the Free State, Bloemfontein,
Free State 9301, South Africa

Matthew MacLeod — Department of Environmental Science,
Stockholm University, 114 18 Stockholm, Sweden;

orcid.org/0000-0003-2562-7339

Ad M. J. Ragas — Radboud Institute for Biological and
Environmental Sciences (RIBES), Radboud University, 6525
AJ Nijmegen, The Netherlands

Boris Sakschewski — Potsdam Institute for Climate Impact
Research (PIK), Member of the Leibniz Association, D-
14412 Potsdam, Germany

Christian Schmidt — Helmholtz-Centre for Environmental
Research - UFZ, 04318 Leipzig, Germany; ® orcid.org/
0000-0001-9787-8327

Volker Strauss — German Environment Agency (UBA), 06844
Dessau, Germany

Gabriele Treu — Department for Evolutionary Ecology and
Environmental Toxicology, Goethe University, 60438
Frankfurt Am Main, Germany; German Environment Agency
(UBA), 06844 Dessau, Germany

Patricia Villarrubia-Gémez — Department of Wildlife, Fish,
and Environmental Studies, Swedish University of
Agricultural Sciences, 901 83 Umed, Sweden; Stockholm
Resilience Centre, Stockholm University, 106 91 Stockholm,
Sweden

Zhanyun Wang — Empa—Swiss Federal Laboratories for
Materials Science and Technology, 9014 St. Gallen,
Switzerland; National Centre of Competence in Research
(NCCR) Catalysis, 8093 Ziirich, Switzerland; University of
Southern Denmark, Department of Green Technology &
Danish Institute for Advanced Study (DIAS), 5230 Odense,
Denmark; © orcid.org/0000-0001-9914-7659

Katrin Wendt-Potthoff — Helmholtz-Centre for
Environmental Research — UFZ, 39114 Magdeburg,
Germany; © orcid.org/0000-0002-7407-3312

Marlene Agerstrand — Department of Environmental Science,
Stockholm University, 114 18 Stockholm, Sweden;

orcid.org/0000-0003-2697-2310

Levke Caesar — Potsdam Institute for Climate Impact
Research (PIK), Member of the Leibniz Association, D-
14412 Potsdam, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.6c03044

Author Contributions

Conceptualization: AJ, LC, YB, MML; Writing - Original
Draft: AJ, LC, YB, KW-P; Writing - Review & Editing: AJ, YB,
WB, BCA, MLD, ALSTD, BIE, PF, DK, MML, AR, BS, CS,

VS, GT, PV-G, ZW, KW-P, MA, LC; Visualization: AJ, YB,
ALSTD; Funding acquisition: AJ.
Notes

The authors declare no competing financial interest.

Biography

Annika Jahnke is a Head of the Department of Exposure Science at
the Helmholtz-Centre for Environmental Research — UFZ in Leipzig,
Germany. She holds a Ph.D. in Environmental Chemistry (2007) and
a Professorship in Exposome Analytics at RWTH Aachen University
(since 2020). She pursues combining environmental and human
health assessment using identical tools. Her special interests are in (i)
environmental partitioning, fate and effects of environmental
pollutants across compartments, (ii) describing the exposome, i.e.
the life-long exposure to chemicals, of wildlife and humans, and (iii)
environmental weathering and fate of plastics and associated
chemicals. Together with global experts, she supports the develop-
ment of methods for assessing pollution by chemicals and materials in
the context of planetary boundaries. Research ID: http://www.
researcherid.com/rid/D-4528-2013.

B ACKNOWLEDGMENTS

The contents of this paper are the product of discussions
preceding, during, and following an expert workshop held in
November, 2025, at the Helmholtz Centre for Environmental
Research - UFZ. We are grateful to Michaela Hein for
continued support in the conceptualization and realization of
the workshop, and we acknowledge financial support of the
workshop from the UFZ Planetary Solutions funding scheme
2025. ZW. gratefully acknowledges financial support from
NCCR Catalysis (grant number 225147), a National Centre of
Competence in Research funded by the Swiss National Science
Foundation. A.L.S.T.D. gratefully acknowledges financial
support from the European Commission project HEU
CheMatSustain (GA 101137990). L.C., Y.B,, and B.S. are
part of the Planetary Boundaries Science Lab’s research effort
at the Potsdam Institute of Climate Impact Research (PIK).
We gratefully acknowledge the constructive reviewer com-
ments that helped to improve the manuscript. Use of Al tools.
Portions of this work were facilitated by the use of Al-based
tools (e.g, ChatGPT), which supported literature synthesis
and text drafting. All outputs were critically reviewed and
revised by the authors to ensure accuracy and integrity.

B REFERENCES

(1) UNEP. Global Chemicals Outlook II - From Legacies to Innovative
Solutions: Implementing the 2030 Agenda for Sustainable Development;

https://doi.org/10.1021/acs.est.6c03044
Environ. Sci. Technol. 2026, 60, 19761—-19770


https://orcid.org/0000-0002-5304-706X
https://orcid.org/0000-0002-5304-706X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Fantke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7148-6982
https://orcid.org/0000-0001-7148-6982
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dana+Ku%CC%88hnel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+MacLeod"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2562-7339
https://orcid.org/0000-0003-2562-7339
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ad+M.+J.+Ragas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boris+Sakschewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9787-8327
https://orcid.org/0000-0001-9787-8327
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volker+Strauss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriele+Treu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patricia+Villarrubia-Go%CC%81mez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhanyun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9914-7659
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katrin+Wendt-Potthoff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7407-3312
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marlene+%C3%85gerstrand"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2697-2310
https://orcid.org/0000-0003-2697-2310
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Levke+Caesar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c03044?ref=pdf
http://www.researcherid.com/rid/D-4528-2013
http://www.researcherid.com/rid/D-4528-2013
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

2019. https://wedocs.unep.org/handle/20.500.11822/28113 (ac-
cessed 2026—02—22).

(2) UNEP. Making Peace with Nature: A Scientific Blueprint to Tackle
the Climate, Biodiversity and Pollution Emergencies; 2021. https://
wedocs.unep.org/handle/20.500.11822/34948 (accessed 2026—02—
22).

(3) Persson, L. A.; Carney Almroth, B. M.; Collins, C. D.; Cornell,
S.; de Wit, C. A; Diamond, M. L.; Fantke, P.; Hassellov, M.;
MacLeod, M.; Ryberg, M. W.; Jorgensen, P. S.; Villarrubia-Gémez, P.;
Wang, Z.; Hauschild, M. Z. Outside the Safe Operating Space of the
Planetary Boundary for Novel Entities. Environ. Sci. Technol. 2022, 56
(3), 1510—1521.

(4) Keller, A.; Ehrens, A.; Zheng, Y.; Nowack, B. Developing trends
in nanomaterials and their environmental implications. Nat. Nano-
technol. 2023, 18 (8), 834—837.

(5) Richardson, K; Steffen, W.; Lucht, W.; Bendstsen, J.; Cornell, S.;
Donges, J.; Driitke, M.; Fetzer, I; Bala, G.; von Bloh, W,; et al. Earth
beyond six of nine planetary boundaries. Sci. Adv. 2023, 9 (37), 16.

(6) Villarrubia-Gémez, P.; Carney Almroth, B.; Eriksen, M.; Ryberg,
M,; Cornell, S. Plastics pollution exacerbates the impacts of all
planetary boundaries. One Earth 2024, 7 (12), 2119-2138.

(7) Diamond, M,; de Wit, C; Molander, S; Scheringer, M,
Backhaus, T.; Lohmann, R;; Arvidsson, R.; Bergman, A.; Hauschild,
M.; Holoubek, L; et al. Exploring the planetary boundary for chemical
pollution. Environ. Int. 2015, 78, 8—15.

(8) Villarrubia-Gémez, P.; Cornell, S.; Fabres, ]J. Marine plastic
pollution as a planetary boundary threat - The drifting piece in the
sustainability puzzle. Mar. Polym. 2018, 96, 213—220.

(9) Arp, H. P. H,; Kiihnel, D.; Rummel, C.; MacLeod, M.; Potthoff,
A,; Reichelt, S.; Rojo-Nieto, E.; Schmitt-Jansen, M.; Sonnenberg, J.;
Toorman, E.; Jahnke, A. Weathering Plastics as a Planetary Boundary
Threat: Exposure, Fate, and Hazards. Environ. Sci. Technol. 2021, 5§
(11), 7246—7255.

(10) Carney Almroth, B.; Cornell, S.; Diamond, M.; de Wit, C.;
Fantke, P.; Wang, Z. Understanding and addressing the planetary
crisis of chemicals and plastics Comment. One Earth 2022, S (10),
1070—1074.

(11) Ingre-Khans, E.; Agerstrand, M.; Beronius, A; Rudén, C.
Transparency of chemical risk assessment data under REACH.
Environ. Sci.-Process Impacts 2016, 18 (12), 1508—1518.

(12) European Environment Agency. Europe’s environment 202S;
2025. https://www.eea.europa.eu/en/europe-environment-2025/
main-report (accessed 2026—02—22).

(13) Bub, S.; Petschick, L.; Stehle, S.; Wolfram, J.; Schulz, R.
Limitations of chemical monitoring hinder aquatic risk evaluations on
the macroscale. Science 2025, 388 (6753), 1301—130S.

(14) Gee, D. Late Lessons from Early Warnings: Towards realism
and precaution with EMF? Pathophysiology 2009, 16 (2—3), 217—
231.

(15) Smit, M.; Zare Jeddi, M.; Tolls, J.; Terry, C.; Fantke, P.
Challenges and Initiatives to Operationalize the Planetary Boundaries
for Novel Entities. Environ. Sci. Technol. 2026, 60, 10359—10368.

(16) Bése, F.; Neugebauer, J.; Losel, T.; Nickel, M.-S.; Wimmers, A ;
von Hirschhausen, C. Bridging a gap: Analyzing radioactive materials
within the planetary boundary framework. Ecol Econ 2026, 244,
108971.

(17) Kosnik, M.; Hauschild, M.; Fantke, P. Toward Assessing
Absolute Environmental Sustainability of Chemical Pollution. Environ.
Sci. Technol. 2022, 56 (8), 4776—4787.

(18) Blumenthal, J.; Diamond, M. L.; Hoffmann, M.; Wang, Z. Time
to Break the “Lock-In” Impediments to Chemicals Management.
Environ. Sci. Technol. 2022, 56 (7), 3863—3870.

(19) Abbasi, G.; Buser, A. M.; Soehl, A.; Murray, M. W.; Diamond,
M. L. Stocks and Flows of PBDEs in Products from Use to Waste in
the U.S. and Canada from 1970 to 2020. Environ. Sci. Technol. 2018,
49 (3), 1521—1528.

(20) Hassold, E.; Galert, W.; Schulze, J. Options for an
environmental risk assessment of intentional and unintentional

chemical mixtures under REACH: the status and ways forward.
Environ. Sci. Eur. 2021, 33 (1), 17.

(21) Backhaus, T.; Scholze, M.; Brack, W.; Martin, O.; Slunge, D.;
Agerstrand, M.; Kortenkamp, A.; Escher, B. Include a mixture
allocation factor to improve EU chemical risk management. Science
2025, 390 (6774), 678—680.

(22) Escher, B. L; Blackwell, B. R.; Cavallin, J.; Dann, J. P.; Jahnke,
A,; Jenson, C.; Jensen, K.; Kahl, M.; Krauss, M.; Konig, M.; Neale, P.
A.; Scholz, S.; Villeneuve, D.; Ankley, G. T. In vitro bioassays for
quantifying mixture effects of organic micropollutants extracted from
caged fish, water, and sediment. Environ. Toxicol. Chem. 2026, 45 (1),
137—-151.

(23) European Chemicals Agency. New Approach Methodologies in
Regulatory Science. Proceedings of a scientific workshop, Helsinki, 19—20
April 2016; 2016. https://echa.europa.eu/documents/10162/
2174236/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-
9057-95d9c2c2cc57, DOI: 10.2823/543644 (accessed 2026—05—22).

(24) Posthuma, L.; van Gils, J; Zijp, M. C.; van de Meent, D.; de
Zwart, D. Species sensitivity distributions for use in environmental
protection, assessment, and management of aquatic ecosystems for 12
386 chemicals. Environ. Toxicol. Chem. 2019, 38 (4), 905—917.

(25) Oginah, S. A.; Posthuma, L.; Slootweg, J.; Hauschild, M,
Fantke, P. Calibrating Predicted Mixture Toxic Pressure to Observed
Biodiversity Loss in Aquatic Ecosystems. Global Change Biology 2025,
31 (6), No. €70305.

(26) Kuipers, K. J. J; Melki, A; Morel, S; Schipper, A. F.
Relationships between mean species abundance (MSA) and
potentially disappeared fraction of species (PDF) are consistent but
also uncertain. Environmental and Sustainability Indicators 2025, 26,
100652.

(27) Pirtel, M.; Tamme, R.; Carmona, C.; Riibak, K; Moora, M.;
Bennett, J.; Chiarucci, A.; Chytry, M.; de Bello, F.; Eriksson, O.; et al.
Global impoverishment of natural vegetation revealed by dark
diversity. Nature 2025, 641 (8064), 917—924.

(28) Finckh, S.; Carmona, E.; Borchardt, D.; Biittner, O.; Krauss,
M,; Schulze, T.; Yang, S.; Brack, W. Mapping chemical footprints of
organic micropollutants in European streams. Environ. Int. 2024, 183,
108371.

(29) Rorije, E.; Wassenaar, P.; Slootweg, J.; van Leeuwen, L.; van
Broekhuizen, F.; Posthuma, L. Characterization of ecotoxicological
risks from unintentional mixture exposures calculated from European
freshwater monitoring data: Forwarding prospective chemical risk
management. Sci. Total Environ. 2022, 822, 15338S.

(30) European Environment Agency. SOLUTIONS project output
simulating the impact of chemical mixtures on a potentially affected
fraction of species (msPAF) and highlighting regions where there could be
significant chemical pollution pressure on freshwater species. 2022.
https://www.eea.europa.eu/en/analysis/maps-and-charts/solutions-
project-output-simulating-the (accessed 2026—02—22).

(31) Persson, L.; Breitholtz, M.; Cousins, L; de Wit, C.; MacLeod,
M.,; McLachlan, M. Confronting Unknown Planetary Boundary
Threats from Chemical Pollution. Environ. Sci. Technol. 2013, 47
(22), 12619—12622.

(32) Jahnke, A.; Arp, H.; Escher, B.,; Gewert, B.; Gorokhova, E.;
Kiihnel, D.; Ogonowski, M.; Potthoff, A.,; Rummel, C.; Schmitt-
Jansen, M,; et al. Reducing Uncertainty and Confronting Ignorance
about the Possible Impacts of Weathering Plastic in the Marine
Environment. Environ. Sci. Technol. Lett. 2017, 4 (3), 85—90.

(33) Keck, F; Peller, T.; Alther, R; Barouillet, C; Blackman, R;
Capo, E.; Chonova, T.; Couton, M.; Fehlinger, L.; Kirschner, D.; et al.
The global human impact on biodiversity. Nature 2025, 641 (8062),
395.

(34) Alkorta, I.; Garbisu, C. Expanding the focus of the One Health
concept: links between the Earth-system processes of the planetary
boundaries framework and antibiotic resistance. Rev. Environ. Health
2025, 40 (1), 159—173.

(3S) Feckler, R; Schulz, R.; Schifer, R. Meta-analysis on the effects
of chemical stressors on freshwater ecosystem functions. Environ. Sci.
Eur. 2025, 37, 111.

https://doi.org/10.1021/acs.est.6c03044
Environ. Sci. Technol. 2026, 60, 19761—-19770


https://wedocs.unep.org/handle/20.500.11822/28113
https://wedocs.unep.org/handle/20.500.11822/34948
https://wedocs.unep.org/handle/20.500.11822/34948
https://doi.org/10.1021/acs.est.1c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-023-01409-z
https://doi.org/10.1038/s41565-023-01409-z
https://doi.org/10.1126/sciadv.adh2458
https://doi.org/10.1126/sciadv.adh2458
https://doi.org/10.1016/j.oneear.2024.10.017
https://doi.org/10.1016/j.oneear.2024.10.017
https://doi.org/10.1016/j.envint.2015.02.001
https://doi.org/10.1016/j.envint.2015.02.001
https://doi.org/10.1016/j.marpol.2017.11.035
https://doi.org/10.1016/j.marpol.2017.11.035
https://doi.org/10.1016/j.marpol.2017.11.035
https://doi.org/10.1021/acs.est.1c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.oneear.2022.09.012
https://doi.org/10.1016/j.oneear.2022.09.012
https://doi.org/10.1039/C6EM00389C
https://www.eea.europa.eu/en/europe-environment-2025/main-report
https://www.eea.europa.eu/en/europe-environment-2025/main-report
https://doi.org/10.1126/science.adn5356
https://doi.org/10.1126/science.adn5356
https://doi.org/10.1016/j.pathophys.2009.01.004
https://doi.org/10.1016/j.pathophys.2009.01.004
https://doi.org/10.1021/acs.est.5c14324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c14324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecolecon.2026.108971
https://doi.org/10.1016/j.ecolecon.2026.108971
https://doi.org/10.1021/acs.est.1c06098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es504007v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es504007v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12302-021-00565-0
https://doi.org/10.1186/s12302-021-00565-0
https://doi.org/10.1186/s12302-021-00565-0
https://doi.org/10.1126/science.aeb6374
https://doi.org/10.1126/science.aeb6374
https://doi.org/10.1093/etojnl/vgaf255
https://doi.org/10.1093/etojnl/vgaf255
https://doi.org/10.1093/etojnl/vgaf255
https://echa.europa.eu/documents/10162/2174236/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://echa.europa.eu/documents/10162/2174236/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://echa.europa.eu/documents/10162/2174236/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://doi.org/10.2823/543644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/etc.4373
https://doi.org/10.1002/etc.4373
https://doi.org/10.1002/etc.4373
https://doi.org/10.1111/gcb.70305
https://doi.org/10.1111/gcb.70305
https://doi.org/10.1016/j.indic.2025.100652
https://doi.org/10.1016/j.indic.2025.100652
https://doi.org/10.1016/j.indic.2025.100652
https://doi.org/10.1038/s41586-025-08814-5
https://doi.org/10.1038/s41586-025-08814-5
https://doi.org/10.1016/j.envint.2023.108371
https://doi.org/10.1016/j.envint.2023.108371
https://doi.org/10.1016/j.scitotenv.2022.153385
https://doi.org/10.1016/j.scitotenv.2022.153385
https://doi.org/10.1016/j.scitotenv.2022.153385
https://doi.org/10.1016/j.scitotenv.2022.153385
https://www.eea.europa.eu/en/analysis/maps-and-charts/solutions-project-output-simulating-the
https://www.eea.europa.eu/en/analysis/maps-and-charts/solutions-project-output-simulating-the
https://doi.org/10.1021/es402501c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402501c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.7b00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.7b00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.7b00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-025-08752-2
https://doi.org/10.1515/reveh-2024-0013
https://doi.org/10.1515/reveh-2024-0013
https://doi.org/10.1515/reveh-2024-0013
https://doi.org/10.1186/s12302-025-01167-w
https://doi.org/10.1186/s12302-025-01167-w
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(36) Lozano, Y.; Aguilar-Trigueros, C.; Onandia, G.; Maass, S.;
Zhao, T.; Rillig, M. Effects of microplastics and drought on soil
ecosystem functions and multifunctionality. J. Appl. Ecol. 2021, 58
(5), 988—996.

(37) Larsson, D. G. J.; Flach, C.F. Antibiotic resistance in the
environment. Nat. Rev. Microbiol 2022, 20, 257—269.

(38) Bhatt, S.; Chatterjee, S. Environmental pollution as a critical
driver of antimicrobial resistance emergence. Discov Environ 2028, 3,
28S.

(39) MacLeod, M.; Arp, H. P. H.; Tekman, M. B.; Jahnke, A. The
global threat from plastic pollution. Science 2021, 373 (6550), 61—6S.

(40) MacLeod, M.; Breitholtz, M.; Cousins, L; de Wit, C.; Persson,
L; Rudén, C; McLachlan, M. Identifying Chemicals That Are
Planetary Boundary Threats. Environ. Sci. Technol. 2014, 48 (19),
11057—-11063.

(41) EUR-Lex. Proposal for a REGULATION OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL establishing a common data
platform on chemicals, laying down rules to ensure that the data contained
in it are findable, accessible, interoperable and reusable and establishing a
monitoring and outlook framework for chemicals. 2023. https://eur-lex.
europa.eu/legal-content/EN/TXT /2uri=CELEX:52023PC0779 (ac-
cessed 2026—02—22).

(42) van Emmerik, T. H. M.; Kirschke, S.; Schreyers, L. J.; Nath, S.;
Schmidt, C.; Wendt-Potthoff, K. Estimating plastic pollution in rivers
through harmonized monitoring strategies. Mar. Pollut. Bull. 2023,
196, 115503.

(43) Schreyers, L.; van Emmerik, T. H. M.; Kirschke, S.; Pinto, R ;
Schmidtke, L.; Schmidt, C.; Wendt-Potthoff, K. Suitability of river
plastic monitoring methods for citizen science. Plastics 2025, 3,
No. e31.

(44) Corbau, C.; Lazarou, A.; Bajt, O.; Filipovi¢ Mariji¢, V.; Sim&ig,
T.; Coltorti, M.; Pignoni, E.; Simeoni, U. Citizen Science for
Monitoring Plastic Pollution from Source to Sea: A Systematic
Review of Methodologies, Best Practices, and Challenges. Water
2025, 17, 2668.

(45) Cheng, Y.; Ding, J.; Arenas, C. E. D.; Brinkmann, M,; Ji, X. A
brief review on the assessment of potential joint effects of complex
mixtures of contaminants in the environment. Environmental Science:
Advances 2024, 3, 661—675.

(46) Neale, P.; Braun, G.; Brack, W.; Carmona, E.; Gunold, R,
Koénig, M.; Krauss, M.; Liebmann, L.; Liess, M.; Link, M.; et al.
Assessing the Mixture Effects in In Vitro Bioassays of Chemicals
Occurring in Small Agricultural Streams during Rain Events. Environ.
Sci. Technol. 2020, 54 (13), 8280—8290.

(47) Schmeisser, S.; Miccoli, A.; von Bergen, M.; Berggren, E,;
Braeuning, A.; Busch, W.; Desaintes, C.; Gourmelon, A.; Grafstrom,
R.; Harrill, J.; et al. New approach methodologies in human regulatory
toxicology-Not if, but how and when! Environ. Int. 2023, 178, 108082.

(48) Li, X;; Zhou, J.; Bai, Y.; Qiao, M.; Xiong, W.; Schulze, T.;
Krauss, M.; Williams, T. D.; Brown, B.; Orsini, L.; Guo, L.-H.;
Colbourne, J. K. Bioactivity Profiling of Chemical Mixtures for Hazard
Characterization. Environ. Sci. Eur. 2025, 59 (1), 291-301.

(49) Zhou, S.; Kaufmann, H.; Bohn, N.; Bochow, M.; Kuester, T.;
Segl, K. Identifying distinct plastics in hyperspectral experimental lab-,
aircraft-, and satellite data using machine/deep learning methods
trained with synthetically mixed spectral data. Remote Sens. Environ.
2022, 281, 113263.

(50) von Borries, H.; Holmquist, H.; Kosnik, M.; Beckwith, K. V,;
Jolliet, O.; Goodman, J. M.; Fantke, P. Potential for Machine Learning
to Address Data Gaps in Human Toxicity and Ecotoxicity
Characterization. Environ. Sci. Technol. 2023, 57 (46), 18259—18270.

(51) Gustavsson, M; Kill, S,; Svedberg, P.; Inda-Diaz, J. S;
Molander, S.; Coria, J.; Backhaus, T.; Kristiansson, E. Transformers
enable accurate prediction of acute and chronic chemical toxicity in
aquatic organisms. Sci. Adv. 2024, 10 (10), eadk6669.

(52) von Borries, K.; Beckwith, K.; Goodman, J.; Chiu, W.; Jolliet,
O.; Fantke, P. Uncertainty-aware machine learning to predict non-
cancer human toxicity for the global chemicals market. Nat. Commun.
2026, 17 (1), 17.

(53) Posthuma, L.; Price, T.; Viljanen, M. Improving the
Ecotoxicological Hazard Assessment of Chemicals by Pairwise
Learning. Environ. Sci. Technol. 2025, 59, 16250—16260.

(54) Kohler, H. R.; Aalizadeh, R.; Treu, G.; Griff, T.; Peschke, K,;
Prutz, I; Thomaidis, N. S.; Triebskorn, R.; von der Ohe, P. C. By
integrating previously overlooked drivers Al boosts bioaccumulation
assessment in fish. J. Haz Mat 2026, 501, 140648.

(55) Landrigan, P.; Dunlop, S.; Treskova, M.; Raps, H.; Symeonides,
C.; Muncke, J.; Spring, M.; Stegeman, J.; Carney Almroth, B.; Chiles,
T. C,; et al. The Lancet Countdown on health and plastics. Lancet
2025, 406 (10507), 1044—1062.

(56) Bradford, A. The Brussels Effect. Northwest. Univ. Law Rev.
2012, 107 (1), 1-67.

(57) Bradford, A. The Brussels Effect: How the European Union Rules
the World. 2019.

(58) Perkins, R.; Neumayer, E. Does the ’California effect’ operate
across borders? Trading- and investing-up in automobile emission
standards. J. Eur. Public Policy 2012, 19 (2), 217-237.

(59) Bocken, N.; Matthew, C.; Dalhammar, C. The Brussels and
California Effects? Circular Economy Policy Influence Across Borders.
Circular Economy and Sustainability 2025, S, 1665—1688.

(60) Wang, Z. Y.; Walker, G. W.; Muir, D. C. G.; Nagatani-Yoshida,

K. Toward a Global Understanding of Chemical Pollution: A First
Comprehensive Analysis of National and Regional Chemical
Inventories. Environ. Sci. Technol. 2020, 54 (5), 2575—2584.
_(61) Melymuk, L.; Blumenthal, J.; Sarika, O.; Shu-Yin, A.; Singla, V.;
Sebkovd, K; Pullen Fedinick, K; Diamond, M. L. A persistent
problem: the global challenges to managing PCBs. Environ. Sci.
Technol. 2022, 56 (12), 9029—9040.

(62) Fantke, P.; Aurisano, N.; Provoost, J.; Karamertzanis, P.;
Hauschild, M. Toward effective use of REACH data for science and
policy. Environ. Int. 2020, 135, 105336.

(63) European Council. Chemicals: Council greenlights legislative
package to streamline chemical safety assessments. 2025. https://www.
consilium.europa.eu/en/press/press-releases/2025/11/13/chemicals-
council-greenlights-legislative-package-to-streamline-chemical-safety-
assessments/ (accessed 2026—02—22).

(64) Fantke, P; Cinquemani, C.; Yaseneva, P.; De Mello, J;
Schwabe, H.; Ebeling, B.; Lapkin, A. Transition to sustainable
chemistry through digitalization. Chem. 2021, 7 (11), 2866—2882.

(65) UNEP. Stockholm Convention. https://chm.pops.int/
TheConvention/Overview/TextoftheConvention/tabid/2232/
Default.aspx (accessed 2026—02—22).

(66) Orellana, M. Right to science in the context of toxic substances.
Report of the Special Rapporteur on the implications for human rights of
the environmentally sound management and disposal of hazardous
substances and waste; 2021. https://digitallibrary.un.org/record/
3936864 (accessed 2026—02—22).

(67) Treu, G.; Schulze, J.; Galert, W.; Hassold, E. Regulatory and
practical considerations on the implementation of a mixture allocation
factor in REACH. Environ. Sci. Eur. 2024, 36, 101.

(68) Fenner, K.; Scheringer, M. The Need for Chemical
Simplification As a Logical Consequence of Ever-Increasing Chemical
Pollution. Environ. Sci. Technol. 2021, 55 (21), 14470—14472.

(69) Wang, Z. Y.; Praetorius, A. Integrating a Chemicals Perspective
into the Global Plastic Treaty. Environ. Sci. Technol. Lett. 2022, 9 (12),
1000—1006.

(70) van Dijk, J.; Sharma, A.; Nowack, B.; Wang, Z. Y.; Scheringer,
M. From Ambition to Action: Navigating Obstacles and Oppor-
tunities of “Safe and Sustainable by Design”. Environ. Sci. Technol.
2025, 59 (29), 14832—14841.

(71) Scheringer, M.; Arp, H. P. H; Cousins, I. T. Boundaries,
Limits, Global Threats - How Can the Impacts of Global Synthetic
Pollutants Be Reduced? Environ. Sci. Technol. 2026, 60, 4499.

(72) Rammelt, C. F.; Gupta, J.; Liverman, D.; Scholtens, J.; Ciobanu,
D.; Abrams, J. F.; Bai, X; Gifford, L; Gordon, C.; Hurlbert, M,;
Inoue, C. Y. A; Jacobson, L,; Lade, S. J; Lenton, T. M.; Armstrong
McKay, D. L; Nakicenovic, N.; Okereke, C.; Otto, I. M.; Pereira, L.
M,; Prodani, K;; Rockstrom, J.; Stewart-Koster, B.; Verburg, P. H,;

https://doi.org/10.1021/acs.est.6c03044
Environ. Sci. Technol. 2026, 60, 19761—-19770


https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1007/s44274-025-00491-5
https://doi.org/10.1007/s44274-025-00491-5
https://doi.org/10.1126/science.abg5433
https://doi.org/10.1126/science.abg5433
https://doi.org/10.1021/es501893m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es501893m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52023PC0779
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52023PC0779
https://doi.org/10.1016/j.marpolbul.2023.115503
https://doi.org/10.1016/j.marpolbul.2023.115503
https://doi.org/10.1017/plc.2025.10027
https://doi.org/10.1017/plc.2025.10027
https://doi.org/10.3390/w17182668
https://doi.org/10.3390/w17182668
https://doi.org/10.3390/w17182668
https://doi.org/10.1039/D4VA00014E
https://doi.org/10.1039/D4VA00014E
https://doi.org/10.1039/D4VA00014E
https://doi.org/10.1021/acs.est.0c02235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.1021/acs.est.4c11095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c11095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rse.2022.113263
https://doi.org/10.1016/j.rse.2022.113263
https://doi.org/10.1016/j.rse.2022.113263
https://doi.org/10.1021/acs.est.3c05300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adk6669
https://doi.org/10.1126/sciadv.adk6669
https://doi.org/10.1126/sciadv.adk6669
https://doi.org/10.1038/s41467-025-67374-4
https://doi.org/10.1038/s41467-025-67374-4
https://doi.org/10.1021/acs.est.5c01289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c01289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c01289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2025.140648
https://doi.org/10.1016/j.jhazmat.2025.140648
https://doi.org/10.1016/j.jhazmat.2025.140648
https://doi.org/10.1016/S0140-6736(25)01447-3
https://doi.org/10.1080/13501763.2011.609725
https://doi.org/10.1080/13501763.2011.609725
https://doi.org/10.1080/13501763.2011.609725
https://doi.org/10.1007/s43615-025-00516-4
https://doi.org/10.1007/s43615-025-00516-4
https://doi.org/10.1021/acs.est.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2019.105336
https://doi.org/10.1016/j.envint.2019.105336
https://www.consilium.europa.eu/en/press/press-releases/2025/11/13/chemicals-council-greenlights-legislative-package-to-streamline-chemical-safety-assessments/
https://www.consilium.europa.eu/en/press/press-releases/2025/11/13/chemicals-council-greenlights-legislative-package-to-streamline-chemical-safety-assessments/
https://www.consilium.europa.eu/en/press/press-releases/2025/11/13/chemicals-council-greenlights-legislative-package-to-streamline-chemical-safety-assessments/
https://www.consilium.europa.eu/en/press/press-releases/2025/11/13/chemicals-council-greenlights-legislative-package-to-streamline-chemical-safety-assessments/
https://doi.org/10.1016/j.chempr.2021.09.012
https://doi.org/10.1016/j.chempr.2021.09.012
https://chm.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx
https://chm.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx
https://chm.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx
https://digitallibrary.un.org/record/3936864
https://digitallibrary.un.org/record/3936864
https://doi.org/10.1186/s12302-024-00910-z
https://doi.org/10.1186/s12302-024-00910-z
https://doi.org/10.1186/s12302-024-00910-z
https://doi.org/10.1021/acs.est.1c04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.2c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.2c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c09863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c09863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c13807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c13807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5c13807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Zimm, C.; et al. Impacts of meeting minimum access on critical earth
systems amidst the Great Inequality. Nature Sustainability 2023, 6,
212-221.

(73) Tian, P.; Zhong, H; Chen, X;; Feng, K; Sun, L.; Zhang, N,;
Shao, X,; Liu, Y.; Hubacek, K. Keeping the global consumption within
the planetary boundaries. Nature 2024, 635, 625—630.

(74) Stockholm Resilience Centre. Marine science through the eyes of
sci-fi. Former PhD student turns to sci-fi to envision the future of our
oceans. https://www.stockholmresilience.org/research/research-
news/2016-09-26-marine-science-through-the-eyes-of-sci-fi.html (ac-
cessed 2026—02—22).

(75) Trasande, L.; Zoeller, R.; Hass, U.; Kortenkamp, A.; Grandjean,
P.; Myers, J.; DiGangi, J.; Hunt, P.; Rudel, R; Sathyanarayana, S.;
et al. Burden of disease and costs of exposure to endocrine disrupting
chemicals in the European Union: an updated analysis. Andrology
2016, 4 (4), 565—572.

(76) Alberini, A. Measuring the economic value of the effects of
chemicals on ecological systems and human health; 2017. https://www.
oecd.org/content/dam/oecd/en/publications/reports/2017/03/
measuring-the-economic-value-of-the-effects-of-chemicals-on-
ecological-systems-and-human-health_bb983bfd/9dc90f8d-en.pdf
DOI: 10.1787/9dc90f8d-en (accessed 2026—02—22).

(77) Buropean Commission. European Green Deal. Striving to be the
first climate-neutral continent. https://commission.europa.eu/strategy-
and-policy/priorities-2019-2024/european-green-deal _en (accessed
2026—02-22).

19770

https://doi.org/10.1021/acs.est.6c03044
Environ. Sci. Technol. 2026, 60, 19761—-19770


https://doi.org/10.1038/s41893-022-00995-5
https://doi.org/10.1038/s41893-022-00995-5
https://doi.org/10.1038/s41586-024-08154-w
https://doi.org/10.1038/s41586-024-08154-w
https://www.stockholmresilience.org/research/research-news/2016-09-26-marine-science-through-the-eyes-of-sci-fi.html
https://www.stockholmresilience.org/research/research-news/2016-09-26-marine-science-through-the-eyes-of-sci-fi.html
https://doi.org/10.1111/andr.12178
https://doi.org/10.1111/andr.12178
https://www.oecd.org/content/dam/oecd/en/publications/reports/2017/03/measuring-the-economic-value-of-the-effects-of-chemicals-on-ecological-systems-and-human-health_bb983bfd/9dc90f8d-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2017/03/measuring-the-economic-value-of-the-effects-of-chemicals-on-ecological-systems-and-human-health_bb983bfd/9dc90f8d-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2017/03/measuring-the-economic-value-of-the-effects-of-chemicals-on-ecological-systems-and-human-health_bb983bfd/9dc90f8d-en.pdf
https://www.oecd.org/content/dam/oecd/en/publications/reports/2017/03/measuring-the-economic-value-of-the-effects-of-chemicals-on-ecological-systems-and-human-health_bb983bfd/9dc90f8d-en.pdf
https://doi.org/10.1787/9dc90f8d-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

