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Towards safe and just planetary boundaries 
for novel entities
 

Miriam L. Diamond    1,2  , Anna Shalin    1, Lin Boynton    2, Andrew Hicks    1, 
Matthis H. Schäfer    2,3, Miguel van der Velden    2, Shengnan Wang    2, 
Lixi Wang    4, Huadong Xing5, Derek C. G. Muir6,7, Albert Norström    8,9, 
Fatima Denton10, Johan Rockström    8,11,12 & Zhanyun Wang    2,5,13 

The Planetary Boundaries framework shows that humanity is veering 
outside the conditions that safeguard the continued health and well-being 
of society. Setting safe and just limits for novel entities, specifically 
anthropogenic chemicals and materials, has been difficult because of 
their sheer number and diverse characteristics, hampering effective 
management. To inspire future work, we present a conceptual framework 
comprising three interconnected pillars, considering both well-known novel 
entities and ‘unknown knowns and known unknowns’. This framework is 
intended to assess boundaries and chart transformation pathways towards 
societal systems that benefit from novel entities while minimizing pressures 
on ecosystems and human health.

Uncontrolled production, use and release of novel entities (Box 1) are 
major drivers of the triple planetary crisis of climate change, biodiver-
sity loss and pollution1. The lines of evidence supporting this conclu-
sion are broad and deep, including contributions to climate change, 
species and ecosystem loss and impairment, habitat destruction and 
loss of human life (Box 2). For more than 50 years, the same message 
has been repeated—global society needs to acknowledge and act to 
mitigate pressures from novel entities to sustain the biosphere and 
human society2.

Recent global assessments underscore this urgency, calling for 
concerted global action to address all aspects of the planetary crisis in 
a holistic and integrated manner3. However, addressing existing dam-
age and preventing future harm is challenged by the sheer and growing 
scale and diversity of chemical, material and waste production. In 1965, 
one new substance was registered by the Chemical Abstracts Service 
every 2.5 min; by 2016, this rate had increased to one every 1.4 s (ref. 3). 

By 2020, more than 350,000 individual chemicals and mixtures had 
been registered for large-scale production and use worldwide4. Less 
than 37% of them have been evaluated, to any extent, by regulators for 
safety5, while the identities of many remain publicly unknown because of 
claims of confidential business information (more than 50,000) or they 
are ambiguously described (up to 70,000), hampering public scrutiny4.

The Planetary Boundaries framework translates the urgency of 
the scientific evidence of global change into a clear message that calls 
for action6. It has identified nine critical biophysical processes and 
systems that determine Earth’s stability and resilience, and delineates 
a safe operating space for humanity. Beyond this safe operating space 
is a zone of high and increasing threat of activating gradual changes 
or even triggering tipping points that can destabilize Earth systems.

Planetary Boundaries assessments have acknowledged, but made 
limited progress on quantifying, the boundary of ‘chemical pollution’ 
arising from the life cycle of anthropogenic chemicals and materials, 
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Once introduced into the environment and biota, the multitude 
and diversity of novel entities lead to complex, varied and distinct 
environmental fates and behaviours, which differ according to per-
sistence (lifespan in the environment), mobility (distance travelled 
from source) and biological half-life. Examples range from reactive 
atmospheric species (for example, hydroxyl radical or superoxide 
radical), lasting minutes, to chemicals and materials that will per-
sist for centuries, such as many per- and polyfluoroalkyl substances 
(PFASs)13; from those that remain close to their source (for example, 
ethanol) to those that achieve global distribution (for example, cae-
sium 137 distributed from atom bomb testing and the Chernobyl 
explosion)14; and from those that are excreted within hours (for exam-
ple, ortho-phthalates) to those retained in the body for decades (for 
example, lead or polychlorinated biphenyls (PCBs))15,16. Persistent 
chemicals can achieve global distribution through long-range trans-
port processes. However, some less persistent chemicals can be widely 
distributed if they are continually emitted from numerous sources, 
that is, they achieve ‘pseudopersistence’. Additionally, less persis-
tent chemicals may degrade to form many transformation products, 
including those that may be stable in the environment and biota (for 
example, dichlorodiphenyltrichloroethane (DDT) transforms to the 
more stable dichlorodiphenyldichloroethylene (DDE)). Furthermore, 
different chemicals can form the same transformation products: 
for example, triphenyl phosphate (TPhP) and 2-ethylhexyl diphenyl 
phosphate (EHDPP) are metabolized to diphenyl phosphate (DPhP), 
which itself is used in different applications17. Some novel entities, such 
as metals and other elements, may undergo speciation that changes 
their environmental behaviour, bioavailability and toxicity12.

Furthermore, the multitude and diversity of novel entities means 
that they cause a wide range of adverse physical, chemical and biologi-
cal effects on the environment and humans (Fig. 1 and Table 1).

a category later renamed and expanded to encompass both chemi-
cal and biological ‘novel entities’. In 2022, Persson et al. argued that 
global society has exceeded the Planetary Boundary for novel entities 
(excluding new life forms) on the basis of a weight-of-evidence analysis 
considering (1) unsustainable growth in total chemical and material pro-
duction with no bounds to constrain this growth, (2) the growth in the 
number and diversity of chemicals registered for use and (3) society’s 
inability to assess, let alone control, the vast majority of novel entities7.  
Richardson et al. adopted the reasoning of Persson et al. to set the 
boundary at 0% release of untested synthetic chemicals, which is neither 
realistic nor consistent with the approaches taken for other boundaries8.

The Earth Commission extended the Planetary Boundaries frame-
work by defining safe and just boundaries: safe boundaries to maintain 
Earth system resilience, and just boundaries to minimize harm to peo-
ple9. In addition, it called for development of transformation pathways 
to sustainable practices.

This Perspective article aims to inspire and advance concerted 
efforts regarding novel entities under the auspices of Earth Commis-
sion 2.0, launched in March 2024, and beyond. Adopting the scope for 
novel entities used in ref. 7, we present a conceptual framework consist-
ing of three interconnected pillars to guide a systematic investigation 
towards understanding and tackling the safe and just boundaries of 
novel entities, with the ultimate goal of developing realistic trans-
formation pathways. We further offer our perspectives on short- and 
long-term priorities and invite the broader community to contribute 
to this collective effort. As with other discussions of planetary bounda-
ries, we maintain that known threats of novel entities to the biosphere 
and humans are sufficient to move forward. Lack of knowledge adds 
uncertainty, but does not detract from the need to act urgently10. This 
and future efforts regarding the boundaries of novel entities should 
strive to be relevant and feasible, but cannot be exhaustive7.

Challenges for defining boundaries
Diverse novel entities and their adverse effects
The global market exhibits staggering diversity in terms of molecular 
structures and life cycles, and continues to grow annually4. For example, 
China alone added nearly 1,500 chemicals with production of >1 t yr−1 
to its national inventory between 2013 and 2025 (ref. 11).

The multitude and diversity of novel entities introduce several 
layers of complexity that present challenges for parsing exposures and 
resultant adverse effects. First, the same novel entities can have multi-
ple uses: for example, bisphenol A is used as an ink developer on ther-
mal paper, to make polycarbonate plastic and epoxy resin linings and 
as a feedstock for producing fluoroelastomers and brominated flame 
retardants12. The same function can be fulfilled by numerous novel enti-
ties: for example, diverse organic and inorganic chemicals are used as 
flame retardants. Consequently, humans and ecosystems are exposed 
to complex mixtures of many novel entities from multiple sources.

BOX 1

Definition of novel entities
We define novel entities to include the broad range of anthropogenic 
chemicals and materials, in line with ref. 7. These include polymers 
and plastics; engineered materials such as nanomaterials; and 
substances of unknown or variable composition, complex reaction 
products or biological materials and unintentionally manufactured 
substances, encompassing transformation products. The term also 
covers naturally occurring elements whose biogeochemical cycles, 
abundance and/or chemical forms have been altered by human 
activity. We do not include novel life forms.

BOX 2

Examples of harms caused 
along the life cycle of 
anthropogenic chemicals and 
materials
The chemical sector contributes substantially to greenhouse gas 
emissions, accounting for about 7% of annual global emissions 
according to early 2010s estimates76.

Chemical pollution is among the five key drivers of biodiversity 
loss77, with a 2022 study finding that about 26% of rivers sampled 
across 104 countries (n = 258) contained at least one pharmaceutical 
pollutant exceeding safe levels for aquatic organisms34.

Human health impacts are severe: the Global Burden of Disease 
study estimated that in 2021 nearly 2 million premature deaths and 
more than 41 million disability-adjusted life years were attributable 
to lead exposure and occupational exposure to 12 other chemical 
groups alone78.

Meanwhile, anthropogenic material mass, doubling roughly 
every 20 years, surpassed global living biomass in 2020, reaching 
more than 1.1 teratonnes, contributing to habitat loss and 
destruction79. Correspondingly, the generation of municipal solid 
waste, which contains toxic metals, endocrine-disrupting chemicals 
and many other hazardous chemicals, rose to 2.1 billion tonnes 
in 2020, with 38% being dumped or burned and 29% landfilled, 
contributing to substantial pollution80.
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Critically, (1) the same novel entities may cause different adverse 
effects to ecosystems and human populations, (2) different novel 
entities may contribute to the same adverse effects, (3) these effects 
may interact with each other and other stressors, causing secondary 
effects18, and (4) adverse effects can be substantially delayed, even 
across generations19. As an example of cascading effects, apart from 
direct immune system dysfunction, immunotoxicants can contribute 
to indirect effects by increasing an organism’s vulnerability to other 
disease agents20. Neurotoxicants can lead to direct consequences for 
the well-being of affected individuals, families and communities and 
indirect consequences associated with the costs of such impairments21.

Another challenge is that novel entities intersect with other Earth 
system domains. For example, novel entities can be greenhouse gases 
that contribute to climate warming, cause stratospheric ozone deple-
tion, reduce biodiversity through toxic effects and diminish freshwater 
resources. This overlap raises important questions about how to deline-
ate boundaries across interconnected domains.

Scarce information
Information on the structures and properties of novel entities 
remains scarce. As mentioned above, chemical identities are publicly 
unknown for nearly one-third of the chemical substances registered 

for production and use4. Relatively few chemicals and materials have 
been measured in the environment or tested for their toxicity, with 
most testing focusing on well-studied or regulated ones22,23. Chemical 
and mixture diversity with insufficient information also pertains to 
materials such as plastics24. Further, reliable production volumes are 
only available for a limited number of countries and regions25, while the 
African region has virtually no mechanisms for collecting information 
on production or use4.

A larger subset of chemicals have some safety data; however, 
the data are often not publicly accessible. For example, out of about 
120,000 chemical substances that have been evaluated (to some 
extent) by regulators, most of the information has been claimed as 
confidential by industry, is simply not made accessible to the public 
by industry and/or regulators5 or is scattered in the scientific and other 
literature and cannot be easily processed or extracted24,25.

Lessons for addressing boundaries
The diversity of novel entities and their associated impacts, together 
with substantial information gaps, not only poses challenges for defin-
ing boundaries, but also creates opportunities for new modes of con-
sideration. Their diversity, multifunctionality and mixture effects 
underscore the need to move beyond chemical‑by‑chemical and 
case‑by‑case approaches, while overlaps with other planetary bound-
aries call for clear conceptual delineation. Complex fate and trans-
port dynamics, including persistence, transformation processes and 
long‑term impacts, require integration of evidence across temporal and 
spatial scales and consideration of irreversibility. A weight-of-evidence 
approach is needed while acknowledging that data opacity, uncertainty 
and variability, including the potential latency of some effects, neces-
sitate precautionary approaches.

New conceptual framework
Ideally, defining safe and just boundaries for novel entities would involve 
comprehensive quantification of their global and/or cross-regional 
impacts, particularly on biosphere functioning and human health, and 
translating these into actionable budgets that can guide transformation 
pathways—similar to approaches for climate change and stratospheric 
ozone depletion26. However, this ambition is unlikely to be fully achiev-
able in practice, given the challenges highlighted above. Rather, we have 
designed a pragmatic approach, consisting of three interconnected 
pillars, to build a robust framework for investigating, understanding 
and staying within the boundaries of novel entities (Fig. 2).

First, the decision about what constitutes a boundary needs to 
be made, including whether it is defined according to specific novel 
entity classes or with further aggregation across classes. We consider 
that boundaries for novel entities should be determined primarily by 
the types of impacts they exert collectively. For instance, if toxicity is 
considered a core basis for establishing the boundaries of novel enti-
ties, then it would be more appropriate to set a collective boundary for 
as many chemicals as possible rather than for individual substances. 
The position of the boundary is placed at the lower bound of the uncer-
tainty range of impacts to acknowledge uncertainties.

At the outset, we focus the assessment of safe boundaries relative 
to ecosystem health and the assessment of just boundaries on intra- 
and intergenerational impacts on human health9. While the definition 
of just boundaries has included interspecies considerations, we view 
these as encompassed within ecosystem health26. We acknowledge the 
existence of novel entities that are included under other boundaries 
(for example, greenhouse gases under the climate change boundary). 
In such cases, we exclude them from the novel entity boundaries. At 
the same time, it is essential to remain vigilant of the full spectrum of 
potential impacts associated with novel entities, some of which may still 
be unknown or insufficiently understood. As scientific understanding 
advances, it may become necessary to establish additional boundaries 
or modify existing boundaries.

Examples of pressures along the novel entity life cycle

Raw material extraction

Plastic production

Plastic consumption

End-of-life treatment

1 Particulate impacts
such as albedo
reduction

Physical impacts,
for example:

2 Greenhouse e�ects 

3 Mortality due to
entanglement and
ingestion

4 Photochemical smog

5 Ocean acidification

6 Acidic rain and water
bodies

8 Eutrophication

9 Antimicrobial
resistance

10 Toxic e�ects on 
human and
ecosystem health

Chemical impacts,
for example:

Biological impacts,
for example:

7 Ozone depletion

21 106 Mining of metals as raw materials for plastic additives 

1076421 Release during plastic production 

10421 Release during the incineration of plastic waste 

1072 Release of fluorinated gases used as foam-blowing 
agents in plastics and their transformation products

2 Deforestation as 
biofeedstock for
plastics

2 Release of 
biocides used 
in plastics

6 79 10

2 Use and release
of plastics

6 79 102 Use and release
of plastics

6 71 3

Example at specific life cycle stage Associated impacts

Fig. 1 | Illustrative examples of pressures and associated impacts along the 
plastic life cycle. Chemical substances can cause adverse effects along their life 
cycle, spanning from raw material extraction to chemical production, use and 
end-of-life treatment. The top panel summarizes the physical, chemical and 
biological impacts that these chemicals may cause. The other panels provide 
illustrative examples of novel entity-related pressures and associated impacts 
(listed as numbers corresponding to the detailed impact categories in the top 
panel) along the life cycle, using plastics as an illustrative case.
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Table 1 | Non-exhaustive illustration of categories of novel entity-related pressures, their potential threats to specific Earth 
systems and human populations at global-to-regional-to-local scales, and specific novel entity examples

Category Potential threats to Earth systems and human 
populations

Novel entity example(s) Example 
references

Global impacts

Greenhouse gases Climate change risk: changes to atmospheric radiative forcing Fluorinated gases, for example, chlorofluorocarbons and 
hydrofluorocarbons

63

Ozone-depleting 
substances

Climate change and human health risks: depletion of 
stratospheric ozone

Fluorinated gases, for example, chlorofluorocarbons and 
hydrochlorofluorocarbons; some brominated and chlorinated 
gases, for example, CCl4 or CH3Br

64

Aerosol-forming 
chemicals

Climate change and human health risks: radiative forcing, 
alteration of precipitation and climate, and toxicity from 
inhalation of aerosols

Combustion emissions, for example, polycyclic aromatic 
hydrocarbons (PAHs), oxides of nitrogen and sulfur, or volatile 
organic compounds

65

Plastics (macro-, micro- 
and nano-)

Ecosystem and human health risks: harms from macro-, micro- 
and nanoplastics and associated plastic additives therein to a 
range of wildlife and humans

Polystyrene, polypropylene, polyvinyl chloride, polyurethane 
and so on

3,12,25

Local-to-regional impacts
Disinfectants, 
preservatives, antibiotics 
and biocides (human and 
veterinary)

Ecosystem and human- health risks: selection pressure on 
lower trophic levels and impacts on ecosystem biodiversity; 
risk of antibiotic resistance as a threat to human health and 
food production

Human, veterinary and aquaculture antibiotics, organotins, 
triclosan, and quaternary ammonium compounds

66

Mining of elements and 
aggregates

Ecosystem impairment risks: habitat destruction, altered 
water quantity and quality, contaminated food supply, and 
toxicity
Human health risks: direct physical and toxicological risks; 
risk of zoonotic diseases and vector-borne infections from 
incursions into natural habitats

Critical minerals, for example, cobalt, lithium, gold, silver or 
rare-earth elements (which usually co-occur with radioactive 
elements)
Aggregates, for example, sand or stone

67

Conventional and 
unconventional drilling 
and extraction of fossil 
fuel-based feedstocks

Ecosystem impairment risks: physical habitat destruction and 
impairment of air, water and/or soil quality
Human health risks: impaired local air and water quality

Sweet and sour gas, light-to-heavy crude oil, and chemicals used 
in drilling fluids

68

Sourcing of bio-based 
feedstocks

Ecosystem impairment risks: deforestation leading to habitat 
destruction, altered water quantity and quality, and land 
instability (for example, landslides)

Bio-based plastics and textiles 69

Local-to-global impacts, subject to specific chemicals and uses
(Highly) hazardous 
pesticides

Ecosystem and human health risks: chemicals that may cause 
a loss of pollinators, amphibians, other insects, bats and 
potential cascading trophic impacts; can cause acute and 
chronic poisoning of humans

Neonicotinoids, atrazine, glyphosate and paraquat; highly 
hazardous pesticides: aldicarb, parathion and carbofuran

12,70

Neurotoxicants Ecosystem and human health risks: chemicals that may 
contribute to altered brain and neurological function leading 
to, for example, loss of cognitive function, or impaired 
behaviour of higher-order animals

Lead, methylmercury, polybrominated diphenyl ethers and 
certain pesticides such as glyphosate, imidacloprid and fipronil

21

Endocrine-disrupting 
chemicals

Ecosystem and human health risks: chemicals that may 
interfere the functioning of natural endocrine system(s) with 
potential cascade of effects such as impaired development, 
sexual differentiation, metabolic disorders and certain cancers

Lead, cadmium, certain bisphenols, DDT, ortho-phthalates and 
certain brominated flame retardants

71

Obesogens Human health risks: chemicals that may alter energy 
metabolism, for example through endocrine signalling and 
lipid metabolism

PCBs, certain PFASs and bisphenol A 72

Carcinogens, mutagens 
and reproductive 
toxicants

Human health risks: direct or indirect toxicity to humans 
and/or biota with a latency period of a few years to the next 
generation

IARC have classified 135 agents as carcinogenic to humans 
(group 1), some of which fall into the scope of novel entities:  
for example, asbestos, PAHs and dyes metabolized to benzidine 
(2A probably carcinogenic to humans)
Mutagens: for example, aromatic amines, sodium azide, PAHs, 
benzene, arsenic, chromium and radioactive elements
Reproductive toxicants: for example, trichloroethylene and PCBs

73

Intergenerational harm
Mutagens and 
reproductive toxicants

Ecosystem and human health risks: exposure can cause 
adverse effects in next generation

See list above

POPs Ecosystem and human health risks: chemicals that may cause 
intergenerational toxicity because they accumulate in the 
environment over time

POPs listed under the Stockholm Convention: for example, 
PCBs; some PFASs

74

Radioactive elements Ecosystem and human health risks: 
immediate-to-intergenerational harm (for example, cancer) 
from mining, processing, handling and disposal

238Uranium series: for example, uranium, thorium, radon and 
polonium

75

Notes: Some novel entities could threaten multiple Earth systems and human populations, and thus, could be, or already are, considered under boundaries other than that 
for novel entities (for example, ozone-depleting substances are also potent greenhouse gases and are considered under the ozone-depletion boundary). The categories 
represented may relate to intrinsic properties of specific novel entities that may lead to impacts (for example, greenhouse gases or obesogens), substance groups (for 
example, plastics), function-based chemical categories (for example, disinfectants or pesticides) and economic and technological processes (for example, mining of 
elements and aggregates). This categorization aims to illustrate both the diversity of the underlying causes of impacts along the life cycle of chemicals and materials, and 
various pragmatic approaches that may be used to group novel entities with similar traits to simplify their complexity and guide more efficient action.
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Second, we consider that boundaries can be derived from the 
global-scale status of a novel entity, as occurs with substances suf-
ficiently persistent to achieve a global distribution, such as mercury, 
persistent organic pollutants (POPs) and plastics27,28. Boundaries can 
also be derived from the aggregation of regional-to-local-scale condi-
tions of, for example, less persistent novel entities, noting that regional 
aggregation is used to determine the boundaries of biosphere integrity, 
freshwater availability and nutrient biogeochemical cycling9.

Third, we recognize that any such assessment must contend with 
varying and incomplete knowledge. The conceptual framework builds 
upon and seeks to address varying degrees of knowledge by delineating 
known knowns (pillar 1), and known unknowns and unknown knowns 
(pillar 2). Pillar 3 is designed to inform and support the societal transi-
tion towards systems to enable the safe and sustainable production, 
use and disposal of novel entities. Some unknown unknowns may differ 
fundamentally from known cases, creating new gaps that may not be 
anticipated or addressed. Accordingly, an iterative implementation of 
the conceptual framework is necessary and justified.

Pillar 1
This pillar aims to assess the current status of ecosystem and human 
health impacts for well-known novel entities (known knowns) rela-
tive to the safe operating space, specifically on the basis of measured 
concentrations in various environmental and human media relative 
to established toxicological benchmarks. The assessment method 
is designed to inform boundary assessment but not to guide specific 
regulatory decisions on chemicals management. For example, the 
evidence base considered does not allow for the setting of critical loads 
or emission limits.

As a starting point, we consider toxicological benchmarks aimed 
at population-scale health protection and vetted by regulatory agen-
cies through rigorous processes, which are derived from toxicological 
studies that require substantial interpretation, data evaluation and 
analytical judgement. We recognize that regulatory benchmarks vary, 

reflecting differences in how individual agencies consider evidence 
and use assessment practices. Similar uncertainty and variability are 
expected for benchmarks developed by other individuals or organiza-
tions. Consequently, future efforts are warranted to systematically 
compile and evaluate benchmarks across different media, and to har-
monize them to the extent that is possible.

To operationalize pillar 1, first, we recommend mapping and 
adapting existing risk indicators—for example, exceedance fre-
quency, hazard and risk quotients, margin-to-benchmark metrics 
and burden-of-disease estimates. Then, aggregation of chemical and 
material risks occurs at several points. We argue that an aggregated 
approach across novel entities rather than a chemical-by-chemical 
approach29 is needed to address the inevitability of exposures to mix-
tures and the shared property that most, if not all, novel entities have 
the potential to exert toxic effects on wildlife and human populations. 
The risk from each chemical exposure can be viewed as occupying a 
fraction of the ‘risk cup’ or, in the context of planetary boundaries, a 
portion of the safe operating space30. To remain sufficiently protec-
tive, the total risk from all chemicals in a mixture should not exceed 
a safe limit28.

The second point of aggregation is to assemble multiple risk indi-
cators within a geographic area. Different approaches may be used, 
including simple partitioning of land areas into equal-sized units, 
with examples of using a uniform 52 km hexagonal grid and a 5 arcmin 
resolution31,32, and approaches that aggregate all hydrologically con-
nected waterbodies into a single analytical unit33. The influence of such 
methodological choices on the interpretation and comparability of 
results remains to be evaluated. Next, aggregation is needed to cap-
ture the global picture through local-to-regional and local-to-country 
levels26,34. Several studies have applied such approaches to chemical 
classes: for example, Stehle and Schulz reported that more than 50% of 
detected insecticide concentrations in global surface waters exceeded 
regulatory threshold levels, and Wilkinson et al. found that concentra-
tions of at least one active pharmaceutical ingredient at approximately 

Safe and just boundaries

As a basis
for remaining
within the
corridor

Conceptual illustration of the
safe and just boundaries

Pillar 2: Horizon scanning of overlooked, emerging and potential
novel entities and issues that may transgress boundaries

1 Using LLMs to 
screen literature 
for evidence of 
overlooked issues

2 Analysing mega-
trends to identify
potential future 
issues

3 High-throughput or 
high-content 
screening of novel 
entities

Pillar 1: Synthesizing known global and regional impacts of novel entities
through literature review, database collation and case studies

Pressure from
just minimum
access for all

Safe and just
corridor

Danger zone

Inform

Informing the 
identification of 
boundary 
transgression

1 Compiling measured levels
in ecosystem-relevant media
and human populations 3 Calculating and aggregating

selected risk indicators 
across novel entities and 
geographical scales2 Compiling (regulatory)

toxicological benchmarks

Pillar 3: Identifying transformation pathways towards sustainable
production, consumption and disposal systems of novel entities

1 Analysing case studies on
structural drivers and key
actors across economic,
social, technological
and political dimensions

2 Identifying lock-ins
and charting
transformation 
pathways for specific 
case studies

3 Developing a 
generalized
framework for 
novel entities

Fig. 2 | Schematic illustration of the conceptual framework. Pillars 1 and 2 are for determining the safe and just boundaries of novel entities, and pillar 3 is for charting 
transformation pathways for societies to remain within the safe and just corridor.
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27% of the sampling sites across 258 of the world’s rivers were greater 
than concentrations considered safe for aquatic organisms, or which 
are of concern in terms of selection of antimicrobial resistance34,35. For 
human health, the most comprehensive global assessment has been 
for only one chemical, lead, with estimates of the loss of 765 million 
IQ points among children younger than 5 years and more than 5 mil-
lion deaths from cardiovascular disease, and more than 90% of these 
impacts occurring in low- and middle-income countries (LMICs)36.

Ultimately, the decision of what constitutes an exceedance of a 
boundary should be based on a review of the risk indicators and other 
evidence, including inputs from pillar 2, with the placement of the 
boundary position based on the lower end of the uncertainty range of 
adverse effects. The uncertainty range is defined as the danger zone. 
Exceeding the upper level of the uncertainty range takes the boundary 
transgression to high risk. The placement of the boundary level at the 
lower end of the uncertainty range is based on evaluating the weight 
of evidence and then applying precaution, accounting for the many 
uncertainties, critical data gaps and biases in available data. Among the 
uncertainties and gaps are interactions among planetary boundaries, 
the latency periods required for system transition (for example, poorly 
reversible exposure arising from persistent and pseudopersistent 
novel entities) and overlooked or unexpected impacts, including those 
that may only become evident across generations. Further sources 
of uncertainty, along with inherent variability in data informing the 
analysis, arise from differences in measurement methods (for example, 
sampling and analytical methods, and detection limits), compounding 
temporal trends, and differences in sampling locations, for example, 
‘background’ versus ‘impacted’ sites. Some of these sources of uncer-
tainty and variability can be addressed by, for example, constraining 
the time span of data considered to minimize the influence of temporal 
trends and to vet measurement data according to quality assessment 
and quality control considerations. An additional source of uncertainty 
is that benchmarks can shift (usually drop) over time as new toxicologi-
cal evidence is presented, requiring attention to the year of publication.

However, some biases and uncertainties are difficult to avoid. For 
example, measurement data and the availability of benchmarks are 
biased towards well-studied novel entities. To date, probably fewer 
than 20,000 substances have been measured in the environment, with 
the top 500 chemicals covering about 70% of the studies analysed22. 
Another bias is towards legacy, but not currently used, novel enti-
ties. This is problematic because many legacy POPs show declining 
concentrations as a result of management policies, while obscuring 
rising levels of their potentially harmful substitutes28. Another strong 
bias is towards measurements in high-income countries due to a lack 
of data availability and accessibility from LMICs, yet this bias could 
substantially distort the overall global picture. For example, Wilkinson 
et al. found that active pharmaceutical ingredient concentrations were 
highest in LMICs, with similar results for several metals reported by 
Hou et al.34,37. This bias could be partially mitigated by using predic-
tive models, but this is again restricted to well-studied novel entities 
for which substantial empirical data and mechanistic understanding 
already exist36,37. Furthermore, analytical detection limits may not be 
low enough to pick up a signal of risk exceedance32.

To operationalize pillar 1, we consider the following priorities in 
the short and long term.

Short-term priorities. As part of Earth Commission 2.0, efforts are 
underway to compile measured concentrations of novel entities in 
ecosystem-relevant media (for example, surface water, groundwater, 
soil and air) from various datasets and evaluate them against regulatory 
ecotoxicological benchmarks. Datasets from monitoring programmes 
may be subnational (for example, California Department of Pesticide 
Regulation Environmental Monitoring, SURF), national (for example, 
the Canada Chemical Management Plan Monitoring Program for Sur-
face Waters and the New Zealand National Groundwater Monitoring 

Program) or global (for example, the Stockholm Convention’s Global 
Monitoring Plan, GMP). Efforts are needed to process and harmonize 
diverse data formats, identify all substances with chemical identifi-
ers, minimize data duplication between databases that is not readily 
apparent and consider data quality assessment and quality control, 
among others.

In parallel, measured chemical levels in human populations (for 
example, in blood, urine and human milk) are being assembled and 
compared against human health benchmarks, such as those com-
piled in the Human Biomonitoring Health-Based Guidance Value Dash-
board38. This comparison involves curating and harmonizing data from 
recognized sources such as the GMP human milk survey, the Global 
Burden of Disease Study and various national and/or regional human 
biomonitoring programmes such as the Korean National Environmen-
tal Health Survey, the US National Health and Nutrition Examination 
Survey and Human Biomonitoring for Europe.

Noting that the datasets are heavily biased towards high-income 
countries for both environmental and human biomonitoring meas-
urements, individual studies are needed to help fill critical data 
gaps. However, efforts are needed to compile them into harmo-
nized public databases such as the US Environmental Protection 
Agency’s Multimedia Monitoring Database and NORMAN Network’s 
EMPODAT database39,40.

Long-term priorities. The broader community may further expand the 
set of novel entities with measured concentrations at the global scale, 
with robust ecosystem and human health benchmarks to better cover 
the novel entity universe. Continuous environmental and human moni-
toring should be expanded, in terms of both chemical coverage and 
geographic representation, especially in LMICs. Given the high cost and 
labour-intensive nature of current monitoring efforts, the development 
and deployment of low-cost monitoring techniques, such as passive 
sampling networks41, is essential. Such expansion should be informed 
by the horizon scanning approaches in pillar 2 to ensure inclusion of 
overlooked priorities or emerging chemicals of concern. Addition-
ally, further work is needed to enable data comparison through more 
interoperable and centralized public data sharing and compilation in 
a regular manner, using standardized data reporting templates based 
on FAIR (findability, accessibility, interoperability and reusability) 
principles, and leveraging the capabilities of artificial intelligence. The 
global reporting of novel entity production, use and release should be 
strengthened to enable more robust assessments of predicted distribu-
tions in the environment and humans, complementing the approach 
based on direct measurements.

Pillar 2
This pillar aims to address both known unknowns and unknown knowns. 
First, retrospective scanning can be used to identify overlooked evi-
dence of novel entities that may cause notable adverse impacts on 
humans and/or Earth systems. This approach is inspired by a series 
of ‘late lessons from early warnings’10. For example, Mayer et al. high-
lighted extensive global soil contamination by di(2-ethylhexyl) phtha-
late (DEHP) in the 1970s, yet large-scale studies and action on DEHP 
were delayed by decades42. Similarly, the toxicity of several industrial 
chemicals, such as perfluorooctanesulfonic acid and PCBs, was known 
by their producers long before public disclosure43,44. Recent advances 
in cheminformatics and artificial intelligence such as large language 
models (LLMs) offer new opportunities to allow for systematic screen-
ing of the vast literature and identification of key insights, such as which 
novel entities have been studied on which subject, as demonstrated 
by smaller-scale studies such as Kristiansson et al.23 and Zhu et al.45.

Second, prospective screening can be conducted to investigate 
how current and foreseeable mega-trends may influence the impacts 
of novel entities. For example, climate change may impact novel enti-
ties in at least two ways. (1) Rising temperature and increasing extreme 
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weather events will impact the environmental releases (from envi-
ronmental sinks and anthropogenic reservoirs such as landfills), fate 
and transport of novel entities, which will alter (mostly increase) their 
impacts on humans and/or Earth systems46. (2) Climate mitigation 
and adaptation measures can also result in new use patterns of novel 
entities: for example, more widespread and frequent use of pesticides 
prompted by increasing pest infestations, which will put further pres-
sure on biodiversity loss, water quality impairment and human health 
risks. Horizon scanning should take an interdisciplinary approach that 
integrates changes in mega-trends with knowledge on novel entities to 
project plausible future scenarios and inform proactive action.

Third, efforts could expand to leverage emerging technologies, 
including New Approach Methodologies-based high-throughput test-
ing and advanced in silico models using machine and deep learning 
approaches, to screen chemicals and materials in commerce. Substan-
tial challenges remain, including limited high-quality training data for 
only a subset of chemicals, insufficient analytical standards for many 
substances, and incomplete or ambiguous chemical identity informa-
tion for substances of unknown or variable composition, complex reac-
tion products or biological materials47, and polymers. However, these 
technologies are advancing rapidly and their continued development 
warrants close monitoring.

Short-term priorities. Efforts are underway to develop and validate 
fine-tuned LLMs capable of digesting scientific literature, mapping 
which novel entities have been studied and cataloguing their current 
disciplinary landscape at a high level as a basis for guiding future work. 
The results will be compared with data collected and analysed in pillar 1, 
particularly the set of novel entities identified, and will probably further 
show that pillar 1 captures only the tip of the iceberg.

Meanwhile, additional research that systematically examines 
how current and foreseeable mega-trends may influence the adverse 
impacts of novel entities is strongly encouraged, to enhance the abil-
ity to anticipate how the impacts of novel entities may expand or shift 
in the future, and can help inform and prioritize monitoring efforts 
under pillar 1 (ref. 48). Such efforts could build on existing work by the 
Arctic Monitoring and Assessment Programme Expert Group on POPs, 
and the United Nations Environment Programme’s global foresight 
report on planetary health and human well-being49,50. Furthermore, the 
continued development, validation and application of screening tech-
nologies, including New Approach Methodolgies-based testing and in 
silico models, is warranted, both to expand the range of endpoints and 
applicability domains that they cover and to enable identification of 
novel entities that may warrant further in-depth analysis.

Long-term priorities. Future work should aim to improve open access 
to full-text peer-reviewed, ‘grey’ and patent publications and enhance 
model capabilities—not only to map the knowledge landscape, but 
also to extract, harmonize and synthesize relevant information across 
related disciplines in a regular manner. These efforts would enable 
more comprehensive identification and assessment of novel entities. 
However, caution is warranted, as not all literature is of high quality; 
some sources may even be intentionally biased due to vested interests. 
Carefully designed protocols and workflows should be established as an 
initial step to ensure that only high-quality literature is systematically 
identified and screened. Also, LLMs and other artificial intelligence 
tools must be rigorously validated, including careful consideration 
of false positives and false negatives, the choice of ground truth used 
for training and evaluation, and strategies to minimize hallucinations. 
Furthermore, prospective screening should be conducted regularly to 
maintain oversight of emerging and potential issues, enabling timely 
identification of novel entities and their evolving risks. The purpose 
of such exercises should not be to generate long, speculative lists, 
but rather to focus on a small number of mechanisms supported by 
strong evidence and pathway relevance, alongside regular, systematic 

screening to determine which mega-trends should be prioritized and 
which sensitive novel entity classes should be followed. Together, these 
efforts will support more comprehensive assessments of boundaries.

Pillar 3
Ultimately, the motivation of this effort is to mobilize widespread 
support to prevent transgression of boundaries across all sectors, 
including the chemical industry, other players along supply chains, 
policy-makers and financiers. These actors need to take active roles in 
the multiple transformation pathways that are likely to lead humanity 
towards a safe, just and resilient future51. Pillar 3 aims to chart transfor-
mation pathways that emerge from diagnosing structural drivers and 
key actors that perpetuate the status quo using a lock-in framework52, 
and unlock positive change by identifying critical leverage points or 
decision nodes.

Various technological strategies have been conceptualized to 
reduce impacts from novel entities and transition towards sustain-
ability, including the need for small and appropriate-scale technolo-
gies instead of ‘bigger is better’ technologies53, ‘benign by design’ for 
chemical and product design54, ‘green chemistry’ principles to reduce 
the environmental impact of chemical synthesis55, circularity as a way 
to reduce primary material use and waste production56, and chemi-
cal simplification57. However, recent evidence shows that achieving 
transformative change requires a more holistic analysis that goes 
beyond technological solutions. It demands systemic change across 
economic, social, technological and political dimensions, building 
upon an understanding of how these dimensions collectively lock 
in current practices52. Further, understanding structural drivers and 
key actors that contribute to lock-in is needed to help break it and to 
avoid unintended consequences such as regrettable substitution and 
rebound effects. An illustrative example is the use of high levels of 
organohalogen flame retardants in television casings, added without 
a clear fire safety benefit but with longer-term risks to human health. 
Here, the lock-in was due to outdated flammability standards that 
required updating rather than replacement flame retardants that led 
to regrettable substitutions58.

Using this analytical framework can help us to critically analyse 
why many existing technological solutions have had limited success59, 
chart a course to break lock-in, and make the case for why proposed 
transformation pathways could be expected to lead to durable, posi-
tive change. Application of such analytical frameworks to novel enti-
ties is relatively new and supported by only a limited number of case 
studies. Consequently, substantial work is still needed to advance the 
framework: for example, determining which factors should be con-
sidered and how they can be analysed systematically, how to identify 
and prioritize relevant actors, which data sources are appropriate as 
starting points, and key outputs (such as pathway archetypes, leverage 
points, actor-specific targets and strategies).

Another aspect requiring consideration is that of trade-offs, which 
must be considered to avoid ‘burden shifting’ between measures that 
meet one safe and/or just boundary while transgressing another. 
Gupta et al. discuss the issue of trade-offs, showing that achieving a 
just boundary for all of society may exceed one or more safe bounda-
ries, requiring ‘some difficult conversations’ to develop a transitional 
corridor to meet both safe and just boundaries26. Analysis to underpin 
these difficult conversations will be needed to consider trade-offs 
between boundaries (for example, between novel entities, water and 
climate domains), between novel entities (for example, favouring a 
technological pathway such as chemical substitution that shifts pres-
sure between novel entities)60 or between safe and just boundaries for 
the same novel entities (for example, achieving a safe boundary may 
exacerbate inequalities and make it difficult to meet a just boundary). 
A prime example of burden shifting is the case of lithium-ion batteries, 
which are enabling the ‘net-zero’ renewable energy transition. Current 
battery technologies rely on critical minerals and many hazardous 
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chemicals, including various PFASs. The extraction and production 
of these raw materials, as well as battery production and end-of-life 
disposal, are causing considerable chemical pollution of land and water 
and contributing to habitat loss61.

Short-term priorities. As part of the Earth Commission 2.0, efforts 
are underway to (1) conduct case studies to identify structural driv-
ers, commonalities and differences that can inform transformation 
pathways, (2) identify the parts that actors can play in actualizing 
transformation pathways, paying particular attention to power dynam-
ics, coalition formation and who benefits from the current system, and 
(3) draw lessons from other domains such as biodiversity and climate 
change. Each case study requires the analysis of the complex system 
within which the ‘locked-in’ system is embedded, necessarily using a 
transdisciplinary lens.

Long-term priorities. Structural drivers of the global society and 
economy are shifting in real time with major geopolitical changes, 
including governments and private sector entities walking back previ-
ous commitments towards sustainability. This situation of flux requires 
a constant updating of transformation pathway strategies and tactics. 
Ultimately, a generalized framework derived from multiple case stud-
ies that embeds flexibility while working towards durable positive 
change should be developed and tested. Thus, the framework will 
require constant efforts of adaptation, nimbleness and creativity to 
respond to a changing world. It is also essential to apply the framework 
to broader issues related to novel entities, including understanding 
why many existing concepts and approaches have not led to systemic 
change, and reveal actionable leverage points to change the status quo. 
Furthermore, efforts should be made to establish a systematic and 
objective framework for navigating trade-offs to avert burden shifting.

Moving forward
Scientific and engineering knowledge and solutions, along with regula-
tory implementation supported by substantial effort and investment, 
have abated impacts of some novel entities, for example, through the 
multilateral environmental agreements. However, these initiatives 
cannot keep pace with the broader trend of escalating impacts, particu-
larly as the number and diversity of novel entities grows unabated, and 
interactions intensify between novel entities and other deteriorating 
Earth system functions—for example, increasing chemical releases 
driven by climate change and declining biodiversity due to the deg-
radation of soil and water quality. Thus, we submit that the increas-
ing diversity and severity of threats posed by novel entities demands 
a redoubling of efforts directed towards finding and implementing 
solutions and actions.

With this challenge confronting us, we have presented a con-
ceptual framework for assessing safe and just boundaries for novel 
entities and for devising transformation pathways that is aware of 
but not stymied by the complexities of the challenge. The frame-
work builds on past efforts but is novel in its goal of comprehensive-
ness across novel entities, accounting for often-overlooked known 
unknowns and unknown knowns, as well as geographies, and in seeking 
transformation pathways.

We invite all scientists across disciplines, knowledge keepers 
including those holding Indigenous and local knowledge systems, 
engineers and other practitioners, to join us in the ambitious initia-
tive of setting safe and just boundaries for novel entities, and chart-
ing transformation pathways to move society towards a safe and just 
future for all, across species and generations. Achieving this ambition 
will necessitate creative thinking drawn from a wide diversity of disci-
plines and ‘ways of knowing.’ We propose that the mission should bal-
ance aspiration and ambition with practicality—scientific veracity will 
always be in tension with ambition. In particular, ‘practicality’ can mean 
charting a transformation pathway without impinging on ambition, 

as positive tipping points in socioeconomic and social–ecological 
systems can result in rapid, nonlinear, positive change62. We submit 
that these activities should not be taken as an invitation to delay posi-
tive transitions towards a stable and resilient future. As Sharpe et al. 
commented, history tells us that multiple innovative and disruptive 
solutions and pathways will be tested before society lands on safe and 
just conditions51. History also tells us that action sooner rather than 
later is the best strategy.
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