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Here we provide technical details of the methods and evidence used to specify safe and just Earth system
boundaries (ESBs). We begin with a glossary of key terms.

3ls: Within our Earth system justice framework (Gupta et al. 2023), we use three Earth system justice
criteria (the “31s”) to assess whether adhering to the safe ESBs could protect people from significant harm:
e ‘Interspecies justice and Earth system stability’ (I1) (Burke and Fishel 2020)
e Intergenerational justice (Meyer 2021) between past and present generations (12a) and present
and future generations (I12b);
e Intragenerational justice (I3) between countries (Blake and Smith 2022), communities and
individuals through an intersectional lens (Norlock 2019).

Earth system: The energetically open but nearly materially closed system of all living and non-living
(abiotic) interacting things including forcings, feedbacks and biological processes at the surface of the
Earth, bounded by outer space on the outside, and by the inner Earth (with its own heat source) on the
inside (Steffen et al. 2020). The Earth system is a social-ecological system, a coupled system of humans
and nature (Berkes et al. 2000; Liu et al. 2007).

e Earth system boundaries (ESBs): See safe and just ESB definitions below. Our approach goes
beyond planetary boundaries in both combining elements from local to global levels and biophysical
and social science knowledge domains.

e Earth system change: Change in the state or other properties of one or more sub-systems of the
Earth system.

e FEarth system domain: A sub-system, component or process within the Earth system whose
boundaries we assess, e.g. the climate system, nitrogen cycle, water cycle, biosphere.

e Earth system justice: Building on recognition and epistemic justice and local to global justice
scholarship, it includes procedural justice (access to information, decision-making, civic space and
courts) and substantive justice in terms of access to basic resources and services and allocation
of the remaining resources, risks, and responsibilities. These elements are applied in terms of ends
(just minimum access and no significant harm) and means (addressing drivers of Earth system
change and vulnerability, addressing barriers to change, liability and revisiting allocation
mechanisms) (Gupta et al. 2023).

e FEarth system resilience/stability: the capacity of the Earth system to deal with change and
continue to function. In this manuscript, we primarily analyse the resilience/stability of the
biophysical components and processes of the Earth system.

Exposure: “The presence of people; livelihoods; species or ecosystems; environmental functions, services,
and resources; infrastructure; or economic, social, or cultural assets in places and settings that could be
adversely affected” (IPCC 2022) in situ or through interconnections.

Global commons: We define the global commons as those domains and natural functions that regulate
the stability and resilience of the Earth system, such as the ecosystems, biosphere, hydrosphere (oceans
and freshwater), cryosphere, lithosphere, major biomes, large scale biophysical systems and processes



(e.g. the carbon cycle, freshwater cycle) and tipping elements (Nakicenovic et al. 2016). The stability and
resilience of the Earth system is vital to all. This stability and resilience is dependent upon both the global
commons as recognized under international law (the areas of the planet outside of national jurisdiction such
as oceans, atmosphere and outer space) and also those systems and functions inside national jurisdiction,
including tipping elements that regulate Earth System stability to safeguard our livelihoods, for example
rainforests or sea ice.

Harm: negative impact on humans, communities and countries from Earth system change additional to
background rates and to changes in vulnerability. For the purposes of this manuscript, we analytically
separate matters of harm due to Earth system change from matters of sufficient access to natural resources
(Rammelt et al. 2022).

e Significant harm: What constitutes significant harm is difficult to quantify. A “leave no one behind”
approach (UN GA 2015) would judge significant as no deaths additional to background rates; others
see 10 dead and 100 displaced as a sign of a disaster (IFRC 2020), 1 in 10000 to 1 in a million is
a common norm in cancer research (Dankovic and Whittaker 2015), while the IPCC sees 10-100
million exposed as severe to high reasons for concern (O’'Neill, van Aalst, Zaiton Ibrahim, et al.
2022). Within the Earth Commission we decided not to define on a cut off point for significant harm
and instead define significant harm as: Existential and/or irreversible negative impact on countries,
communities or people, such as substantial loss of life, livelihood and income, loss of access to
nature’s contributions to people, loss of land, chronic disease, injury, malnutrition and displacement
(Gupta et al. 2023).

e No Significant Harm (NSH) Principle - States and other actors responsible for anthropogenic
Earth system change have a duty to refrain from causing significant harm; to prevent, reduce, and
control the risk of causing significant harm; and to repair or compensate for the significant harm
already inflicted.

e Just (NSH) ESB - Earth system state that minimises risk of significant harm to present and future
generations, countries, communities, and people

(Largely intact) natural ecosystem area: Largely intact ecosystems are those where the ecological
function and species composition largely resembles those of undisturbed ecosystems. Light human use
that does not significantly affect these functions, for example low density population subsistence use by
indigenous communities, is not excluded.

Safe Earth system boundaries: Safe Earth system boundaries are those where biophysical stability of the
Earth system is maintained and enhanced over time, thereby safeguarding its functions and ability to
support humans and all other living organisms (Rockstréom et al. 2021). We set safe boundaries at global
and/or sub-global scales, depending on the domain.

Science-based targets: “Measurable, actionable, and time-bound objectives, based on the best available
science, that allows actors to align with Earth’s limits and societal sustainability goals” (SBTN 2020).

Tipping elements: Those components or processes that regulate the functioning and state of the planet
and that show evidence of having thresholds at which small additional perturbations can trigger self-
reinforcing changes that undermine Earth system resilience (Lenton et al. 2008; Armstrong McKay et al.
2022).



Transformation: “The altering of fundamental attributes of a system (including value systems; regulatory,
legislative, or bureaucratic regimes; financial institutions; and technological or biological systems)” (IPCC
2012). They are a systemic, non-incremental and “fundamental qualitative change... that often involves a
change in paradigm and may include shifts in perception and meaning, changes in underlying norms and
values, reconfiguration of social networks and patterns of interaction, changes in power structures, and the
introduction of new institutional arrangements and regulatory frameworks” (IPCC 2012).

(Cross-scale) translation: Linking of ESBs to actor-specific shares of resources and responsibilities (Bai
et al. 2022).

Vulnerability: “the propensity or predisposition to be adversely affected” (IPCC 2022). It encompasses a
variety of concepts and elements including sensitivity or susceptibility to harm, exposure, and lack of
capacity to cope and adapt.



1. Safe Earth system boundaries

In this section, we describe the evidence base for our safe Earth system boundaries. We also briefly remark
how each domain’s analysis relates to our |1 “Interspecies justice and Earth system stability” justice criterion
(see section 2 for further information).

1.1 Climate & Cryosphere

Our synthesis of existing knowledge of climate tipping elements and their temperature thresholds is
summarised in Figure S1. We combine this with knowledge of biosphere functioning, temperature variability
in the recent geological past, and the IPCC’s most recent ‘Reasons For Concern’ risk levels to arrive at the
summary of the Earth Commission’s quantification for the climate change safe limits in Table S1.

These results are also our inductive application of the justice criteria of “interspecies justice and Earth
system stability” (11). We have focused more on the Earth system stability component than on interspecies
justice in the specific case of climate change.

Table S1. Summary of the Earth Commission’s quantification of the safe limits for climate change and the
cryosphere based on A) the likelihood of reaching climate tipping points (Armstrong McKay et al. 2022); B)
Quaternary temperature ranges (Marcott et al. 2013; Willeit et al. 2019; Kaufman et al. 2020; Fox-Kemper,
Hewitt, Xiao, et al. 2021; Osman et al. 2021); C) the state of key carbon sinks e.g. Amazon & Tundra (Hubau
et al. 2020; de Vrese et al. 2021; Gatti et al. 2021; Winkler et al. 2021), comparisons of the impacts of 1.5
and 2°C in SR1.5 (Schleussner et al. 2016; Hoegh-Guldberg, Jacob, Taylor, et al. 2018), the AR6 Terrestrial
& Freshwater Ecosystems Key Risks (TFEKRs) (Parmesan, Morecroft, Trisurat, et al. 2022), and climate-
induced localised tipping points in the ocean (Heinze et al. 2021); and D) IPCC AR6’s Reasons For Concern
(RFCs) (O’Neill, van Aalst, Zaiton Ibrahim, et al. 2022).
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Our climate change safe limits are based on a) the likelihood of passing key climate tipping points, b) the
past temperature range of the Holocene (<0.5-1°C) and prior Pleistocene interglacials such as the Eemian
(<1.5-2°C), and c) non-tipping Earth system impacts affecting biosphere functioning (e.g. biodiversity
decline, biome shifts, and the operation of natural carbon sinks). The climate tipping points assessment (a)
is based on the tipping point estimates of Armstrong McKay et al. (2022), while the past temperature range
assessment (b) is based on palaeoclimate reconstructions (Marcott et al. 2013; Willeit et al. 2019; Kaufman
et al. 2020; Fox-Kemper, Hewitt, Xiao, et al. 2021; Osman et al. 2021). Biosphere functioning (c) is based
on assessments of substantially greater biosphere impacts at 2°C relative to 1.5°C (Schleussner et al. 2016;
Hoegh-Guldberg, Jacob, Taylor, et al. 2018), growing risks to terrestrial & freshwater ecosystems (including
to biodiversity, wildfires, tree mortality, carbon loss, and biome shifts) (Parmesan, Morecroft, Trisurat, et al.
2022), emerging climate-induced localised tipping points in the ocean (Heinze et al. 2021), and evidence
for some natural carbon sinks (such as the Amazon or tundra) weakening and transitioning to net carbon
sources beyond 1°C and 1.5°C respectively (Hubau et al. 2020; de Vrese et al. 2021; Gatti et al. 2021;
Winkler et al. 2021). We also compare to (d) IPCC AR6’s Reasons For Concern (RFCs), consisting of risks
associated with unique & threatened systems (RFC1), extreme weather events (RFC2), uneven distribution
of impacts (RFC3), global aggregate impacts (RFC4), and large-scale singular events such as tipping points
(RFC5) (O'Neill, van Aalst, Zaiton Ibrahim, et al. 2022).

We follow the definition of Armstrong McKay et al. (2022) for tipping points, in being when change in a
system (the ‘tipping element’) becomes self-perpetuating beyond a threshold and leads to substantial and
widespread Earth system impacts. The resulting nonlinear system change is often abrupt and irreversible,
but tipping points can sometimes be non-abrupt (in slow systems e.g. ice sheets) and reversible (if there is
low hysteresis) on human timescales. Change beyond a tipping point is still difficult to reverse in either
case, resulting in a significant future commitment to adverse impacts. Substantial and widespread Earth
system impacts from climate tipping points include modifying the overall state of the whole Earth system,
amplifying global warming, exposing large populations of humans to significant harm, and severely
damaging or losing a unique feature of the Earth system.

The likelihood of passing climate tipping points grows with temperature increase compared to pre-industrial
levels, and there is already a chance that at the current global warming of ~1.1°C (Gulev, Thorne, et al.
2021) at least one localised threshold has been crossed (Amundsen embayment, West Antarctica (Joughin
et al. 2014; Rignot et al. 2014)). Based on Armstrong McKay et al. (2022) we estimate that up to 1°C of
global warming presents a low likelihood of passing climate tipping points, but with a number of tipping
points - in particular in the cryosphere (Greenland and West Antarctic ice sheets) - becoming possible
beyond 1°C and likely by 1.5°C (Figure S1). We define crossing a tipping point as ‘possible’ beyond the
tipping element’s minimum threshold and likely beyond its central estimate. Threshold-free feedbacks such
as gradual permafrost thaw (rather than permafrost collapse) and land carbon sink weakening can also
become substantial beyond 1.5°C (Table S1; Armstrong McKay et al. (2022)).



Additional tipping points become possible or likely in the 1.5-2°C Paris range and even more in the 2-3°C
range, leading us to classify >1.5°C as high likelihood and >2°C a very high likelihood of passing climate
tipping points respectively. Some of the changes such as ice sheet collapse would play out over very long
timescales (>1000 years), but others for example coral reef dieback and ocean convection collapse would
occur much faster (10s-100s years). As more tipping points are passed it also becomes more likely that
they interact and potentially ‘cascade’, with the impacts of triggering one tipping point making others more
likely (e.g. amplified Greenland Ice Sheet melt triggering Atlantic Meridional Overturning Circulation
collapse) (Wunderling et al. 2022).
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Figure S1. Range of tipping threshold estimate (minimum, bottom of bar / yellow; central, dotted line / red;
maximum, top of bar / dark red) for global ‘core’ (bold) and regional 'impact’ climate tipping elements. The
shading in the background indicates the likelihood of passing tipping points with rising warming levels,
which increases from negligible (0°C) to very high (>=2°C) in accordance with Table S1. Based on:
Armstrong McKay et al. (2022).

These provisional limits closely reflect the IPCC’s assessments of climate risk, with 1.5°C being supported
as substantially safer for the biosphere than 2°C (e.g. with 6% of insect species ranges threatened at 1.5°C



versus 18% at 2°C (Hoegh-Guldberg, Jacob, Taylor, et al. 2018), ~7% of ecosystems shifting to new biome
versus 13% (Hoegh-Guldberg, Jacob, Taylor, et al. 2018), and 0.44 vs. 0.51m sea level rise (Fox-Kemper,
Hewitt, Xiao, et al. 2021). Even at present-day warming levels we are already committed to losing minor
parts of some tipping elements prior to wider tipping points being reached, for example some outlet glaciers
in West Antarctica (Joughin et al. 2014; Rignot et al. 2014) or in the southeastern Amazon rainforest (Gatti
et al. 2021), supporting >1°C as being unsafe. Our low limit of 1°C and high limit of 2°C also reflects the
original limits suggested by a report of the Stockholm Environment Institute (SEI) in 1990, which proposed
1°C and 2°C as potential climate ‘targets’ entailing lower and higher risk respectively (Rijsberman and Swart
1990). The SEI report stated that “temperature increases beyond 1.0°C may elicit rapid, unpredictable, and
non-linear responses that could lead to extensive ecosystem damage”, an assessment that closely matches
our own 30 years later.

Analysis of committed future impacts from current change, due to the intrinsic inertia in many of the Earth
system’s processes and elements, also inform our boundary. The magnitude of the inertia varies among
the subsystems, with the atmosphere having the weakest and the cryosphere the strongest. Systemic
inertia means that there may be a time-lag between action and impact. Therefore today’s pressure on the
Earth system will commit the planet to impacts on the future on short to long time scales. We do not
specifically analyse the possibility to temporarily transgress tipping points in slow systems like ice sheets
(Ritchie et al. 2021), but remaining above their thresholds at ~2100 would likely ensure tipping. We analyse
the committed change in two systems: the terrestrial biosphere and the cryosphere. We used simulations
from the Parallel Ice Sheet Model (Bueler and Brown 2009; Winkelmann et al. 2011; Albrecht et al. 2020a,
2020b) for the Greenland and Antarctic ice sheets, and the Lund-Potsdam-Jena managed Land model
LPJImL (Schaphoff et al. 2018) for global vegetation to compare the transient impacts to the time-lagged
future changes which are already triggered for each decade under low- and high-emission scenarios
RCP2.6 and RCP8.5. These idealised experiments allow us to assess the long-term impacts for a given
transient warming level. We find that by 2100, while the projected sea-level rise from Greenland and
Antarctica adds up to at most a decimeter, the equivalent of up to 11.3 metres global sea-level rise would
be committed on the long-term under high-emission scenario RCP8.5. This long-term commitment would
be limited to at most 3.5 metres if we were to restrict emissions following an RCP2.6 pathway. Global land
carbon pools react highly heterogeneously with the potential to turn into carbon sources. Recent research
suggests that the vegetation carbon pool has already begun to saturate (Duffy et al. 2021). We find that the
global land can only remain a carbon sink by assuming a high CO:2-fertilisation rate of vegetation: by
constraining the CO»-fertilisation rate to the year 2020 in the LPImL model, we find that the global land
turns from a carbon sink to a source in the year 2034 (mean of LPJmL results under 4 ESM forcings) under
RCP8.5 which corresponds to mean global warming levels around 2°C. Therefore, these less optimistic
assumptions regarding CO2-fertilisation exacerbate the findings of evidence line C in Table S1. These
results serve as a stark reminder that we need to take the profound long-term and potentially irreversible
impacts of short-term climate inaction into account when discussing climate policy measures. Every extra
fraction of a degree of warming may commit us to long-term, potentially irreversible, changes and bring us
closer to breaching tipping points in the climate system.

1.2 Biosphere

We assessed safe boundaries for two complementary measures of biodiversity to globally characterise the
safe and just biosphere space for humanity. These are: the area of (dominantly) natural ecosystems and
the functional integrity that secures ecosystem functioning. We use the most constraining ecosystem
function to define the minimum viable value. We recognise important local variations may be possible, and
that context is deeply important in understanding Nature’s Contributions to People (NCP), however that
there are overarching principles regarding the area, quality and distribution of nature that permit these rather



conservative estimates. We acknowledge that these two measures do not fully capture all facets of
biodiversity, but rather are synthetic measures that address the full Earth surface and help support the
different facets of biodiversity.

These measures aim to ensure interspecies justice to the extent possible in combination with Earth system
stability (11 justice).

1.2.1 Area of natural ecosystems

Area of natural ecosystems represents the area of largely intact natural ecosystems remaining with small
human uses that do not significantly alter species composition and ecological functions, such as extensive
grazing or low intensity use by indigenous communities or sustained harvesting of forest products. It
includes pristine/untouched areas with high intactness, and may include protected areas, which are a
protection (legal) rather than status category. Operationally, we determined ‘natural ecosystem area’ as
defined by DeClerck et al. (2023) based on analysis of four spatial datasets describing conditions indicative
for ecosystem intactness. This area refers to areas with both high ecological integrity and functional
integrity. We emphasise that of the Earth system compartments, the biosphere is unique in its capacity to
adapt to changing conditions. The biosphere is an important stock of nutrients including nitrogen,
phosphorus, carbon, and water, and is a critical flow regulator of these elements. Changes in biosphere
quality, notably through extensive habitat loss, fragmentation and degradation not only drive biodiversity
loss, but alter its capacity to regulate carbon, water, and nutrient cycles within Holocene ranges.

In our approach to identifying the area of largely natural ecosystems required, we propose ESBs which
both secure biosphere contribution to three major Earth system processes. climate regulation, hydrological
flow regulation, and are necessary to halt the extinction of biodiversity (including the preservation of wild
biodiversity). We estimated an area boundary of 50-60% of Earth’s terrestrial surface from studies that
assess the natural area and restoration needs to strongly reduce extinction risk (Strassburg et al. 2020)
and maintain critical Earth system functions including high carbon storage and water regulation (Jung et al.
2021). At present, roughly 45-50% of the global land cover can be classified as dominantly natural
(DeClerck et al. 2023), with large differences between ecoregions and ecosystems. Declining biodiversity
and ecological functions indicate that, at least in many regions, this area is insufficient to maintain
biodiversity, suggesting that restoration action to increase the area of nature is needed. Estimates of largely
intact natural ecosystems needed to secure Earth system functions are widely varying depending on the
targets set and indicators used for biodiversity and ecological functions, with Woodley et al. (2019) defining
a range from 30% to 80%. However, a recent study determining restoration priorities identified that 60% of
species extinction could be avoided and significant contributions to carbon sequestration could be made by
restoring 15% of converted lands to nature (Strassburg et al. 2020), accumulating to a global natural land
area of about 55% of the terrestrial area. While higher than the estimate of Allan et al. (2022) that indicated
a 44% of land area requiring conservation action, our estimate includes all largely intact natural areas and
not only those requiring conservation attention given current pressures. Our proposed boundary value is
consistent with varied sources that prescribe approximately 15% area restoration over the current natural
area of 45-50% (Newbold et al. 2016; Dinerstein et al. 2017; Willett et al. 2019; Riggio et al. 2020; Leadley
et al. 2022). This is also consistent with the newly adopted restoration target (Target 2) of the Kunming-
Montreal Global Biodiversity Framework (GBF) which translates to restoration of up to 10-15% of global
land area (though this is expressed as restoring 30% of degraded lands, which comprise up to 40% of
global land (UNCCD 2022), i.e. 10-15% overall). This comparison is an observation; we do not use the
CBD target as part of the evidence for this boundary.



The minimum safe area for maintaining biodiversity and ecosystem functions cannot be stated by an exact
number, as it depends strongly on the distribution of this area across ecoregions and ecosystems. At the
same time, it also depends on the requirements in terms of ecosystem functions, e.g. the needs for carbon
sequestration to offset emissions and required regulation of water resources in an uncertain climate change
context. Given these uncertainties, the area boundary we propose is a range that uses the current area of
natural land cover as a minimum, with the minimum (least stringent) boundary under the assumption of
optimal allocation while a higher (more stringent) boundary represents a less optimal spatial allocation.
Retaining largely intact natural lands provides a proxy for the different facets of biodiversity that should be
considered in Global Biodiversity Framework targets (Diaz et al. 2020) at ecosystems, species and genes
level and a number of globally operating NCP.

With the current natural ecosystem area at 45-50% (Table 1), restoration within the range 50-60% may be
feasible. Agriculture is the largest contributor to loss of natural ecosystem area, and feeding a global
population a healthy diet can be achieved without further land expansion (Willett et al. 2019); largely intact
natural areas can also be compatible with human use and occupation. Thus access to sufficient food can
be negotiated, managed and avoided through practices and policies that increase sustainable production,
transition to healthy consumption, reduce loss and waste, and improve fair/just distribution.

Below we focus on the implications of this boundary for biodiversity habitat, carbon/climate and water. We
note that the area of largely natural ecosystems replaces the “land boundary” in the planetary boundaries
concept, which implied “largely intact lands” or areas of high biodiversity intactness (Steffen et al. 2015).

1.2.1.1 Biodiversity habitat

Extinction rate has a complex and non-linear relationship with habitat loss. Both theoretical arguments and
empirical data support monotonically increasing per-species extinction probability with decreasing area.
This relationship, known as the species—area relationship (SAR), is widely used in conservation science to
predict the number of species likely to go extinct (Matthews et al. 2014), at both local and global scales,
with habitat reduction (Ney-Nifle and Mangel 2000; Ulrich and Buszko 2003; Triantis et al. 2010, 2012;
Fattorini and Borges 2012; Matthews et al. 2016; Chase et al. 2019). Although these relationships have
been criticised for various reasons (Budiansky 1994; Connor and McCoy 2001; He and Hubbell 2011;
Halley et al. 2013; Hanski et al. 2013), SAR provides - as a minimum at the worst - a valuable point of
reference for the threat that habitat loss poses to biodiversity (Hanski et al. 2013). These relationships are
useful in exploring the existence of critical thresholds in species loss. The existence of such thresholds is
of conservation concern, because small additional losses of habitat below the critical threshold level may
lead to rapid extinction and potentially irreversible regime shifts (Pardini et al. 2010; Swift and Hannon 2010;
Pfluger et al. 2019).

For species population density and abundance, previous studies suggest that a critical threshold exists
between habitat loss and extinction rates (Pfliger et al. 2019). This nonlinear erosion of diversity in
response to increasing habitat loss is sometimes called an ‘extinction threshold’ (With and King 1999;
Ovaskainen and Hanski 2003), and has been shown to occur when the amount of remaining habitat drops
below 10-50% within a landscape (Andrén 1994; Swift and Hannon 2010; Banks-Leite et al. 2014;
Dinerstein et al. 2017). While it would be appealing to be able to derive one universal threshold value,
empirical studies have found mixed and species-dependent evidence for the occurrence of such a threshold
(Swift and Hannon 2010). Threshold values for species diversity in mammals and birds ranged between 10
and 30% of native habitat cover (Andrén 1994), at around 20-30% protected area for terrestrial ecoregions
(Gongalves-Souza et al. 2020), for Amazonian mammals' and birds’ species richness between 19 and 43%
(Ochoa-Quintero et al. 2015), while for richness in Australian forest-dependent bird species the threshold



has been estimated at 10% of habitat (Radford et al., 2005). Other studies have shown a threshold in the
non linear erosion of abundance at around 30%, and for allelic richness at around 22% (Pfliger et al. 2019),
at 29% when fragmentation and movement habitat cells is considered (With & King, 1999), and with further
studies indicating that approximately 30% of native habitat is needed to preserve the integrity of vertebrate
communities within each landscape (Banks-Leite et al. 2014; Pan 2016). Globally, it has been suggested
that retaining half of ecosystem area intact would enable the conservation of 80% of species (Wilson 2016;
Dinerstein et al. 2019).

Habitat loss and critical thresholds review relationships have been suggested for a variety of taxa,
landscape types, and spatial scales. These large scale studies show variable responses and are too limited
in number to nail down whether a critical threshold exists and the exact value. However, where thresholds
were apparent, most occurred within the 10 — 30% range (see values cited above and Table 3 of (Swift and
Hannon 2010). Furthermore, research shows that habitat specialists and generalists differ in their
susceptibility to habitat loss and that values derived from SAR studies using total richness may be
underestimating the impact of habitat loss on specialist species (Matthews et al. 2014). This - along with
the empirical evidence that suggests that SARs underestimate species extinction by habitat loss and
fragmentation (Fattorini and Borges 2012; Rybicki and Hanski 2013) - dictates that we should set our
threshold at the upper range. Therefore, we set our extinction threshold at 30% intact habitat as defining
critical and, we emphasise, permanent loss. Important for halting extinction losses or maintaining
biodiversity is spreading conservation efforts across global ecoregions.

1.2.1.2 Carbon

Photosynthesis remains one of the primary means by which carbon from the atmosphere is taken up by
plant respiration for long term storage in either biomass or in soils. Inversely, land-use change drives the
combustion and loss of this stored carbon accounting for approximately 23% of CO2-e emissions per year.
Sequestration potential, and conversion risks are not equal however, with forest biomes, and peatlands
having particularly high carbon storage. This storage and buffering potential is one key basis of the land
boundary quantification in the planetary boundaries framework (Steffen et al. 2015) which concludes that
on average (across all forest biomes) 75% of global forests must be kept intact to enable stable functioning
of the Earth system. This same research concludes that retaining 85% natural ecosystem area is needed
for boreal and tropical forest biomes, with 50% required for temperate forest biomes. The major forest
biomes play an important role in land surface-climate coupling than other biomes because of their high
productivity and carbon storage potential combined with their very large geographic extents. For these
biomes, the amount of intact area needed may be more critically constrained by climate impacts than by
halting extinction losses.

1.2.1.3 Water

Land use conversion leading to ecosystem change is a major driver of altered water flows, which in turn
further undermines species composition, structure, and water flow partitioning, i.e., a vicious cycle of water-
ecosystem decline. Planetary boundary science has quantified maximum water withdrawals (from aquatic
ecosystems) and consumptive water use, as well as tolerable nutrient loading for Earth system resilience
(Rockstrém et al. 2009; Steffen et al. 2015). The EAT-Lancet Commission, quantified the share of the
planetary boundaries attributable to the global food system (Willett et al. 2019). These planetary boundary
assessments of safe freshwater withdrawals and consumptive use, are both interesting and critically
important in that they are established based on impacts on riverine and coastal aquatic biodiversity.
However, they do not address how changes in biodiversity alter hydrological flow regulation by nearly intact
nature, and the change in flow regulation that occurs with land use change. A green water boundary has
recently been proposed (Wang-Erlandsson et al. 2022). Green water stocks and flows have been
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significantly perturbed by human action including land use change. Wang-Erlandsson et al. (2022) have
proposed that the green water planetary boundary can be represented by the percentage of ice-free land
area on which root-zone soil moisture deviates from Holocene variability for any month of the year; they
further argue that this boundary has been transgressed. From a biodiversity and Earth system function
perspective, evapotranspiration (green water flow) is a key control variable because it responds to human
impacts on ecological dynamics even though it only indirectly controls hydroecological Earth system
functions. That is, in terms of hydroecological control, evapotranspiration, to a significant extent determined
by canopy cover and biomass growth represents responses to ecological change (Wang et al. 2014; Wang-
Erlandsson et al. 2022).

Evapotranspiration (ET), after precipitation, is the second largest flow of the global water cycle over land.
Studies have demonstrated that land use conversion, from intact system to cropland and rangelands has
decreased evapotranspiration by 5.6% globally, and increased run-off by 6.8% (Sterling et al. 2013). Land-
cover change reduces annual total ET by approximately 3,500 km3/yr (5.6%) with the largest losses in
evapotranspiration associated with conversion of wetlands, whereas the greatest increase are associated
with the creation of reservoirs (Sterling et al. 2013). Globally, CO:2 fertilisation and nitrogen deposition
effects appear to have strong impacts on changing ET, however, the effect of land use change on land ET
was also important locally (Mao et al. 2015). The consequences of loss of intact nature on alteration of
hydrological flows remains poorly understood, although some studies suggest important impacts on
regional weather patterns. Comparisons of biome scale change in evapotranspiration have not yet been
conducted, although we hypothesise evapotranspiration will follow patterns similar to net primary
productivity and carbon storage with the biggest losses in evapotranspiration potential in those biomes
where net primary productivity is high. This same hypothesis was part of the rationale for emphasising the
tropical forest land boundary in the planetary boundaries framework (Steffen et al. 2015). We recommend
further research to identify biome scale evapotranspiration boundaries with evidence that biome scale
deviations impact regional and global alterations of the water cycle.
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1.2.2 Functional integrity

We define functional integrity as the capacity of habitats to maintain and provide the species interactions
that secure ecosystem functions required to generate nature’s contributions to people (NCP), or ecosystem
services. Intact ecosystems have this capacity, however this is not generally the case in highly transformed
human-dominated landscapes where a minimum level of functional integrity is needed to provide NCP, but
often missing. The amount, quality of and distance to natural habitat in these landscapes can serve as a
proxy for functional integrity. Functional integrity of human-dominated lands complements assessments of
the required natural area by recognizing that non-intact lands, while highly modified, can provide critical
contributions to people including NCP not related to native species composition (e.g., flood control, soil
erosion reduction, water quality regulation) and those related to specific species such as insects (pollination
and pest control), fungi (decomposition and soil carbon sequestration), mammals and birds (pollination,
bushmeat, and pest control) amongst others.

Our measure of functional integrity uses the percent of natural or semi-natural habitat per unit area. We
propose 1 km? as an appropriate spatial extent considering that many NCP are provided by species with
little or limited mobility, and their benefits therefore mostly occur at the sub-kilometer scale (Steffan-
Dewenter and Tscharntke 1999; Steffan-Dewenter et al. 2002; Klein et al. 2003b, 2004; Thies et al. 2003;
Ricketts 2004; Kremen et al. 2007; Avelino et al. 2012; Fremier et al. 2013; Martinez-Salinas et al. 2016;
Sirami et al. 2019). While there is significant context specificity in how biodiversity provides NCP
(Tscharntke et al. 2016; Karp et al. 2018), the loss and decline of NCP with increasing distance from habitat
is consistently demonstrated. For example, the number of species, and abundance of species able to
provide pollination or pest control services rapidly decreases with the decrease in the amount of habitat
available (Kremen et al. 2004, 2007, 2012; Ricketts et al. 2008; Chaplin-Kramer et al. 2011; Tscharntke et
al. 2012; Kremen 2015; Kremen and Merenlender 2018; Garibaldi et al. 2020) and with increasing distance
from source habitat (Denys and Tscharntke 2002; Steffan-Dewenter et al. 2002; Klein et al. 2003a, 2004;
Kremen et al. 2004, 2007; Ricketts 2004; Ricketts et al. 2008; Avelino et al. 2012; Tscharntke et al. 2012;
Martinez-Salinas et al. 2016). Particularly in human-dominated landscapes, NCP provisioning is related to
fine scale biodiversity mediated processes such as reduction of soil and sediment loss [1-10 m], pollination
[10-1000 m], pest control [10-1000mY]) (Fremier et al. 2013). Thus, while specific NCP provided by distinct
ecological communities will remain deeply contextual (Tscharntke et al. 2016; Karp et al. 2018), and the
subject of both interesting and important research, a more universal hypothesis is that below a threshold
value of functional integrity NCP are not provided.

Combining both amount of and distance from habitat measures, we derived a density threshold in habitat
per km? as a proxy measure of functional integrity ESB. Rather than attempt to identify the correlation
between these measures and the amount of NCP provided, which has not been successful in past studies,
likely due to the diversity of species specific response options, we sought to identify the value below which
NCP are no longer provided. We make the case that this value can serve as a critical safe and just threshold
value. Current estimates have proposed that the boundary is laying between at least 10-20% semi(natural)
habitat per 1 km? in human-dominated landscapes (Willett et al. 2019; Garibaldi et al. 2020; Tscharntke et
al. 2021). To find broader and further support for these values we conducted a systematic analysis of 102
synthetic and original papers (representing 2215 studies in total) identified in ‘Web of Science’ (Clarivate
Analytics, Philadelphia, USA) using two to three key words related to each NCP (Table S2).

We sought publications between 2010 and 2021 that contain values of habitat amount within 1 square km
at landscape scale to synthesise the minimum amount of semi(natural) habitat needed to secure six critical
local NCP including pollination, pest and disease control, water quality regulation, soil protection, natural
hazards mitigation and recreation. Additional relevant papers were added either through expert consultation
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or by a complementary search of the search terms in google scholar. The primary search survey produced
402 potentially eligible reviews and relevant papers based on titles and abstracts. Of those studies we
conducted a full text review to confirm eligibility which was established if the reference contained measures
of habitat quantity within 1 km at the landscape scale with measures appearing either directly in the source
text, tables, supplementary information or in figures. A total 102 studies were considered eligible following
this evaluation including 48 reviews and 54 original articles (Table S2).

Based on this systematic analysis, we find a critical functional integrity threshold across the six NCP
equaling >20-25% of (semi-)natural habitat per square 1 km? ranging from 10 to 50% depending on the
context and the NCP in question (Table S2). Mohamed et al. (2022 [pre-print]) present a more extended
version of this analysis that also discusses the context dependency, and an analysis of the mechanisms of
each NCP provisioning, quality of habitat, distance thresholds, and spatial configurations.

Table S2. Boundary estimates for six major local NCP.

Min. . .
: Min. Min.
N . habltgt habitat habitat number
CP (search Functional guantity quantity quantity of Summary
terms) groups ‘EA)/k_m:1 0%/km?2 o%/km? ?apelgs
weighte . tota
d mean) (range) (median)
Extensive evidence supports the
11 positive roles that pollinators
Pollination articles play in food production. SNH
(“pollinat*” and 8 with sufficient floral resources
AND “habitat” | insects 21 10-50 20 reviews/ plays a key role in maintaining
AND meta- the process with the need of
“landscape”) analysis 20% of SNH within km2
(172) emerging as a minimum
threshold.
The direct relationship between
Pest and 10 pests and diseases, anc_l their
) . control agents can be highly
disease articles e S L
control insects, and 11 specific with a variability of
(“Biological birds, 19 10-38 20 reviews/ rSeNs Eogfs :ts'lgg;?s'zsof;’xﬁc’);\iféa"
%77 H -
gontlzol " AND | arachnids meta . beneficial organisms secure the
habitat” AND analysis provisioning of the service with
landscape”) (260) important positive inputs to food
security
Water qualit 12 High supportive evidence of the
requl aﬁ on y articles role of riparian vegetative buffers
(r? arian and 19 both side of streams in mitigating
buf?er*" AND plants 6 1.2-15 5 reviews/ surface and sub-surface water
"width*") meta- non-point pollutants from upland
analysis agricultural fields and thus
(1480) improving streams water quality
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Soil

protection 9 articles | Most studies reports the more
("soil and 7 vegetation cover(avoiding bare
erosion*" reviews/ sail), the better soil is protected
AND plants 44 30-63 50 meta- against erosion and degradation
"vegetation*" analysis with the need of at least 50% of
AND (251) cover to maintain the process
"landscape*")

Studies have shown clearly that
Recreation experiences and activities in
(“physical nature provide multiple and

10 . .

ANDh odical , articles dlverﬁelphysT:Sl an? ealth
psychological . 5 psychological benefits in healt
*” AND Plants, birds 19-30 25 and 3 and well-being with the need of
“wellbeing*” Eg\él)ews at least 25% of vegetation cover
AND or green spaces within km2 in
“nature*”) urban ecosystems to maintain

the service
Natural gy hazaadous nd
hazards ex%reme gévents
mitigation . i
("landslide*” plants 50 na na 2 articles e.g.lgndslldes,howevgr, most
AND ) studies (only 2 found in our
" . analysis) do not propose the

vegetation o X

cover) minimum quantity of nature to be

maintained.

1.2.2.1 Current state of functional integrity

We calculated the current state of global functional integrity using satellite data classified by land-cover
type. We used the ESA Worldcover 10 m resolution land cover map (https://esa-worldcover.org/en) to
create a binary classification where land was classified as either natural lands (1) or human-dominated
[landshuman-modified working lands] (0). We then calculated an integrity value for each pixel using a focal
function to calculate the mean of the binary for a 500-meter radius (approximately 1km?2) around each pixel.
We then aggregated this layer to determine the percentage of pixels that meet or exceed our ‘functional
integrity threshold’ (20%) in human-dominated lands. All analyses were done using the native Google Earth
Engine interface. For full details see Mohamend et al. (2022 [pre-print]).
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1.3. Freshwater

The loss of freshwater biodiversity is a major aspect of the global biodiversity crisis and has serious
ramifications for food security in developing regions. Inland fisheries support the protein needs of hundreds
of millions of people and this is directly at risk due to pressures on freshwater biodiversity (Mcintyre et al.
2016). Flow alteration of rivers and wetland systems is a primary cause of reductions in aquatic ecosystem
health that lead to reduced water quality, habitat losses and subsequently biodiversity losses (Bunn and
Arthington 2002; Tickner et al. 2020). Freshwater species have evolved highly specific life history strategies
as well as behavioural and morphological adaptations to take advantage of the natural flow regime of the
rivers in which they persist (Lytle and Poff 2004). In catchments across the planet, river flows have different
timing, magnitude, frequency and duration, of key flow events and native biodiversity make use of these
foraging, breeding and dispersal opportunities. Similarly, estuarine and coastal fisheries species
representing 77% of global catch depend on freshwater flows for part of their life cycle (Broadley et al.
2022). However, water resource developments such as hydro-electric and water supply dams and
groundwater pumping for irrigation can substantially disrupt the natural pattern of surface flow, as well as
connectivity across catchments, resulting in decreases in the abundance and diversity of aquatic organisms
(Bunn and Arthington 2002; Poff and Zimmerman 2010; Dang et al. 2016). In addition to direct impacts on
native biodiversity, flow alteration has also been shown to favour invasive species, most often as a result
of environmental homogenisation, which can lead to further biodiversity losses (Marchetti and Moyle 2001,
Poff et al. 2007). With the interconnectedness of groundwater and surface water in supporting aquatic
ecosystems and the ecosystem services they provide, we have devised a safe target for surface water flow
alteration and groundwater use based on the concept of environmental flows.

The surface and groundwater flows that support freshwater ecosystem functioning and the ecosystem
services that they provide are known as environmental flows (Arthington 2012). The Brisbane Declaration
of 2018 defines these as; “Environmental flows describe the quantity, timing, and quality of freshwater flows
and levels necessary to sustain aquatic ecosystems which, in turn, support human cultures, economies,
sustainable livelihoods, and well-being” (Arthington et al. 2018). This definition builds on decades of
conceptual development and research that has established the importance of the natural pattern of flows
to support biodiversity, healthy aquatic ecosystems and the ecosystem services that they provide (Poff et
al. 1997, 2010; Arthington et al. 2006). An important aspect of environmental flows is a recognition that we
may not ever be able to return to a “natural flow regime” in a given location, due to centuries of hydrological
change, nor will every society necessarily wish to return to such a state (Acreman 2016; Poff 2018). As
such explicit evaluation of flow-ecology relationships and societal preferences is required when responding
to safeguarding environmental flows in local settings (Acreman 2016). Nonetheless, when setting an ESB
for blue water across the entire Earth system, we adopt presumptive standards to be applied in the absence
of knowledge around local environmental flow needs.

There are many methods for defining environmental flow needs for a given basin (Tharme 2003), and they
generally revolve around identifying flow-ecology relationships that describe how the ecosystem responses
to changes in river flow (e.g. Wang et al. 2013; McClain et al. 2014; Turschwell et al. 2019). The knowledge
from these relationships can then be applied to identify environmental flows: the key facets of the flow
regime that need to be protected, restored or delivered, in managed rivers to achieve a desired ecological
state (Poff et al. 2017). Holistic environmental flow methods seek to define the environmental flows required
to support the entire ecosystem (Tharme 2003), and by extension the ecosystem services that it provides.
Defining the environmental flows on the basis of these relationships can occur via a bottom-up approach,
where key flow events are identified and aggregated to design a managed flow regime (e.g. King and Louw
1998) or a top-down approach, where a maximum allowable extent of flow alteration is identified for flow
management (e.g. Brizga et al. 2022). Top-down methodologies tend to be the more robust approaches
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leading to better ecological outcomes (Tharme 2003). More recent approaches focus on defining
environmental flow requirements for multiple catchments within a single region (e.g. Poff et al. 2010),
supported by evidence of the transferability of flow-ecology relationships within a given region (e.g. Chen
and Olden 2018). In spite of these advances, most catchments around the world remain unassessed for
their environmental flow needs (Liu et al. 2021).

Given the inherently local to regional-scale nature of flow-ecology relationships and subsequently defining
environmental flow requirements, the derivation of global-scale environmental flow standards relies on
general rules of thumb and tend to follow a top-down approach (e.g. Richter et al. 2012; Pastor et al. 2014).
The Variable Monthly Flows Method, developed by Pastor et al. (2014), allocates 60%, 45% and 30% of
flows to the environment during the low flow, intermediate and high flow seasons respectively. Richter et
al. (2012) applied a more conservative threshold of allocating 80% monthly flows to the environment, no
matter the season. This approach emphasises the importance of maintaining the natural flow regime to
support aquatic ecosystems and the ecosystem services they provide. While locally defined environmental
flow requirements based on flow-ecology modelling will generally always be preferable, we have developed
the global ESB in this study based on a sub-global ESB of all rivers meeting the presumptive standard
devised by Richter et al. (2012).

The empirical evidence supporting the use of the 20% flow alteration as an ESB, when locally derived
environmental flow standards are not available, is grounded in the concepts of the natural flow regime (Poff
et al. 1997). Decades of eco-hydrological research has shown that instream organisms, and aquatic
ecosystem function more generally, have evolved under the conditions of the natural flow regime (Lytle and
Poff 2004), which supports myriad ecosystem services on which humans have come to rely (Yeakley et al.
2016). Given the wide range of natural hydrological variation in rivers across the world, and the ecological
responses to this, there is not one single consistent relationship between different flows and ecological
responses (Poff and Zimmerman 2010; Bruckerhoff et al. 2019). Nonetheless, altering the natural flow
regime substantially has been shown to negatively impact aquatic ecosystems (Webb et al. 2013).

Generally, flow-ecology research is not presented in standardised units, such as the percent alteration from
unaltered monthly flows (Rosenfeld 2017). It is commonly expressed in terms of hydrological metrics such
as the mean daily flow or the timing and duration of high/low flow events that are then converted into
environmental flow requirements (Poff et al. 2010). Nonetheless many empirical and modelling studies have
shown how alteration beyond 20% of the natural flow regime, impacts aquatic organisms, ecosystem
function and ecosystem services while limiting flow alteration below this threshold, tends to reduce
ecological impacts. For example, empirical studies have shown how streams with flow alterations greater
than 20% of the natural flow regime had highly impacted biodiversity (Poff and Zimmerman 2010; Webb et
al. 2013). In contrast, studies directly comparing streams with highly altered and unaltered flow regimes
have shown that streams that meet the safe and just ESB have near natural water quality (Rosenfeld 2017)
and biodiversity (Carlisle et al. 2010, 2012; Rolls and Arthington 2014). Similar findings have been found in
fisheries modelling where predicted catch rates in a flow dependent fishery show substantial reductions
with increasing flow alteration but minimal declines when flow alteration is kept within 20% of the natural
flow regime (Broadley et al. 2020).

In addition to the effects of substantial flow alteration, there are additional impacts on aquatic ecosystems
and ecosystem services associated with water resources infrastructure such as dams and weirs through
the reduction in connectivity they cause (Grill et al. 2019). Both large and small dams, and the reservoirs
they create, act as barriers to upstream and downstream spawning migrations of fish (Pelicice et al. 2014;
Couto et al. 2021) as well as reducing terrestrial biodiversity in the flooded areas of the impoundment
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(Benchimol and Peres 2015). The loss of fish migration due to the barrier effects of dams and reservoirs
impacts crucial freshwater fisheries that support protein needs and provide food security to many millions
of people (Dugan et al. 2010; Orr et al. 2012). In addition to affecting biodiversity, dams and weirs also trap
sediment and nutrients which impacts ecosystem services downstream, including the replenishment of
deltas that are at increasing risk of sinking with declining sediment delivery coupled with sea level rise
(Syvitski et al. 2009; Dunn et al. 2019). For example, the proliferation of large dams and weirs throughout
the Mekong River basin is associated with declines in sediment delivery to the Delta and coastal zone
(Loisel et al. 2014; Tessler et al. 2018), and subsequently increased saline intrusion across the Delta
affecting agricultural production and population centres (Van Binh et al. 2020). The multifaceted impacts
on aquatic ecosystems and their ecosystem services that come from flow alteration and the proliferation of
large dams highlight the need for strategic approaches to development that meet the safe and just ESBs
for blue water.

We have expressed the blue water ESBs in two ways: (i) as a representation of the spatial extent of
exceedance of surface flow alteration and groundwater decline (similar to the ESB for biosphere integrity);
and (ii) as a global volumetric aggregation of surface flow alteration and groundwater recharge. The former
emphasises the degree to which surface flows and groundwater resources have been altered in many parts
of the world, that cannot be conveyed in terms of the global volumetric totals. The spatial representation of
the ESB addresses concerns raised by Gleeson et al. (2020) about the limitation of the solely volumetric
approach to previous derivations of the planetary boundary for water. By defining the safe ESBs based on
the global extent of local-scale alteration to blue water flows, there is a direct connection between the global
and sub-global boundaries which can facilitate local adoption of the ESB (sensu Zipper et al. 2020). The
global scale volumetric aggregation provides a comparison to the global accounting of blue water flows and
the quantities of the previous planetary boundaries, and enables comparisons to estimates of just access
levels expressed in the same volumetric terms (e.g. Rammelt et al. 2022).

1.3.1 Surface water

The safe ESB is a spatial realisation of a sub-global alteration budget (20% monthly flow alterations, see
main text) and to complement this we estimated a global volumetric aggregation of available alteration of
flows under the ESB. We derived this global estimate from modelled pre-industrial and contemporary flows
derived from the WBM water balance model runs (Wisser et al. 2010) at 6-minute grid cell resolution using
the TerraClimate high resolution data set of monthly climate forcings (Abatzoglou et al. 2018) for the period
2000-2020. The modelled long-term mean contemporary global annual discharge of approximately 38,000
km? under this scenario was consistent with results from the literature, though at the low end of other studies
(Table S3).

From a justice perspective, this approach emphasises interspecies justice more than Earth system stability
as it is seen as more relevant for this domain.
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Table S3. Global annual continental runoff from comparable global modelling studies

Study Time period Estimate (km?3/yr) Model/data source

Zhang et al. (2018) 1984-2010 42.158* Variable Infiltration Capacity land
surface model

Trenberth et al.

(2011) 1979-2000 40,000 NCAR CCSM4

Wisser et al. (2010) 1961-1990 37,401 Water Balance Model (WBM)

SperaWeiland etal. | 1g50 5001 | 36,812 PCR-GLOBWB

(2010)

Recknagel et al. 10012016 | 39,828 WaterGAP 2.2d

(2021) ' :

Rost et al. (2008) 1971-2000 36,921 LPJImL

Hanasaki et al.

(2010) 1985-1999 41,820 HO8

This study 2000-2020 38,153 Water Balance Model (WBM)

* calculated based on estimated global runoff of 318 mm/yr over land surface excluding Antarctica and
Greenland

1.3.1.1 The safe ESB for surface water and previous Planetary Boundaries

As noted above, the safe ESB for surface water builds on the previously developed PB for water, with
modification to accommodate the spatial importance of the sub-global boundaries for Earth system domains
like water. Nonetheless, the globally aggregated volumetric number of the safe ESB can be compared with
previous iterations of the PB for water, which followed a volumetric approach. The sub-global safe ESB is
stricter in conceptual and quantitative terms than previously quantified PBs for surface water, though the
globally aggregated volumetric number is larger. The difference between the safe ESB for surface water

18



and the previously defined PB is twofold, including the region of the globe that is included in the analysis
and the conceptual approach to the quantification.

When originally defined by Rockstrom et al. (2009) (and then updated by Gerten et al. (2013) and adopted
by Streffen et al. (2015), the PB for surface water was based only on what was defined as “accessible
water”, which had been previously defined by Postel (1996) as water that could be appropriated by humans.
This approach excluded much of the water in the Amazon, the Congo and the high arctic as it was deemed
inaccessible. Working from this approach, meant that the PB defined by Rockstrom et al. (2009) was based
on the total accessible water of 12,500 km?3/year. In their update to the PB approach, Gerten et al (2013),
included water stored in dams (approximately 7,000 km?3/year) to be included in their updated PB, which
meant the PB was based on total accessible water of 16,300 km3/year. The safe ESB for surface water
developed in this paper is primarily a sub-global boundary given the nature of impacts on aquatic
ecosystems, however, when aggregating across the world, we used all of the world’s annual runoff,
approximately 38,000 km3/year. As human development progresses and the climate continues to warm,
more and more of the water in regions like the Amazon and Congo basins is becoming accessible and as
the climate warms, land in the high arctic may become more accessible too. As such, these regions need
to be included in the application and development of the safe and just ESBs.

Another quantitative difference between the previous PBs and the safe ESB for surface water is that Gerten
et al. (2013) and Rockstroém et al. (2009), applied a different "withdrawal budget" depending on the time of
year. It was considered safe to withdraw more water during the high flow season than the low flow season
(between 30-60% of flows). The safe ESB sets the safe alteration to be 20% each month, to recognise the
critical importance of high flows for aquatic ecosystems, particularly for things like access to floodplain
habitat which often fuels fisheries (e.g. Leahy and Robins 2021) and provides access resources for fish to
survive the dry season (e.g. O’Mara et al. 2021). This is particularly important in the many dry regions of
the world where people and ecosystems rely on aquatic production during the wet season. The
consequence of this different approach is a much higher globally aggregated number for the safe ESB but
a stricter sub-global boundary. If we apply the safe ESB to the global runoff considered in Rockstrom et al.
(2009) and Gerten et al. (2013), the aggregated number ESB would be 2,500 km?3/year or 3,260 km3/year
respectively, which is lower than the numbers presented in those papers.

The conceptual difference between the safe ESB for surface water and the PBs is based around the type
of alterations to the flow regime that are considered safe. The approach of the PBs was to consider
consumptive use, meaning it considers only water that is removed from the aquatic ecosystem. In contrast,
the ESBs focus on flow alterations be they increased or decreased flows or consumptive or non-
consumptive uses. This means that non-consumptive uses must ensure return flows reach the aquatic
ecosystem within the same month to not risk exceeding the safe ESB. In addition, the safe ESB accounts
for the negative ecological impact of artificially increased flows, often provided during the low flow season
for anthropogenic use as such flows often create conditions more suitable for invasive species than native
species.

1.3.2 Groundwater

In the absence of a consistent data source on baseline aquifer volumes, we used satellite derived estimated
groundwater storage to derive the safe boundary for groundwater. We used the Gravity Recovery and
Climate Experiment (GRACE) satellite data covering the period 2003-2016 (data files accessed at
http://www?2.csr.utexas.edu/grace/RLO6 _mascons.html) to estimate monthly changes in terrestrial water
storage (TWS), being the sum of soil moisture, groundwater, surface water, snow water, and canopy
storage:
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TWS = SMS + GWS + SWE + SWS + CS

where TWS is changes in terrestrial water storage, SMS is the soil moisture storage change, GWS is the
change in groundwater storage, SWE is the change in snow water equivalent, SWS is the change in surface
water storage (i.e., inland surface and reservoir storage) and CS is the canopy storage change.

Groundwater storage anomalies (i.e., GWS) were estimated by rearranging the above equation. Soil
moisture components of varying depths (e.g., 40-100 and 0-200 cm), canopy storage, and snow melt were
removed from the GRACE-derived TWS time series (2003-2016). These data (SMS, SWE, and CS) were
derived or acquired from the latest Global Land Data Assimilation (GLDAS) NOAA Land Surface Model L4
v2.1 (Beaudoing et al. 2020). The uncertainties associated with the relative contributions of these water
storage components (SMS, SWE, and CS) obtained from model simulations to GRACE-derived GWS
changes could be larger for some regions due to the presence of strong variability in surface reservoirs and
show/ice cap storage. As opposed to regional studies where the effects of surface water variations from
lakes and reservoirs with strong changes can be reasonably managed and isolated from TWS by
reconstructing these variations, using satellite-derived water level variations and a synthesised kernel
functions (Ndehedehe et al. 2017; Agutu et al. 2019), handling similar effects on a global scale is more
complicated and not feasible. To circumvent this, much of the regions with substantial inland surface water
storage changes or strong gravimetric signals (e.g., Caspian Sea, Black Sea, Lake Victoria, and other
significant water bodies) have been masked out. This decision also acknowledges the argument that the
use of SWS as an auxiliary data from model reanalysis to aid the estimation of GWS from GRACE
introduces more uncertainties into the process (Chen et al. 2016).

To further minimise uncertainties in the estimated GWS from GRACE TWS, residual ice/snow cover from
areas (e.g., Patagonia, Alaska, Himalayas, Swiss Alps, etc.) with large variations were also masked using
the world distribution of glaciers and ice caps extents. This was warranted because of the higher
uncertainties in the simulations of these quantities by the GLDAS model. Further, given that some glaciers
are small, a buffer zone of 1 arc degree was created to help capture and remove such glaciers. The water
budget approach employed in isolating the residual time series representing changes in groundwater is
consistent with a widely used approach in GRACE-derived groundwater storage studies (e.g. Ojha et al.
2019; Thomas and Famiglietti 2019). TWS variations were based on the Center for Space Research RL 06
version 02 GRACE mass concentrations (mascon) product obtained from NASA. These GRACE
observations are preferred to other GRACE solutions based on spherical harmonics since it exhibits less
signal leakage and a posteriori filtering is also unnecessary because this GRACE mascon solution relies
on geophysical constraints to suppress noise in the data (e.g. Watkins et al. 2015).

Using the spatial time series derived from this analysis, we estimated the annual recharge volume for each
pixel in the GRACE record by quantifying the difference between the deepest groundwater observation in
a given year and the shallowest observation the following year. With a spatial time series of recharge
depths, we then calculated the global average depth in mm, which we converted to an estimated volume
by multiplying by the total land area containing GRACE observed quantities or pixels. Due to the time period
of the GRACE satellite data, our estimated global annual groundwater recharge includes the signal from
existing climate change. The impact resulting from this change has been a major contributor to intensive
human water withdrawal or groundwater depletion in several global hydrological hotspots. Nonetheless, it
is broadly consistent with other published studies based on global hydrological models and empirical
observation and modelling that cover late 20th century and pre-industrial time periods (Table S4).
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Table S4. Global annual recharge values from recent published studies

Study Time period Estimate Estimate (km3/yr) | Model/data source
(mml/yr)

Doll and Fiedler 1961-2000 N/A 12,666 WaterGAP

(2008)

Wada et al. 1958-2000 N/A 15,200 PCR-GLOBWB

(2010)

Mohan et al. 1981-2014 134 13,600 Linear regression

(2018)

Herbert and Doéll | 1981-2010 N/A 16,480 WaterGAP 2.2b

(2019)

Moeck et al. 1968-2018 234 N/A Observed data*

(2020) (approx)

Reinecke et al. 1661-1860 140 18,255* Eight global

(2021) hydrological
models

This study 2002-2016 122 15,753 Remote  sensing
(GRACE)

* Reinecke et al. (2021) provided their estimate of average annual recharge in mm, which we converted to

km3
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1.4 Nutrient cycles

In this section we detail the derivation of our proposed safe and just (NSH) ESBs for Nitrogen and
Phosphorus. In our Earth system justice analysis (see Section 2), these ESBs meet most of the I1, 12 and
I3 criteria.

1.4.1 Nitrogen

Nitrogen (N) is a key macronutrient required for agriculture, for which the main sources have historically
been nitrogen-fixing plants and lightning with internal transfer via manure, and more recently synthetic
fertilisers and atmospheric deposition. However, in many regions much more N is applied to croplands and
pastures than is required, with on average only ~46%(40-53%) of applied N taken up by harvested crops
(the nitrogen use efficiency, NUE) (Zhang et al. 2021b). The rest is termed N surplus and can enter the
atmosphere, terrestrial ecosystems, surface water, and groundwater as N losses in various forms including
ammonia and nitrous oxide to air and nitrate to water (Figure S2). N losses can trigger freshwater
eutrophication or drinking water contamination by nitrate (NO3) and degradation of terrestrial ecosystems
adapted to low nutrient availability by ammonia (NH3) and nitrous oxides (NOx) when their concentrations
are above critical limits (de Vries et al. 2021; Schulte-Uebbing and de Vries 2021). Upon reaching the
ocean, excess nutrient input from land (including both N & P) have led to an increase in the number of
known hypoxic coastal sites (oxygen concentrations <2mg/L) by more than 9 times since 1950, and open
ocean oxygen minimum zones expanding by ~4.5M km?2 over the past 50 years with complex impacts on
fisheries (Breitburg et al. 2018). N2O emissions also contribute to climate change (with 273 times the global
warming potential of CO2 over 100 years; (Forster, Storelvmo, et al. 2021)), but this effect does not affect
setting of the climate ESB, which is specified using temperature change rather than concentrations of
greenhouse gases. Our ambition is that inter-boundary interactions will be analysed more explicitly in future
iterations. For example, in addition to N2O emissions increasing radiative forcing, N cycle disruption might
also lead to a net-cooling effect via increased carbon sequestration (Erisman et al. 2011; De Vries et al.
2017).
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Figure S2. Simplified representation of relationships between critical N inputs, critical N losses,
environmental thresholds, and crop/grass production (crop/grass N uptake). Adapted from (Schulte-
Uebbing and de Vries 2021).

In 2009 the Planetary Boundaries framework first proposed a global safe boundary for N pollution beyond
which unacceptable global environmental change occurs, setting the boundary for intentional new N fixation
(i.e. anthropogenic synthetic fertiliser production and biological fixation by leguminous crops) as a first
guess well below current rates (~140 TgN/yr) at 35 TgN/yr (Rockstrém et al. 2009) (Table S7). Several
updated quantifications followed, with De Vries et al. (2013) revising the new fixation boundary with an
improved methodology to 72 (62-82) TgN/yr with respect to protection of surface water, the lower bound
being adopted in the Planetary Boundaries update in 2015 (Steffen et al. 2015). More recently the focus of
N boundary-setting has shifted from new fixation and total inputs to N surplus and losses, on the basis that
it is the surplus N leftover after harvest that directly determines the N available for loss to water or
atmosphere rather than the input magnitude. Springmann et al. (2018) calculated a global surplus N
boundary of 90 (67-146) TgN/yr for protection of surface water while Chang et al. (2021) calculate 106-123
TgN/yr, compared to the current value of ~134 TgN/yr.

Here we adopt values from the most recent and comprehensive analysis available for the current status
and safe boundaries of agricultural N (Schulte-Uebbing et al. 2022). The global safe N limits are set to avoid
significant pollution to surface water (from total N runoff), groundwater (from NOs leaching) and terrestrial
ecosystems (from NHsz and NOx emission and re-deposition) across wide areas (see Figure S2). The
IMAGE model was used to calculate critical N losses, surpluses, and inputs on agricultural land at a spatial
resolution of 0.5x0.5 degrees based on local critical concentration limits for ecosystem or health disruption
derived from the literature (N concentration on surface water of 2.5 mgN/L to prevent eutrophication, N
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deposition on terrestrial ecosystems of 5-20 kgN/ha/yr depending on biome to prevent vegetation shifts,
and the WHO drinking water limit of 50 mgNOs/L or 11.3 mgNOs-N/L for groundwater to maintain
drinkability) (Schulte-Uebbing et al. 2022). Critical N losses are a function of environmental characteristics
such as water discharge, share of agricultural land in a region, or sensitivity of receiving ecosystems,
whereas corresponding critical N surpluses are a function of N loss fractions, which are affected by sail
type, climate, hydrology, slope, crop type, and agricultural management (see Beusen et al., 2015 for details
on the IMAGE-GNM model). Finally corresponding critical N inputs were calculated as a function of N use
efficiency. These subglobal critical N losses, surpluses, and inputs were then aggregated to calculate global
ESBs (Table S5). To calculate a tolerance range for the ESBs we also recalculate each ESB for a range of
critical concentrations based on the range of stricter and looser values used in the literature (1-4 mgN/L for
surface water, c. +/-25% for terrestrial ecosystem deposition per biome [see Table S5 in Bobbink et al.,
(2010)], and 10-11.3 mgNOs-N/L for groundwater using the lower US standard as the lower bound (Ward
et al. 2018). A No Significant Harm (NSH) boundary can be set for drinking water quality from nitrate
leaching via a similar approach (see below).

Table S5. Global totals of current values and safe limits (TgN/yr) for total input, new fixation, surplus, and
losses for N in relation to the protection of surface water (from N runoff), terrestrial ecosystems (from
ammonia emissions), and groundwater drinking quality (from N leaching), and in combination. Bold
numbers indicate headline indicators. Values are from Schulte-Uebbing et al. (2022) except for Combined
(SW, & TE) which were recalculated for this study following the same methodology.

N indicator / Environmental threshold | Current | Safe limit | Lower safe | Upper safe
targets value bound bound
Total Surface Water (SW) 198 117 247
Input Terr. Ecosystems (TE) 220 165 262
Groundwater (GW) 232 245 235 245
Combined SW & TE 143 87 189
Combined SW, TE, & GW 134 85 170
New Surface Water 92 58 115
Fixation | Terr. Ecosystems 106 83 125
Groundwater 122 107 102 107
Combined SW & TE 70 48 90
Combined SW, TE, & GW 65 a7 79
Surplus | Surface Water 92 49 120
Terr. Ecosystems 101 74 123
Groundwater 119 117 111 117
Combined SW & TE [safe] 61 35 84
Combined SW, TE, & GW 57 34 74
[safe & just]
Losses | Surface Water 23 21 - -
Terr. Ecosystems 32 29
Groundwater 37 34

These proposed thresholds align with some of existing thresholds (Table S7), but are more advanced in
the following aspects:
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1. In contrast to a focus on total global input (in particular fixed N) by many Planetary Boundary (PB)
studies, these proposed thresholds follow recent work (e.g. Springmann et al. 2018; Chang et al.
2021; Schulte-Uebbing et al. 2022) in focusing on N surplus and N losses (Figure S2) as these are
what have the direct impact on ecosystems and are not sensitive to assumptions on nitrogen use
efficiency (NUE) which are affected by management. Surpluses and losses can thus be (partly)
decoupled from inputs by improving NUE, indicating a major potential lever of transformation.

2. By considering the N thresholds on a finer spatial scale, the approach allows additional necessary
N inputs in under-fertilised regions, where increased usage of N does not exceed critical
concentration limits, while it enhances crop yield. This acts to increase the potential global safe N
limit. In contrast, taking account of all multiple environmental thresholds instead acts to reduce the
global safe limit lower than the individual limits for each.

3. Working with the N thresholds on a finer spatial scale also recognized the impacts of N pollution,
which occur on a local/regional scale and have large spatial variation. The global aggregated safe
limits presented above are useful but have their limitations, as N pollution is mostly a localised
issue that does not globally aggregate in the way that for example CO:2 pollution does. It is a global
value assuming optimal regional allocation.

Taking account of both N redistribution and the spatial heterogeneity of N pollution impacts allows for a
more nuanced approach than the original single global input cap proposed by the planetary boundaries
approach.

Beyond ecological damage, N pollution can cause harm to humans in several different ways (de Vries
2021). Contamination of water by N (in particular by nitrate (NO~3) and nitrite (NO~2)) can render it harmful
to human health (WHO 2017; Ward et al. 2018), although in surface water eutrophication (and its harmful
consequences, such as fishery collapse or toxin release) is likely to occur first. Air pollution by N compounds
is also a serious problem. Recently, it was estimated that NO2 pollution causes 4.0 (1.8-5.2) million new
paediatric asthma cases annually, being equal to 13 (6—16) % of the global asthma incidence (Achakulwisut
et al. 2019). Particulate matter (PM2.s) linked to agriculture, in particular ammonia as a PM2s precursor from
intensive animal agriculture and artificial fertiliser use, also has significant human health consequences,
with agriculture the primary source of PM2zs in Europe, parts of East Asia, and Northeastern USA and
responsible for around ~20% of the ~3.3 million/year deaths from PM.s (Lelieveld et al. 2015). A 50-100%
reduction in agricultural emissions is projected to be able to prevent global air pollution mortality by ~8-25%
(~250,000-800,000 peoplelyr) (Pozzer et al. 2017), and nitrogen accounting for 39% of global PMzs
exposure in 2013 potentially caused 23 million years of life lost (Gu et al. 2021). However, there is currently
insufficient work quantifying a limit for N-related air pollution with respect to human health at a global scale,
although it is likely that NHs emission levels ceilings that protect nature also protect human health from
NHs-induced PMz;s effects (Schulte-Uebbing et al. 2022). PM formation from agricultural NHs emissions
strongly depend on chemical and meteorological conditions varying in time and in space, with for example
aerosol (PM) formation in Europe and North America generally not limited by NHs availability and a
reduction in NHs emissions in these regions not linearly translating into a reduction in PM formation.
Assessing the effects of NHs on PM formation would therefore require detailed atmospheric chemistry
models that capture these processes, which has not yet occurred on a global scale. As a result, in this
iteration we only include harm from groundwater contamination and ecological impacts for the global harm
guantification, but in future work harm for air pollution should also be directly incorporated.

For the boundary of harm to health resulting from N contamination of water, we use the WHO drinking water

quality threshold of 50 mgNOs/L (i.e. 11.3 mgNOs-N/L) set to prevent infant methemoglobinemia (Ward et
al. 2018). For groundwater leaching this results in global limits of 245 TgN/yr for total input, 107 TgN/yr for
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new fixation, 117 TgN/yr for surplus, and 34 TgN/yr for losses (Table S5). This concentration threshold for
NSH is well above the 2.5 mgN/L critical concentration used for safe limit setting with respect to surface
water eutrophication, meaning that for surface water the safe limit (for nature) is far below the harm
boundary (for human health) for N contamination. Above the safe limit there is an increasing risk for
eutrophication (also depending on the phosphorus concentration), leading in extreme cases to harmful
consequences from algal blooms releasing other toxic compounds, fish stocks collapsing, or loss of cultural
ecosystem services such as recreation. Additionally, parts of the population (e.g. infants, those with less
access to water filtration, etc.) are more vulnerable to drinking water contamination by fertilisers than others
(e.g. in India, where nutrient pollution is particularly high; (Brainerd and Menon 2014)), and as the WHO
guideline is set for acute exposure a safe limit for chronic exposure would likely be lower (Ward et al. 2018).

Based on this, we take a drinking water quality threshold of 50 mgNOz/L (11.3 mgNOs-N/L) as a boundary
for groundwater NSH at the subglobal level and the previously quantified safe limit for groundwater pollution
(117 TgN/yr surplus, corresponding to ~245 TgN/yr total input at current NUE) at the global level. However,
as discussed above harm also occurs beyond the more stringent safe ESB (2.5 mgN/L and 5-20 kgN ha/yr
for subglobal, 61 TgN/yr surplus corresponding to ~143 TgN/yr total input at current NUE for global) due to
the loss of ecosystem services. However, in some regions local circumstances result in the subglobal
groundwater boundary being reached before the subglobal surface water and terrestrial ecosystem
boundaries that determine the safe ESB (Schulte-Uebbing et al. 2022). Aggregating the lowest of these
three boundaries across each subglobal area leads to a more stringent global combined safe and just
boundary (57 TgN/yr surplus, corresponding to ~134 TgN/yr total input at current NUE for global) than both
the global safe ESB (61 TgN/yr surplus) and groundwater harm boundary (117 TgN/yr surplus), as this
avoids the safe-only ESB resulting in groundwater pollution in the regions where that happens sooner
(Table 1). For the distribution of where exceeds the safe and just N boundary at a subglobal scale for Figure
3 in the main text, as spatial data is lacking for some of our subglobal variables (terrestrial deposition and
groundwater drinkability) we use a map of current N surplus (estimated from the IMAGE model; (Beusen
et al. 2015, 2022) relative to critical N surplus (Schulte-Uebbing et al. 2022) as a proxy for where excess N
is likely to lead to environmental and social harm.

1.4.2 Phosphorus

Phosphorus (P) is another key macronutrient required for agriculture. The primary sources of P beyond
natural weathering (~10 TgP/yr pre-industrial, not all to agricultural soils) are mined rock phosphate and
manure (~17 TgP/yr each, the latter being recycled within the agricultural production system) (Table S6;
Figure S3). As with N, more P is applied to croplands and pastures globally than is taken up, with about
~60-66% of inputs taken up by harvested crops (i.e. the phosphorus use efficiency, PUE) (Zou et al. 2022).
Unlike N, surplus P mainly accumulates in soil by sorbing to e.g. clay particles and aluminium and iron
oxides, leading to a gradual buildup of P in agricultural soils and benefiting crop yield over the long term if
P is below a level affecting crop yield (Li et al. 2011; Bai et al. 2013). Especially in P-depleted soils (such
as heavily weathered tropical soils rich in iron or aluminium compounds) applied P tends to be adsorbed
by the soil and is unavailable for crop growth, limiting the effectiveness of fertiliser application (Magnone et
al. 2019) which reduces when the soil P status is increased by excess P input (so-called legacy P).
However, this P can later be released to surface water via soil erosion (Alewell et al. 2020), along with P
from sewage, manure, and other sources (e.g. industry and detergents) (see pathways to surface water
box in Figure S3). P concentrations beyond a critical level in surface water are likely to trigger widespread
eutrophication, while subsequent P adsorption and leaching by waterway sediments frustrates recovery
from eutrophication (Carpenter 2005; Carpenter and Bennett 2011; Mekonnen and Hoekstra 2018;
Springmann et al. 2018). As described in section 1.4.1, excess nutrient input from land (from both N & P)
have also led to increasing areas of coastal hypoxia (Breitburg et al. 2018), and geological data suggest
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that elevated P loss to the ocean maintained over 1000s of years could result in global ocean anoxia
(Watson et al. 2017).

Ocean
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Figure S3. Schematic showing flow of P through agro-ecosystems, showing flows (arrows - blue is
anthropogenic, green is natural) to each pool (orange squares). Current values (italics, arable only in square
parentheses) and proposed safe limits (bold) indicated on key flows (TgP/yr); underlined names indicate
pools in Table S6. Citations for values are: a) Mekonnen & Hoekstra, (2018); b) Carpenter & Bennett,
(2011); c) Zhang et al., (2021a); d) Cordell & White, (2014); e) Bouwman et al., (2013); f) Steffen et al.,
(2015); g) Van Drecht et al., (2009); h) Kemena et al., (2019); i) Alewell et al., (2020); j) Beusen et al.,
(2005); k) Seitzinger et al., (2010); I) Beusen et al., (2022).

In 2009 the Planetary Boundaries framework first proposed a global safe boundary for P pollution, setting
it for loss to the ocean just above current rates (~9 TgP/yr) at 11 TgP/yr with the aim of preventing global
ocean anoxia developing within the next millennium (Rockstrom et al. 2009). Several updated
guantifications followed, with Carpenter & Bennett (2011) estimating PBs for freshwater eutrophication due
to P based on a range of quantifications of P flow from fertilisers to erodible soils, of which ~6.2 TgP/yr (vs.
~14TgP/yr estimated current rate) was adopted in the Planetary Boundaries update (Steffen et al. 2015)
(Table S8). This approach implicitly assumes that soil erosion is the principal source of P to surface waters,
neglecting internal P inputs by manure and human waste following animal and human consumption, and
so could lead to an overestimate of the P boundary. Furthermore, the potential for improvements in food
chain PUE and enhanced P recycling to increase the P boundary are not accounted for. More recently
Springmann et al. (2018) described a model approach including those processes and they estimated a safe
boundary for total P input to agricultural soils of 6-12 TgP/yr based on critical concentrations of 50-100
mgP/m3, increasing to 8-16 TgP/yr with 50% P recycling. This further increases to 16 (8-17) TgP/yr if
allowing a global rebalancing of P usage by also increasing P inputs in under-fertilised regions alongside
decreasing P inputs in over-fertilised regions. Based on this approach, Zou et al., (2022) and Zhang et al.
(20214a) calculated that this would be associated with a P surplus of 4.5-9.0 TgP/yr from croplands (vs. ~10
TgP/yr currently) and 1.9-3.8 TgP/yr input to freshwaters (vs. ~1.5 TgP/yr currently).
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Here we adopt values from the most recent and comprehensive analysis available for the current status
and safe boundaries of agricultural P from the analysis of Springmann et al. (2018) and Zhang et al. (2021a)
(Table S6). The global safe P limits are set to avoid significant pollution to surface water from total P runoff
(following Springmann et al. (2018) and Mekonnen & Hoekstra (2018) in focusing on losses derived from
P application, rather than all potential losses including natural P) across wide areas, based on critical
concentration limits of 50-100 mgP/m? for surface water to prevent eutrophication (Springmann et al. 2018).
The global critical P surplus and associated global soil P input for croplands was taken from Springmann
et al. (2018) and Zhang et al. (2021a). Critical P surplus was calculated from total P loss to freshwater
(calculated by multiplying critical concentrations of 50-100 mgP/m? with global freshwater discharge of 38
x 1012 m3/yr, giving 1.9-3.8 TgP/yr) and estimates of human sewage contribution (1.2-2.4 TgP/yr, leaving
0.7-1.4 TgP/yr from agricultural losses), P retention in aquatic sediment(Zhang et al. 2021b)(20% of P load
to freshwater retained by sediment, giving an allowable runoff from agriculture of 0.9-1.8 TgP/yr) and soils
(80% of P surplus retained, giving allowable P surplus of 4.5-9.0 TgP/yr) (Zhang et al. 2021a) based on
estimated fractions for food chain P use efficiency and sewage recycling (see supplementary materials of
Springmann et al. (2018) and Zhang et al. (2021a) for further details).

These estimates are based on global budget calculations not taking into account spatial heterogeneity in
soil types, soil erosion rates, and the effect of climate change on soil erosion, P runoff, and water flows.
Work is how ongoing to improve these estimates by taking a similar approach to the N boundary by using
spatially explicit models to determine subglobal critical versus current P surpluses and aggregating these
to the global level, which could also allow interaction with the climate ESB to be explored. This modelling
is currently lacking though, and so for now the calculations of Springmann et al. (2018) and Zhang et al.
(2021a) provide a provisional first-order estimate for a safe P ESB with respect to agriculture and freshwater
eutrophication. For the distribution of where exceeds the safe and just P boundary at a subglobal scale for
Figure 3 in the main text, we use estimated P load to freshwater (Mekonnen and Hoekstra 2018) and water
discharge (Fekete et al. 2001; Wisser et al. 2010) to estimate the global distribution of surface water P
concentrations to compare with our subglobal boundary values.

Table S6. Values and safe limits adopted by the EC for critical concentrations, total inputs, surplus, and
losses to surface water & oceans for P with respect to triggering surface water eutrophication. Bold numbers
indicate headline indicators. Values based on the cited sources, and illustrated in Figure S3.

P indicator Natural Current excgss Safe limit Unit [Source
baseline above baseline
Critical maP Springmann et al. (2018);
concen- ~10 - 50-100 /m93 Mekonnen & Hoekstra
trations (2018)
- 16 (8-17) Mekonnen & Hoekstra
Input to ~10 ~17 [mined] . . ] (2018); Springmann et al.
. [w.r.t mined input; [TgP
agricultural [natural] +5- | + ~6-17 [manure, inc. 50% recveling & |vr (2018); Bouwman et al.
soils 10 [anthro] crops-all] ' y .g y (2013); Cordell & White
global rebalancing]
(2014)
4590 Zhang et al. (2021a);
Soil ~10 (8.8-11.3) [based on 1.2-2.4 of [TgP Mekonnen & Hoekstra
surplus i [crops] 1.9-3.8 loss budget |/yr (2018); Bouwman et al,
P + ~1 [pasture] o 9 y (2013); Cordell & White
used by sewage etc.] (2014)
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an:hlr.c?(-iilégtg]r'ofg) 6 Mekonnen & Hoekstra
~0.4 fagri] fg S2.4) (2018); Carpenter &
Loss to [dissolved]; [sge\;v:a ej ~0'4 1.9-3.8 TaP Bennett (2011); Zhang et
surface water ~2.5(-9.9) [ind?Jst’r I ’ [inc. ~0.4 natural, / ? al. (2021a); Zou et al.
[total inc. y ’ 1.5-3.4 without] y (2022); Van Drecht et al.
. ~7.3 [total]: ~5.4 '
particulate P] . (2009); Beusen et al.
[agri], ~1.7 (2022)
[sewage/other]
Kemena et al. (2019);
_ ~0.4 1.6(-11.2)? Beusen et al. (2022);
[dissolved]; ~1.5 [from anthro. ) Carpenter & Bennett
Loss to . [20% natural]; TgP
Ocean ~1.3(-9.3) inputs]; 11(-100)? I (2011); Beusen et al.
[total inc. ~2.5-3.3 [total] [10x low natLJraI] y (2005); Seitzinger et al.
particulate P] (2010); Steffen et al.
(2015)

As with the N ESB calculation, focusing for our headline indicator on global critical P surplus based on the
more recent method of Springmann et al. (2018) has some advantages over the original PB quantification
by taking account of other P sources such as sewage, focusing directly on P surplus and P losses and so
not incorporating an implicit PUE (which also makes clear the role of improving PUE in transformation), and
allowing additional P inputs in under-fertilised regions (increasing the global safe P limit). On the other hand,
emphasis is placed on agricultural losses while the equally or even more significant pathway via sewage to
freshwater is assumed to remain constant when setting the safe soil surplus and loss to freshwater (Table
S6, Figure S3). Efforts to improve sewage recycling within agriculture to close the nutrient loop would
therefore effectively increase the safe limits for agricultural losses. At a subglobal scale P loss to surface
water is more relevant as this can be more decoupled to P surplus than for N surplus and loss as a result
of spatially heterogeneous soil erosion rates.

It should be noted that all PBs derived until now imply an implicit direct relationship between P application
and P loss. However, as stated above, unlike N, P is adsorbed in the soil and P concentrations in solution
are governed by soil P contents. Changes in P contents are thus the cause of changes in P leaching and
P runoff to surface water, which are reacting with a delay time to changes in P input. The PBs given in
Springmann et al (2018) include an ongoing soil and sediment P retention, while this would not be
acceptable at an infinite time scale. An alternative approach for assessing the PBs would be to link it to
sustainable P management based on the “Build-up or mining and Maintenance” approach (Li et al. 2011,
Bai et al. 2013). The principle of this approach, which is applied in fertiliser recommendation systems and
P fertiliser policy, is that P application should be (i) more than the P withdrawal in harvested crop when
available soil P < critical level for crop yield, to build up available soil P to the required agronomic level
asses, and (ii) equal the P withdrawal in harvested crops when available soil P equals the critical level for
crop yield (Li et al. 2011). This applies the assessment of a temporary additional P input for a target period
followed by a P input equal to crop P demand, which implies then a near 100% P use efficiency, when the
soil P status is at an adequate level. Estimates are currently ongoing but were not yet ready to be included
in this overview.

A safe limit for P loss to the ocean is not provided by this approach and is more uncertain in the literature.

Rockstrom et al. (2009) suggest ~20% above natural baseline for long timescales as a low limit and 10x
natural baselines as a high limit based on past ocean anoxia events, while Watson et al. (2017) suggest

29



double background weathering over 50ky is enough to trigger global ocean anoxia within 10ky, and Kemena
et al. (2019) find that a RCP8.5 warming scenario (driving a 2.5x increase in P weathering) causes a 5x
increase in ocean suboxic volume (greater than that caused by direct anthropogenic P release to the ocean)
but no global ocean anoxia event. In contrast, preliminary modelling for this study using the same UVic
ESCM Earth system model setup as Kemena et al. (2019) suggests that ocean P inputs that are even
modestly above background levels could cause significant Earth system disruption if continuously
maintained beyond 1000 years, suggesting that long-term safe limits for P loss to the ocean might be close
to zero. Coastal hypoxia is occurring far sooner and faster than open ocean hypoxia, but modelling of future
coastal hypoxia scenarios is lacking at a global scale. More research is therefore required in order to assess
whether the safe limits for P surplus and loss to terrestrial surface water are also safe for the ocean.

P pollution has no direct human health effects, with many countries not setting a maximum phosphate limit
in water supplies. However, as with N pollution, harm can occur as a result of eutrophication, and so we
have set the harm boundary for P the same as the safe boundary. A further consideration is that unlike N,
the primary source of P for agriculture is a non-renewable resource (rock phosphate). Rock phosphate
depletion presents potential inter-generational harm through inefficient usage prior to the establishment of
full nutrient recycling (see SM section 2.4.4), while unequal access due to both poverty and geographic
distribution is also a justice issue (Elser and Bennett 2011).
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Table S7. Current values and proposed safe limits for critical concentrations, total inputs, new fixation, surpluses, and losses for N in relation to the
protection of surface water (from N runoff), terrestrial ecosystems (from NH3 emissions and related N deposition), and drinking water (from NO3;
leaching). Bolded rows indicate those used to derive values in Table S5.

(N runoff)

Timeframe
N indicator & environmental Current for current
system global value | Safe limit Unit value Domain Source
Surface water )
(N runoff) 1.63 1-2.5 mgN/L - - de Vries et al. (2013)
Groundwater mgNOs/L .
50[11.3 - - de Vries et al. (2013
(NOs leach) [ ] [mMgNO3-N/L] ( )
Terr. ecosystems 0.56 1-3(aif)  |ugNHa/m3 ; ; de Vries et al. (2013)
. (NHs emiss.)
Critical
concen- ;
Terr. ecosystems 5-25 (biome .
trations (NHa emiss.) dependent) kgN/hatyr - - de Vries et al. (2021)
or depos-
ition  |surface water Schulte-Uebbing et al.
(N runoff) 2:5(1-4) | mgN/L ) ) (2022)
Groundwater 50 [11.3] mgNOs/L i i Schulte-Uebbing et al.
(NOs leach) ' [MgNO3-N/L] (2022)
Terr. ecosystems 5-20 (biome Schulte-Uebbing et al.
kgN/h - -
(NHs emiss.) dependent) |<IN/hayT (2022)
- 248 TgN/yr 2000 Cropland & pasture |Bouwman et al. (2013)
Critical 185 ~95? TgN/yr 2010 Cropland & pasture |Bodirsky et al. (2014)
ritica
gllobatl N 174 - TgN/yr 2010 Cropland & pasture |Zhang et al. (2015)
inputs
Surface water 191 ToNiyr 2002-2010 |Cropland Mekonnen & Hoekstra

(2015)
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Surface water

(N runoff 167-208 TgN/yr 2010 Cropland Springmann et al. (2018)
161 (139- 2010 (2005-
i 192) TgN/yr 2014) Cropland Zhang et al. (2021b)
Terr. ecosystems Cropland & improved |Schulte-Uebbing et al.
(NHs emiss.) 232 220 TgN/yr 2010 pasture (2022)
Groundwater Cropland & improved |Schulte-Uebbing et al.
(NOs leach) 232 245 TgNiyr 2010 pasture (2022)
Surface water Cropland & improved |Schulte-Uebbing et al.
(N runoff) 232 198 TgN/yr 2010 pasture (2022)
Combined Cropland & Schulte-Uebbing et al.
(balanced) 232 134 TgNAyr 2010 improved pasture (2022)
All anthropogenic N R
Combined 140 35 TgN/yr 2000 fixation Rockstrom et al. (2009)
- 122 TgN/yr 2000 Cropland & pasture |Bouwman et al. (2013)
136 TgN/yr Begin. Z%St All agriculture Fowler et al. (2013)
. Century

Critical

new N

fixation (Sl\lljzfjr‘:sﬁ‘;"ater 140 72 (62-82) |TgN/yr 2000  |[Cropland & pasture |de Vries et al. (2013)
Terr. ecosystems .
(NH; emiss.) 140 102 (89-115) | TgN/yr 2000 Cropland & pasture |de Vries et al. (2013)
Surface water 150 62 (62-82) |TgN/yr ~2000 Cropland & pasture [Steffen et al. (2015)

(N runoff)
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Surface water

Mekonnen & Hoekstra

(N runoff 130 TgN/yr 2002-2010 |Cropland (2015)
Surf. Water )
(balanced) 132 69 (52-113) |TgN/yr 2010 Cropland Springmann et al. (2018)
Surf. Water .
(unbalanced) 132 52-69 TgN/yr 2010 Cropland Springmann et al. (2018)
) 86 (68-97) TgN/yr 201200(124(;05' Cropland Zhang et al. (2021b)
Terr. ecosystems Cropland & improved |Schulte-Uebbing et al.
(NHs emiss.) 122 106 TgNiyr 2010 pasture (2022)
Groundwater Cropland & improved |Schulte-Uebbing et al.
122 107 TgN 201
(NOs leach) 0 gN/yr 010 pasture (2022)
Surface water Cropland & improved |Schulte-Uebbing et al.
(N runoff) 122 92 TgNiyr 2010 [ asture (2022)
Combined Cropland & Schulte-Uebbing et al.
(balanced) 122 65 TgNAyr 2010 improved pasture (2022)
138 (93
arable, 45 TgN/yr 2000 Cropland & pasture |Bouwman et al. (2013)
- grass)
Critical N [Surface water 159 50-100  |TgN/yr 2010 Cropland & pasture  |Bodirsky et al. (2014)
surplus |(N runoff)
- 78 39 kgN/hal/yr 2010 Cropland Zhang et al. (2015)
- 100 50 TgN/yr 2010 Cropland Zhang et al. (2015)
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Surface water

Mekonnen & Hoekstra

(N runoff) 108 TgN/yr 2002-2010 |Cropland (2015)
Surf. Water )
(unbalanced) 134 67-90 TgN/yr 2010 Cropland Springmann et al. (2018)
Surf. Water .
(balanced) 134 90 (67-146) |TgN/yr 2010 Cropland Springmann et al. (2018)
Surf. Water 2010 (2005-
(unbalanced) - 52-69 kgN/halyr 2014) Cropland Zhang et al. (2021a)
Surface water 144 106-123  [TgN/yr 2010 Cropland & pasture [Chang et al. (2021)
(N runoff)
Terr. ecosystems Cropland & improved |Schulte-Uebbing et al.
. 11 101 TgN 201

(NHs emiss.) o 0 gN/yr 010 pasture (2022)
Groundwater Cropland & improved |Schulte-Uebbing et al.
(NOs3 leach) 119 1r TgNiyr 2010 pasture (2022)
Surface water Cropland & improved |Schulte-Uebbing et al.
(N runoff) 119 92 TgNiyr 2010 [ asture (2022)
Combined Cropland & Schulte-Uebbing et al.
(balanced) 119 >7 TgN/yr 2010 improved pasture  |(2022)
Surface water 10.7 5.4-7.2 TgN/yr 2000 Cropland & pasture |de Vries et al. (2013)
(N runoff)
Terr. ecosystems .

Critical N (NHa emisz.) 34 24.9-32.1 |TgN/yr 2000 Cropland & pasture |de Vries et al. (2013)

losses

All Agri leach & runoff 57 TgN/yr 2000 Cropland & pasture |Bouwman et al. (2013)
NHs volatilization 24 TgN/yr 2000 Cropland & pasture |Bouwman et al. (2013)
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Mekonnen & Hoekstra

Agri to SW 24.4 TgN/yr 2002-2010 |Cropland (2015)

Sewage to SW 7.5 TgNlyr 2002-2010 |Sewage ('\gg'gme” & Hoekstra
Industry (0 SW 0.74 TgN/yr 2002-2010 |Industry ('\gg';‘;;‘”e” & Hoekstra
promsen | s | [ | [Toemee | fscessn o
e 7| s frewe | [Tomee v e
Surface water 23 21 TgNiyr 2010 Cropland & Schulte-Uebbing et al.

(N runoff)

improved pasture

(2022)
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Table S8. Current values and proposed safe limits for local critical concentrations, total input, surplus, and losses to freshwater & oceans for P.
Natural baselines are also provided where available, and the current global value indicates the excess above this baseline (unless otherwise
stated). Bolded rows indicate those used to derive values in Table S6 or Figure S3.

Current global value Timeframe
Natural (excess above for current
P indicator | baseline baseline) Safe limit Unit value Domain Source
mgP/ Carpenter & Bennett
Critical 24-160 m3 (2011)
concen-
trations 50-100 mgpl Springmann et al. (2018)
m
. Carpenter & Bennett
22.6 TgP/yr | ~2000-2008 |All soil (2011)
10-15 3.72 (0.96-3.72)
(+5 anthro. [for 24 mgP/m3
weather- imit]-
ing) ~40 (inc. weathering) (6_“721276_226).?f0r TgP/yr | ~2000-2008 |Erodible soil (Cz%rf 1e)nter& Bennett
160 mgP/m3
limit]
Input of 14.2 TgP/yr 2000 Cropland MacDonald et al. (2011)
mined P to
agricultural 14.0 TgPlyr 2000 Cropland & pasture Bouwman et al. (2013)
soils
16.5 TgP/yr | ~2000-2010 |Cropland & livestock Cordell & White (2014)
14.2 6.2 (6.2-11.2) |TgP/yr | ~2000-2008 |Erodible soils Steffen et al. (2015)
17.0 TgP/yr 2013 Cropland Bouwman et al. (2017)
Mekonnen & Hoekstra
17.0 TgP/yr | 2002-2010 |Cropland (2018)
17.8 6-12 TgPlyr 2010 Cropland (no recycling) |Springmann et al. (2018)
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17.8 8-16 TgP/yr 2010 Cropland (50% recycling) |Springmann et al. (2018)
17.8 16 (8-17) |TgPiyr 2010  |Cropland (recycling + o i o mann et al. (2018)
' gy balancing) pring :
~2010 (2005-
16.4 TgPlyr 2014) Cropland Zou et al. (2022)
23.8 (1§1'2n”)””" 9.6 TgPlyr 2000  |cropland MacDonald et al. (2011)
31 (1:1;2”;" 17 TgPlyr 2000 Cropland & pasture Bouwman et al. (2013)
Total P
Input to 32.5(16.5 min., 16 TgP/yr | ~2000-2010 |Cropland & pasture Cordell & White (2014)
agricultural man.)
soils
(including 25 (17 min. +6 man.) TgPlyr 2013 Cropland Bouwman et al. (2017)
manure)
24.1 (17 min., 5.9 Mekonnen & Hoekstra
man., 1.2 irrig.) TgP/yr | 2002-2010 |Cropland (2018)
22.5 (16.4 min., 6 ~2010 (2005-
man.) TgPlyr 2014) Cropland Zou et al. (2022)
12 (11 crop +1 TgPlyr 2000 Cropland & pasture Bouwman et al. (2013)
pasture)
12 (9 crop +1 TgP/yr | ~2000-2010 |Cropland & pasture Cordell & White (2014)
pasture)
Soil surplus
9 TgPlyr 2013 Cropland Bouwman et al. (2017)
kgP/ha/| ~2010 (2005-
6.8 3.5-6.9 yr 2014) Cropland Zhang et al. (2021a)
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~2010 (2005-

8.8 4.5-9.0 TgPlyr 2014) Cropland Zhang et al. (2021a)
Mekonnen & Hoekstra
11.3 TgP/yr | 2002-2010 |Cropland (2018)
~8-9.9? 9'9.(9'9_38'4) TP, 8.6 (1.2-8.6) |TgP/yr | ~2000-2008 |All soil Carpenter & Bennet (2011)
inc. natural]
4 [runoff] TgPlyr 2000 Cropland & pasture Bouwman et al. (2013)
~1.3 [sewage] TgP/yr | ~2000-2010 [Cropland & pasture Cordell & White (2014)
~0.4 [from 1.47 [TP from
est. of inputs]: 0.56 [agri], Mekonnen & Hoekstra
natural 0.91 [sewage & TgP/yr | 2002-2010 [Cropland (2018)
Loss to concn.] other]
surface 6.3 [erosion/PP, 1.3
water (0.7-1.9) after 70- TgPlyr ~2000 |cropland Alewell et al. (2020)
89% redposited]
1.9-3.8 [All
. ~2010 (2005-
1.2-2.4 [sewage] |inputs], 0.7-1.4|TgP/yr 0281(4)005 Cropland Zhang et al. (2021a)
[agri. only]
~9.8 [TP, inc.
~2.5 natural], ~7.3 [exc. TgPlyr 2015 Cropland & pasture Beusen et al. (2022)
' natural]: ~5.4 [agri], gry P P '
~1.7 [sewage/other]
Loss to ~9 [inc. natural, PP] TgPlyr ~2000 All land, incl. natural Beusen et al. (2005)
Ocean ~2-4 ~1.75 TgPyr | ~2020  |Allinputs Filippelli (2008)
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8.6 [TP, inc. natural]:

6.6 [PP], 1.4 [DIP]; TgPlyr 2000 All land, incl. natural Seitzinger et al. (2010)
0.6 [DOP]
9 (8-32) [TP, inc. Carpenter & Bennett
8 natural], 1 (1-31) [TP, TgP/yr | ~2000-2008 |All soil P
(2011)
exc. natural]
11 22 [8-9in SI?] 11 (11_190) TgP/yr | ~2000-2008 |All inputs Steffen et al. (2015)
[~1.3 strict]
6.5 (1.5-9.3) TgPlyr pre-ind. |All land Kemena et al. (2019)
~4.6 [TP, inc.
natural], 3.3 [exc.
~1.3 natural]: ~2.1 [agri.], TgPlyr 2015 Cropland & pasture Beusen et al. (2022)

~1.1 [sewage &
other]
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1.5. Aerosols and Air Pollution

Tiny solid and liquid particles (other than cloud droplets) suspended in the atmosphere are called aerosols.
Natural sources, such as windblown dust, sea salts, volcanic ash, smoke from wildfires, and anthropogenic
sources, such as sulphates, nitrates and soot particles (black carbon) from factories, traffic or traditional
cookstoves are all examples of aerosols. Aerosols from natural sources dominate air pollution concentration
in wild and pristine areas but anthropogenic sources occur where most people live, thus having large health
impacts. Anthropogenic aerosols can be potentially controlled (Amann et al. 2020) to lower impacts on
human health. Air pollutant concentrations vary depending on diverse factors including (seasonal)
emissions, weather, and climate change (Mickley et al. 2004; Jacob and Winner 2009; Westervelt et al.
2016). In our assessment of safe and just (harm) limits, we have drawn on literature and guidance from
international organisations.

The safe boundaries described here meet I1 justice criteria, while 12 and I3 are discussed and just (NSH)
boundaries are quantified in section 2.3.5.

Aerosols have complex and mixed climate impacts (Forster, Storelvmo, et al. 2021). Aerosols affect the
radiative balance directly by either absorbing (e.g. black carbon aerosols) or reflecting (e.g. sulphate
aerosols) solar radiation, and indirectly by affecting cloud formation processes. Because of the complex
interactions between the aerosols and climate, there is large uncertainty in estimating aerosol radiative
forcing and the climate system response. Aerosols originate from diverse sources and have a lifetime of
only about 10 days in the atmosphere, leading to large spatial and temporal heterogeneity in their
distribution and impacts. Estimates of global aerosol optical depth (AOD; a measure of aerosol loading in
the atmosphere) are ~0.13-0.14 (Boucher, Randall, et al. 2013; Vogel et al. 2022) with anthropogenic
contribution to AOD ~0.03-0.04. The highly localised aerosol concentrations and their complex interactions
with climate could trigger regional-scale tipping points or substantial adverse effects on the regional
hydrological cycle. Steffen et al. (2015) proposed a regional boundary of 0.25 with a zone of uncertainty of
0.25 to 0.50 (an increase of ~0.1 from the background aerosol level due to human activities) for the AOD
in the South Asian monsoon region that could lead to drier monsoon seasons.

In recent years, climate modelling studies have identified potential shifts in the location of Intertropical
Convergence Zone (ITCZ) triggered by differences in sulphate aerosol optical depths (AOD) between the
Northern and Southern hemisphere impacting regional monsoon systems (e.g., West African summer
monsoon rainfall; (Haywood et al. 2013), and Indian monsoon; (Krishnamohan and Bala 2022). An
imbalance in natural or anthropogenic AOD between the hemispheres could arise because of the difference
in landmass and population, volcanic eruption or potential Solar Radiation Modification (SRM) (e.g.,
sulphate injections into the stratosphere). It is further recognized that AOD difference and its impact on
shifts in tropical precipitation and water availability is sensitive to the aerosol particle size, and the latitudinal
and altitudinal distribution of reflecting aerosols emissions (Zhao et al. 2021). The effects of
interhemispheric imbalance of aerosol loading are such that a larger concentration of reflecting aerosols in
one hemisphere leads to decreased precipitation in the tropical monsoon regions of the same hemisphere
but increased precipitation in the tropical monsoon regions of the opposite hemisphere. Consistently, the
decreases in global land monsoon precipitation from the 1950s to the 1980s are partly attributed to human-
caused Northern Hemisphere aerosol emissions (IPCC 2021b). The observed reductions in South East
Asian monsoon precipitation in the second half of the 20th century and Sahel drought in the 1980s are
explained by a southward shift of the ITCZ due to inter-hemispheric temperature differences related to
Northern Hemisphere cooling caused by increased Northern Hemisphere aerosol emissions (Douville,
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Raghavan, Renwick, et al. 2021). Further, over South Asia, East Asia and Sahel, increases in monsoon
precipitation due to warming from greenhouse gas emissions were counteracted by decreases in monsoon
precipitation due to cooling from human-caused Northern Hemisphere aerosol emissions over the 20th
century (IPCC 2021b).

Historic (and natural) examples of sulphate emissions leading to AOD difference between the hemispheres
and subsequent rainfall deficits in the Sahel are the volcanic eruptions of El Chichon in the 1980s (AOD
difference of 0.07) and Katmai (AOD difference of 0.08) (Haywood et al. 2013). Modelled sulphate injections
into the stratosphere leading to interhemispheric sulphate AOD difference of ~ 0.2 have shown that the
northern hemisphere monsoon index (summer monsoon rainfall in land regions of all northern hemisphere
monsoon regions) could decline by ~10% and the summer monsoon precipitation over India could decline
by >20% (Krishnamohan and Bala 2022). Similarly, Visioni et al. (2020), using modelled seasonal
stratospheric aerosol injections simulate an annual interhemispheric AOD difference of ~0.1 (seasonal
range 0.09-0.11), which leads to a decline in Indian monsoon precipitation and precipitation in the Amazon.
Based on these recent studies, we assess that an additional interhemispheric difference in AOD of 0.05 to
0.20, caused mainly by anthropogenic aerosol emissions in the Northern Hemisphere, could lead to major
disruptions to monsoon precipitation in the tropical monsoon regions. Therefore, we assign a safe boundary
value of 0.15 for the difference in annual mean AOD between the two hemispheres. The current background
annual mean interhemispheric difference in AOD is ~0.05, and this background difference reaches a high
value of ~0.1 in the boreal spring and summers (Kishcha et al. 2009; Feng and Ramanathan 2010; Vogel
et al. 2022) likely because of the increase in natural dust aerosol emissions in the northern hemisphere
during the boreal spring and summers.

2. Justice analysis of the safe ESBs

2.1 Introduction

Damage to biophysical domains is causing harm to humans, communities and countries. Safe boundaries
may protect humanity but not all humans, communities and countries. From a justice perspective we have
to move beyond looking at humanity as a whole and/or average damage to identify just no significant harm
(NSH) boundaries. This approach is part of our larger conceptualization and operationalization of Earth
system justice in terms of ends and means (Gupta et al. 2023). In this paper we only look at the
operationalization with respect to ends and within ends only with respect to ESBs.

Just NSH boundaries take primarily a bottom-up approach. For assessing NSH it was first important to
assess what the threshold for significant harm should be. Based on the scholarship as well as on expert
judgement of the Earth Commissioners we propose the definitions presented in the main text. These
definitions are tentative formulations by the Earth Commission. The conceptualization of significant harm
draws from similar conceptualizations in the fields of child protection legislation and medical scholarship
and practice. The conceptualization of the NSH principle draws especially from the field of international
environmental agreements, transboundary water agreements, and regional environmental regulations (e.g.
EU green taxonomy)(Tignino and Bréthaut 2020). Despite several workshops within Working Group 4 of
the Earth Commission where different thresholds were discussed we could not reach an agreement. What
is clear is that the concept of leaving no one behind and a human rights approach in terms of harm was
seen as too stringent by some and instead the IPCC approach of referring to harm to 10 and 100s of millions
of people was seen as an easier threshold in relation to Earth system justice. This harm approach was then
further incorporated in our exposure to harm calculations as explained in the methods section of the main
paper. This approach is part of our larger 3 | approach explained below.
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2.2 Operationalizing the “3 Is” framework

Our Just NSH approach is part of our broader justice narrative. It has procedural and substantive content.
When applied to ESBs and transformations, it is divided into a focus on ends (boundaries and minimum
access) and means (levers of transformation). In our assessment we use three justice criteria (3 I's):
Interspecies and Earth system stability (I11) (e.g. Burke and Fishel 2020); Intergenerational (between past
and present 12a and present and future 12b) (Meyer 2021); and Intragenerational (I13) (Okereke 2006),
including international (Blake and Smith 2022), inter-community (Bell 2020), and individual (e.g. Nickel
2021). We simplify these concepts to mean that there should be NSH to: (a) the functional ability of critical
Earth systems to provide NCP and support species (11); (b) current and future generations (I2a and b); and
(c) the spatial and other distributive issues affecting current generations (13), which can be further
understood as: harm at the individual level; harm to sovereign nations and/or specific indigenous
communities irrespective of size (international/inter-community). These criteria are used to assess
proposals for Earth System Boundaries (Table S9). As can be seen, although it is critical from a human
rights perspective not to undermine human rights at the individual level, our I1 criteria takes a much lower
threshold. However, we try to address human rights issues at the local level through complementing the
ESBs with WHO and other local level standards on air, soil and water pollution.

Table S9. Criteria for 3I’s of justice

Domains of 1. Interspecies | 2. Intergenerational 3. Intragenerational justice (spatial) - 13
evaluation justice and Earth | justice (temporal)
system stability - | (past to present, 12a;
11 present to future, 12b) |international  |Inter-community|individual
justice justice justice
Safe Earth Ensure the Intersectional justice (lens): Recognizing that harm can cumulate to some
System stability of the groups; the threshold of harm to these groups must be higher.
boundaries Earth system
must... from local to Minimise SH to future [Minimise SH to |Not threaten any |[Not undermine
global levelsto | generations (while nations within  [Indigenous human rights at
protect nature also recognizing past [current Peoples’ or local [the individual
and humans SH to present generation communities’ level
generations). existence

2.3 Assessing the safe ESBs

This section explains how we apply the concept of NSH to ESBs. We argue that ESBs should not cause,
but minimise significant harm to humans.

2.3.1 Climate Change

While the safe boundary (headline 1.5°C, with other boundaries for other likelihoods of passing
tipping points, Table 1) ensures I1 because it avoids tipping points, it raises challenges for I12a, 12b
and 13. This is because significant harm to present generations, countries, indigenous and local
communities, and individuals as well as other species can occur well before biophysical climate tipping
elements are triggered.

In relation to 12a, we note that future generations are already committed to climate impacts.

Intergenerational justice can be applied on time scales from successive generations to generations
separated by centuries or millennia (Skillington 2019; Gupta et al. 2023). It is estimated that 190 million
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people currently occupy global land below projected high tide lines for 2100 under low carbon emissions
(Kulp and Strauss 2019), with further impacts likely to come on longer timescales. In relation to 12a,
exposure to harm and harm from climate impacts experienced today stems from past emissions of
greenhouse gases (Rocha et al. 2015). Moderate risks for climate-related mortality and morbidity, food
production, water scarcity, and heat stress have already occurred in Africa, Europe, Australasia, and North
America (IPCC 2021a). Moreover, even at current global warming, which are overlapping with the proposed
safe ESBs, future generations are already committed to harm (e.g., small island states, marginalised
groups, etc.) (see main text).

In relation to 13, as noted in the previous paragraph, climate impacts are being experienced by people
worldwide today. Earlier IPCC assessments have reported harm to crops and water supply at warming as
low as 0.5°C in some regions (IPCC 2022). We also highlight the understudied impacts of climate change
on mental health, which may be affected negatively by heatwaves, loss of property and livelihoods due to
floods, or climate-induced migration (Watts et al. 2019). In relation to international justice, ten island states
are among the 15 countries that exhibit the highest disaster risk; this risk is increasingly determined by sea-
level rise (Aleksandrova et al. 2021). In 2022, Pakistan experienced extreme rainfall inundating 1/3" of the
country and harming 33 million people. In addition, the frequency and intensity of dust storms in many
dryland areas has increased over the last few decades partly due to climate-related factors, thus resulting
in increasing negative impacts on human health in regions such as the Arabian Peninsula and broader
Middle East, and Central Asia (IPCC 2019). In relation to inter-community justice, some indigenous peoples
and local communities are harmed at current warming levels. Indigenous communities in the Arctic may
also face harm already at 0.5°C since this level of warming poses risks to Arctic sea ice (IPCC 2022).
Indigenous populations that rely on subsistence farming practices for food are also reported to have limited
options for adapting to climate change threats (CSS 2021). The proposed safe ESBs will not protect these
populations from being harmed. In relation to individual justice, we emphasise that the impacts of climate
change (e.qg. flooding, storms, droughts, and extreme heats) will be felt disproportionately by people whose
access to resources is limited, mostly due to inadequate housing and infrastructure (Hallegatte and
Rozenberg 2017). In Nigeria, for instance, the poorest 20% of people are 50% more likely to be affected by
a flood, 130% more likely to be affected by a drought, and 80% more likely to be affected by a heat wave
than the average Nigerian. Case studies in Bangladesh, India, and Honduras also suggest that poor people
are losing two to three times more than non-poor people when hit by a flood or storm (Hallegatte and
Rozenberg 2017). Lastly, it is estimated that climate change will cause cereal prices to increase with 1—
29% by 2050 (IPCC 2019).

We determine that the safe ESB should be tightened to account for significant harm resulting from climate
change. To inform the quantification of the just (NSH) boundary, we use the analysis of exposure to sea
level rise and extreme heat presented in globally aggregated form in Fig. 2 and with summaries of greatest
impacted countries in Table S10. We obtain a boundary of 1.0°C to avoid high exposure to significant harm
from climate change (Table 1).
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Table S10. Exposures of populations and countries to sea rise rise, extreme wet bulb temperatures and extreme mean annual temperatures. See
Methods in main text for further information.

Sea level rise

Exposure to at least 1 day per year with wet bulb temperature greater than

Exposure to

MAT > 29°C
32°C 35°C
Temperature
E)°C) Exposed pop, Country with No. of . Population . No. of | Population . No. of Population
Exposed long-term highest % pop countries with exposed (in Country with countries with exposed (in Country with countries with exposed (in
op, 2100 (committed, affected; 2100 > 25% of pop millions of highest % pop > 50% of millions of highest % pop > 50% of millions of
pop. multi-centennial | lon -ierm affected; 2100 eople) exposed population cople) exposed population cople)
SLR) 9 | long-term peop exposed peop exposed peop
Qatar (100%), Bahrain
Not United Arab (28%), United
0.5 assessed Not assessed Not assessed Not assessed 370 Emirates 4 50 Arab Emirates 0 0
(100%), (21%),
Bahrain (98%) Oman (20%)
Qatar (100%), Bahrain
Bahrain (40%), Oman
0, 0,
1.0 Not Not assessed Not assessed Not assessed 565 (.100 %), 6 76 (26 /o),_CentraI 0 0
assessed United Arab African
Emirates Republic
(100%) (25%)
Qatar (100%), .
Marshall Z%%rsi; UIrE“rFr?i?atAég °
15 ~170M ~510M Islands (69% | 7123 761 ) 7 111 (79%), Qatar 3 221
88%) Unltgd Arab (75%)
Emirates Bahrain (5’0%)
(100%)
Marshall Qatsgr(u%;?]%)' Bahrain
0 .
Islands (70%) (100%), (84%), United
2.0 ~180M ~700M | Cocos 7140 1038 United Arab 9 161 Arab Emirates 3 638
o . (65%), Qatar
Islands (96%) Emirates
(57%)
(100%)
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2.3.2 Biosphere

2.3.2.1 Functional integrity

The safe boundary for functional integrity meets most of our justice criteria. That is because
functional integrity aims to preserve local Nature’s Contributions to People (NCP) in agro-ecosystems, cities
and other human dominated landscapes. Respecting the safe boundary thus prevents the loss of functional
integrity, which would otherwise lead to, e.g., shortages of food production and deaths as result of flooding
and landslides. It also prevents ecosystem fragmentation, simplification and area loss, which would
otherwise trigger zoonoses (Keesing and Ostfeld 2021), such as COVID-19, Lyme disease, and the avian
bird flu. In working lands, enhancing functional integrity secures access to pollination, pest control, and soil
protection services which underpin food and nutritional security (Garibaldi et al. 2011, 2020; Chaplin-
Kramer et al. 2014; Potts et al. 2016; Kremen and Merenlender 2018; Dainese et al. 2019). Functional
integrity also reduces nutrients, pollutants, and sediments runoff from agricultural fields, which would
otherwise impact water quality, human health and infrastructure. As a result, the integrity boundary ensures
11, 12b and I3. However, we note that people living in degraded lands require higher functional integrity in
order to access NCP, but the burden to achieve this should be fairly shared.

In the specific case of integrity loss, both current and future generations of people and other species can
benefit from meeting the 20-25% integrity boundary. However, areas with low functional integrity imply a
loss to current generations through the behaviour of past generations.

Since the safe boundary for integrity meets the justice criteria, we propose to align the NSH
boundary with the safe one.

2.3.2.2 Natural ecosystem area

Adherence to our proposed safe boundary for natural ecosystem area minimises harm with regards
to 11 and 12b, but it raises concerns in regards to 12a and 13.

With respect to harm to current generations we note that this boundary entails restoring some 15% of
the Earth’s surface additional to the current global area of natural ecosystems. This raises the question of
whether the safe proposal is not encumbered with the same objections as the Half Earth project. Notably,
past proposals to conserve half of the land and sea to stop the loss of biodiversity (Locke 2014; Wilson
2016) have been critiqued for not addressing current equity issues including impacts on food production,
increased land prices, land grabbing and displacement (Mehrabi et al. 2018), and the distributive challenges
associated to the project (Ellis and Mehrabi 2019) potentially affecting a billion people (Schleicher et al.
2019). The natural ecosystem area boundary builds on an efficient protection of the most biodiversity rich
habitats, where poor and vulnerable populations may be located. This means that particular countries,
communities and individuals might incur higher costs associated with meeting the natural ecosystem area
boundary, due to the biodiversity richness of the areas they populate. Thus, if it is essential to preserve 50-
60% of the Earth’s land and water we would argue from a justice perspective we should move away from
the efficiency principle, and in order to avoid inequitable distribution of the responsibility the just boundary
should be set at the upper end of the safe range. We signal that we differentiate between natural ecosystem
area, which is a measure of biological quality, and protection, which is a legal measure. There is good
evidence that intact areas can be inhabited, and that indeed, many intact areas are inhabited and have
been managed by indigenous communities. However, retaining them intact may limit development options
where conflicts between local justice (autonomy of choice at country, community and individual level) versus
global justice (impacts of climate change) may intersect.
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Based on this assessment, we consider that the just (NSH) boundary is aligned with the safe
boundary, since ecosystem tipping points triggered by loss of natural ecosystem area leads to loss of Earth
system NCP, but that we need to take into account the distributional equity of intactness
responsibilities (I12a and 13). We argue that there is an optimum where enough nature is conserved to
avoid significant harm to people and at the same time access to resources are provided to both current and
future generations. We suggest that 55-60% of natural ecosystem area may need to be kept intact once
equitable distribution of responsibilities are accounted for.

2.3.3 Freshwater

2.3.3.1 Surface water

The safe ESB for surface water ensures that 80% of the flows are reserved for nature which is sufficient for
environmental needs. As a result, this boundary secures 11 and I12b, except that we have not explicitly
defined water quality standards.

With respect to I2a, the surface water boundary requires additional consideration around water quality.
Even if 20% of the surface water flows are left for humans after ensuring nature’s needs, this does not
mean that all the water left is either sufficient or of good quality, in which case we would not have met the
ESB. This is an issue for both present and future generations. This could be solved by complementing the
safe boundary with WHO standards on water quality (WHO 2017).

Regarding 13 (inter-individual, inter-community and international justice), the boundary does not ensure
equitable distribution. While the boundary can ensure greater water flows for downstream countries that
are currently affected by large withdrawals by upstream countries, it would likely require the more than 800
transboundary water treaties that currently share water between riparian states be renegotiated. Within
countries, communities located near water bodies might incur more harm from a 20% flow alteration
boundary. Communities and regions located far away from the water bodies may have significantly more
difficulties in accessing water. Assuming good water quality, the safe surface water boundary should
therefore be complemented with principles of equitable distribution and transformation to reduce
unsustainable levels of water use, in order to prevent harm to communities/countries, not least because the
boundary requires a significant reduction in surface water demand in large parts of the world. Regarding
individual justice, the safe surface water boundary does not take into account the conditions of the poor,
women and children who are particularly water vulnerable—especially in remote dry areas (Priss-Ustiin et
al. 2019).

2.3.3.2 Groundwater

The safe groundwater boundary is set to ensure that annual drawdown does not exceed annual recharge
of groundwater aquifers.

In regard to 11, the groundwater recharge ESB ensures the protection of current ecosystems dependent on
groundwater. Furthermore, imposing the condition of groundwater recharge being higher than withdrawal

allows for aquifer restoration in the long term. This also meets 12b except in relation to quality concerns.

With respect to 12a, the groundwater boundary raises some concerns. Similar to the surface water
boundary, the groundwater boundary does not ensure sufficient quantity nor good quality for human use.
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Since the boundary is based on no net change of aquifer levels, it sets present/recent levels of recharge as
the baseline, which fails to account for harm that is already caused to present generations.

In regard to I3 (inter-community, inter-human and international justice), the groundwater boundary has
similar drawbacks as the surface water boundary. The safe ESB does not account for jurisdictional issues
and can affect interstate cooperation on groundwater; and since groundwater aquifer shapes determine
flows, it is not possible to assess how this boundary can affect interstate relations, however, it will likely
require significant transformation by many states to constrain groundwater. Within countries, this may imply
huge restrictions on water consumption (not water use) and affect the existing distribution of water through
property rights, permits and contracts — which may all have to be renegotiated to ensure better distribution
of scarce resources, a very expensive but necessary task to meet the ESB. Consequently, the safe
boundary should be complemented with principles of equitable distribution of water resources in order to
prevent harm to communities/countries. Regarding individual justice, the safe groundwater boundary
does not take into account the vulnerability of particular individuals such as the poor, women and children
(Pruss-Ustin et al. 2019). Without appropriate consideration in its implementation, these groups can still
be harmed even if the safe groundwater boundary is met.

2.3.4 Nutrient cycles

In relation to 11 and 12, the proposed safe boundaries minimise significant harm because problematic
eutrophication events in the Earth system are likely to occur well before direct harm to humans. The safe
boundary therefore avoids direct human harm from drinking water with elevated N concentrations (Ward et
al. 2018), and indirect harm through the consequences of eutrophication, such as loss of ecosystem
services including lost fishery catches, impacts on farmland that rely on eutrophic water, and health impacts
from algal blooms (Lavelle et al. 2005; Erisman et al. 2013; Cordell and White 2014; Schulte-Uebbing et al.
2022). The social cost of pollution by agricultural N in the EU in 2008 is estimated to have been €35-230
billion/yr, dwarfing the estimated economic benefit of N in primary agricultural production of €20-80 billion/yr
(Van Grinsven et al. 2013). Since the safe boundaries intend to prevent eutrophication events, we expect
that they therefore also minimise harm to present and future generations. However, future generations will
become increasingly reliant on low grade phosphate rock which is more expensive to extract and has
adverse effects on human, animal and plant health as it contains cadmium and other harmful contaminants
(Gilbert 2009).

With respect to I3, the safe boundary presents some justice concerns. In relation to international
justice, there are considerable differences in N and P use worldwide (Sutton et al. 2013). For example,
Africa uses less than 14 kg of fertiliser per hectare while East Asia and Europe use 150 and 200 kg per ha
respectively (Ministry of Agriculture, Livestock, Fisheries and Cooperatives 2020). These differences affect
yields (Bonilla Cedrez et al. 2020). Moreover, plant-available phosphorus is unevenly distributed. Globally,
29% of croplands are considered deficient in plant-available phosphorus (Tirado and Allsopp 2012).
Regionally, it is estimated that 75% of the agricultural soils are nutrient deficient in Sub-Saharan Africa,
contributing to low agricultural productivity and food insecurity for 30% of the population (Cordell 2010).
The loss of nutrients and soil organic C under current agricultural practices has affected 25% of soils in
sub-Saharan Africa (Stewart et al. 2020). In contrast to the cost of over-fertilisation dominating in Europe,
in 2007, degraded soils affected about 485 million African people and cost US $9.3 billion annually?®. We
advise taking into account these distributional issues when enforcing the safe boundaries. In relation to
inter-community and individual justice, the extraction of phosphate rock harms specific communities,
including the poor and marginalised individuals (Cordell and White 2014). Additionally, improper
management can cause disproportionate harm on the poor and marginalised individuals, and ~7% of global
phosphate supply is from the Western Sahara whose occupation and control of resources by Morocco is in
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spite of UN resolutions (Cordell and White 2014). Under current agricultural practices it is estimated that
remaining P will last 259 years (Brownlie et al. 2021). While the prospects of running out are not an
immediate threat, the impacts of price volatility from phosphorus scarcity will hit those regions without
adequate nutrients and impose input and food costs on the most vulnerable, similar to during the 2008
phosphate price spike (Khabarov and Obersteiner 2017).

Unlike other Earth system domains such as climate, a just (NSH) boundary based on direct harm is
less strict than a NSH boundary based on indirect harm via triggering biophysical tipping elements.
We therefore align the just (NSH) boundary with the safe boundaries for direct harm, which include
local standards for N and P in air and soil (section 1.4). They should also and take into account
distributional issues regarding access to fertilisers.

2.3.5 Aerosols and air pollution

The ESB on interhemispheric difference in aerosol optical depth aims to ensure earth system stability and
interspecies justice (11). It can also protect future generations (12b) through focusing on avoiding shifts in
precipitation patterns of monsoons. Thus, it accounts for the livelihoods of future generations. However, the
global ESB and the proposed regional ESB are not stringent enough to protect current generations from
adverse health impacts of air pollution (I2a and 13). Hence, we follow the latest World Health Organisation
air quality guidelines for ambient air pollution.

PMzs refers to tiny particles or droplets in the air that are two and a half microns or less in width. It is
measured in terms of concentration (ug/m3) with different thresholds for average daily or annual exposure.
High levels of PMzs are associated with respiratory illnesses and premature deaths as well as heart
problems and debilitating asthma, as they are able to travel deeply into the respiratory tract, reaching the
lungs (affecting lung function and worsening other medical conditions). PMzs is not a single specific
chemical entity, but a mixture of particles from different sources with different chemical compositions.
Precursors of PM2s are sulphur dioxide (SO2), nitrogen oxides (NOXx), volatile organic compounds (VOC),
and ammonia (NH3).

We propose their interim targets as basis for likelihood ranges for the NSH boundary (Table S11) given the
linear relationship between mortality risk and air pollution (ca. 6-8% per 10 ug/m? relative to baseline
mortality risk, see (Chen and Hoek 2020). Yet, PMzs does not cover toxicity of particles which vary from
sources and places.

Table S11. Annual exposure to PM; s for 24-hour mean

Annual exposure to PMzs ug/m?® Description

<5 Very low likelihood of harm
5-10 Low likelihood of harm

10-15 Moderate likelihood of harm
15-25 High likelihood of harm

25-35 Very high likelihood of harm

> 35 Extremely high likelihood of harm

Aerosols from natural sources dominate air pollution concentration in wild and pristine areas but
anthropogenic sources occur in most populated regions and can be potentially controlled to lower impacts
on human health (Amann et al. 2020). Given natural emissions, such as aeolian dust or wildfires cannot be
avoided and their control is impracticable, significantly reduced life expectancy due to air pollution from
natural sources will remain (Lelieveld et al. 2020). Because of natural sources, the most stringent levels of
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WHO guidelines on clean air pollution cannot be met everywhere, except for a few places in the mountains
or close to the sea. In 2019, 99% of the global population lived in areas where the target level of WHO air
quality guidelines (annual mean PMzs of 5 pg/m?3) was not achieved (WHO 2021). Air pollutants have been
declining in many regions around the globe since 2000, however, the aerosol concentrations over
Southeast Asia have been rising during this period (Quaas et al. 2022). Hence, we propose the moderate
likelihood level of harm of 15 ug/m?3 of mean annual exposure to PMzs aerosols (WHO proposes 15 ug/m3
for 24-hour mean), similarly to US EPA standards secondary goal of 15 pg/m?3 (primary goal of 12 pug/m?)
and EU guidelines of max. 20 pg/m3. Reducing annual average PMzs concentrations from levels of 35
Mg/m?, common in many developing regions and cities to the WHO guideline level of 15 ug/m?2 could reduce
air pollution-related mortality by approximately 12% (based on WHO (2006)). Reducing air pollution to the
lower pollution levels would lead to higher reductions in premature deaths. However, no level of air pollution
can be called absolutely safe (no harm) from a health perspective, and staying within these WHO limits
does reduce health risks.

With respect to 13, the safe boundary aligns with just, yet air pollution is linked to health impacts in animals,
crop vyield impacts and pollination.

When considering regional and local aerosol levels and their impacts, local sources dominate. This can be
linked to intragenerational injustices with regards to access to and means for clean technologies (Rao et
al. 2021; Chen et al. 2022). When considering international justice, the ESB accounts for the fact that
aerosol loading accumulates over large regions, even an entire hemisphere, to cause a global scale climate
effect. Aerosols do not stop at national boundaries. Yet, short-lived climate forcers which affect human
health most, are strongly linked to local sources (Hill et al. 2019). With respect to inter-community justice,
air pollution affects poor communities most as they tend to live and work in the most polluted areas and
sectors (UNEP 2019; Poulhés and Proulhac 2022), have often no or little power to implement or guarantee
compliance with standards of polluting industries close to them, and are often lacking technologies and
fuels that mitigate the air pollution burden in their homes. Great inequalities exist in who contributes to and
who suffers from air pollution (Rao et al. 2021). Regarding individual justice, air pollution adds to other
pre-existing health burdens (e.g. Jorgenson et al. 2021; Raaschou-Nielsen et al. 2022) and susceptibility.
For example, women, elderly, and children are suffering the most from indoor air pollution (Jerneck and
Olsson 2013). Through the just boundary local impacts are accounted for.
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