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Humans could becomethe greatest driver of biospherenet gain in Earth history,

but we are currently the second fastest driver of biosphere loss
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Human activity is transforming the shape, size, and resilience of Earth’s biosphere, degrading and
augmenting Holocene baseline conditions at various scales, and replacing the wild biosphere with
an anthropogenically modified one. We evaluate episodes of biosphere change throughout Earth

history and compare them with contemporary and near-future anthropogenic changes, developing
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the concept of biosphere disruptors — agents that force global-scale macroevol utionary change.
Transient disruptors are short-lived agents (mean 8.0x10° years), including massive volcanism and
asteroid impacts. Persistent disruptors, including atmospheric and ocean oxygenation and land
plant evolution, remain in the Earth System over long timescales (mean 1.6x10° years). In the
geological record, transient disruptors are associated with temporary but sometimes massive
biosphere degradation, whereas persistent disruptors are associated with sustained biosphere
enhancement. Most anthropogenic biosphere impacts resemble those of past transient disruptors,
globally degrading wild biomass and biodiversity. Humanity is driving the second highest rate of
biosphere degradation in Earth history after the Cretaceous-Palacogene bolide impact. However,
humanity is the first disrupting agent capable of reflecting on and potentially transforming its
impact on planetary habitability. If we can achieve this, humanity could drive the greatest rate of
increase in planetary habitability in Earth history on centennial to millennial timescales.
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1. Introduction

Seven of the nine planetary boundaries that determine a safe operating space for human interactions
with Earth’ s life support systems have already been transgressed by human activity (figure 1) [1].
The biosphere integrity boundary has two components, genetic and functional integrity, which have
both been transgressed over the last 150 years [2,3]. The functional integrity boundary represents
the biosphere's capacity to maintain ecological functions and was breached in the late 19™ century
when the proportion of global net primary productivity used by humanity (human-appropriated net
primary production [HANPP]), began to exceed 10%; by 2023 HANPP had increased to ~30% [3].
The genetic integrity boundary measures extinction rate and is set at fewer than 10 extinctions per
million species years (E/MSY) [2]. The genetic integrity boundary has been far exceeded during the
last 150 years, with the current value exceeding 100 E/MSY [3]. Since the late 19" century there
has been a~10% loss of genetic diversity and a global extinction rate that is tens to hundreds of

times greater than the background level [1,4]. The Living Planet Index shows asimilarly

diminishing pattern for the biosphere, with monitored vertebrate populations decreasing by an
average 73% of their 1970 value by 2020, mirrored by declines in invertebrate groups such as
insects [5,6].

Human influence on planetary function increased rapidly during the onset of the ‘ Great
Acceleration’ of the mid-20" century (e.g. [7-10]) and is clearly continuing to change Earth’s life
support systems in the 21% century (e.g. [1,3]). These changes have been predominantly driven by
humans in hyper-consuming societies, rather than humanity in total [11,12]. Over this time, most of
Earth’ s terrestrial surface, as well asits atmosphere and oceans, became pervasively influenced by
humans (e.g. [13,14]). Agricultural production greatly increased in the 20" century and is thought to
be the cause of ~70% of terrestrial biodiversity loss [15] with land area covered by primary
vegetation falling from ~70% in 1850 to <40% in 2000 [16]. In the marine environment, about one-
third of all fisheries are now unsustainably exploited following a steady increase of unsustainable
fisheries from about one-tenth in 1970, though there has been an increase in the proportion of
underfished stocks since 2019 [17].

Humans have driven massive increases in terrestrial productivity and mammalian biomass.
Through population growth and livestock farming, humans have approximately tripled the total
biomass of mammals since 1850, including an ~500% increase in domesticated livestock, but this
has come at the cost of massive reductionsin wild mammal biomass (~60% loss of wild terrestrial
mammal biomass; ~70% loss of wild marine mammal biomass) [18]. Conservation can counteract
some of the losses in the wild biosphere, and conservation efforts have halted and substantially
reversed some regional population declines, including range expansions of some species [19].

M oreover, some land management practices have been shown to benefit both human societies and
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the local wild biosphere [20], including matrix farming (e.g. [21]), patch-burning (e.g. [22]), and
sustainable fishing [23]. Technologica developments also provide space for the evolution of novel
ecologies (but see[24]), and some local biodiversity increases have been driven by deliberate or
accidental anthropogenic species translocation and hybridization (e.g. [25]).

From the perspective of long-term planetary evolution, the question is: how do
anthropogenic changes to the biospher e compare to past intervals of biosphere change? We
suggest that |essons drawn from large biotic changes in Earth’s geological past can inform the
actions necessary for humanity to augment planetary habitability, here used in the sense of Earth’'s
capacity to support life in away that maximises across all of functional and taxonomic biodiversity,
productivity, biomass, and resilience [26]. Maximising only one of these (e.g. increased
productivity through algal blooms) is not sufficient to enhance planetary habitability. Similarly,
high resilience alone does not imply greater overall habitability — high resilience implies a systemic
resistance to transformation or change of state (e.g. [27]). Where aresilient system state
corresponds to low biodiversity, productivity, and biomass, the resilience of that state is undesirable
in terms of planetary habitability, hindering pathways to increased biodiversity, productivity, and
biomass. In the language of social and ecological resilience, such a state has undesirable resilience
[27], with low diversity, low productivity, and low biomass becoming locked-in for long intervals.

To address how anthropogeni ¢ biosphere changes compare with biotic changes through
Earth history, we first identify intervals of macroevolutionary change in the geological record
(tables S1-S5). We then assess the duration (figure 2; tables S3-$4) and impact (figure 3; table S5)
of these intervals on the biosphere. We also resolve the driving mechanisms behind these intervals
into two categories — transient (table S1) and persistent disruptors (table S2).

Transient disruptors are typically geologically short-lived, ephemeral, agents. Our data
show that transient disruptors tend to leave the biosphere with lower functional and taxonomic
biodiversity, biomass, and productivity, locking in a metastable state of undesirable resilience [27]
while they are present in the Earth System (figure 4). Biosphere recovery, reorganisation, and/or
transformation to a new state of more desirable resilience typically takes several million years after
the disruptor and its effects have dissipated from the Earth System (e.g. [28]). In contrast, persistent
disruptors are geologically long-lasting and remain in the Earth System beyond the interval of their
initial impact. An emergent feature of our datais that persistent disruptors have driven substantial
increases in planetary habitability (functional and taxonomic biodiversity, biomass, productivity,
and resilience) over Earth history (figure 3) by reconfiguring biosphere structure and function over
tens to hundreds of millions of years. However, persistent disruptors do not necessarily increase
planetary habitability. Thisisillustrated by the Gaian bottleneck hypothesisin which life fails to

persist on most planets where conditions are initially suitable for life to originate because planetary
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conditions move outside of the habitable range faster than life can evolve Gaian regulation to
maintain habitability (e.g. through runaway greenhouse or icehouse climate states) [29]. In this
case, the runaway climate state would be a persistent disruptor, locking in an undesirable biosphere
state [27] of low (or no) biodiversity, productivity, and biomass [29]. Although persistent
disruptorsin Earth history have tended to increase planetary habitability (figure 3), it is possible
that humans could become a persistent but degradational disruptor of Earth’s biosphere.

Uniquely as an agent of change in Earth’s history, humans have the capacity to reflect on,
govern, and potentially consciously modify our impacts on the Earth System. Are we necessarily a
transient disruptor of the biosphere, causing significant but ultimately short-lived losses of
functional and taxonomic biodiversity and biomass, akin to past mass extinction events (e.g. [30])?
Or do we have the potential to become a persistent disruptor, facilitating a transformation of the
biosphere into a new configuration [31] that drives sustained enhancement of planetary habitability
over longer time scales, ushering in a more productive and diverse biosphere state, as did the

Cretaceous angiosperm revolution (e.g. [32])?

2. Ancient compar atorsfor human activity

There are no analogues of past disruptors directly comparable to contemporary biosphere change.
Thisis partly due to the rapidity of anthropogenic changes — of all the past disruptors we have
identified, only the Cretaceous-Palacogene (K-Pg) asteroid impact islikely to have had its
maximum impact over ashorter timescale than humans (figure 2; e.g. [33,34]). It is also partly
because of the unique characteristics of the Earth System before and during each past interval of
biosphere disruption. For example, elevated extinction intensity throughout the early Palaeozoic is
linked to lower atmospheric and oceanic oxygen concentrations during this time [35]. Biosphere
evolution also shapes the potential for step-change increases in biodiversity, productivity, and
biomass over time. For instance, large vascular plants and forests only evolved in the Devonian,
meaning that pre-Devonian biomass and ecospace was much smaller than it istoday [36], and the
colonisation of terrestrial habitats allowed a shift towards the present-day state in which most global
biomass is captured on land in trees [37].

Nevertheless, the degree of contemporary biosphere change can be compared to changes in
deep time. For 30 intervals of macroevolutionary change in the fossil record (tables S3, S5), we
evaluate the duration (figure 2), magnitude (figure 3), and rate (figure 5) of biosphere change.
Where possible, we aso consider the proximate cause (i.e., the disrupting agent) for each episode.
We then evaluate the degree of anthropogenic biosphere disruption (a) so far, (b) likely to be caused
by 2100 CE, and (c) potentially caused by 3100 CE; i.e., in the recent past and on near-future

human timescales. We consider percentage changes, where possible, in species and genus richness,
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biomass, and productivity across each disruption interval as reported in the palaeontological and
geological literature (table S5). To facilitate comparison with the literature on current,
anthropogenic, biosphere change, we convert estimated species (or genus) extinction or origination
rates typically expressed as percentage change in the palaeontological literature to extinctions or
originations (E or O) per million species (genus) years (MSY [MGY]) following equation (1).

change/MSY = (taxonomic % change)s10* .

interval duration in years

We also make explicit comparisons between anthropogenic biosphere change and the loss of
ecospace resulting from elevated global temperatures, deforestation, and the spread of ocean anoxia
in the Permian-Triassic mass extinction (PTME; figure 1), as well as drawing comparisons with
other intervals of disruption throughout Earth history in which the biosphere was either ultimately
enhanced or degraded. We find that humans are acting faster than almost all past transient biosphere
disruptors (figure 2) and with comparable magnitude (figure 3). Humans aso have the potential to
deliver the greatest rates of positive or negative change on the biosphere of all past disruptors,
except for the K-Pg asteroid impact (figures 4 and 5).

(a) Trangent disruptors

Thefossil record reveals many intervals of Earth history in which transient disruptors acted on the
biosphere on timescal es ranging from seconds, years, and decades (e.g., the K-Pg boundary asteroid
impact) to hundreds of thousands and millions of years (e.g., environmental change resulting from
solid Earth processes; table S1; figure 2) [38,39]. Transient disruptors are geologically short-lived
(tables S1, S3-4, figure 2), with the disrupting force dissipating over time, even if the disruption
caused to the biosphere continues long afterwards. In our dataset, transient disruptors have a mean
duration of 8.0x10° years (standard deviation 8.8x10° years; median 5.0x10° years; n = 25; tables
S1, S3-34).

Transient disruptors are generally abiotic, deriving from forces beyond the biosphere,
including solid Earth processes like major volcanic eruptions and extra-terrestrial disturbances
involving bolide impacts (table S1). Although many solid Earth processes operate over very long
timescales (10’ to 10° years), they also express as shorter duration pulses (10" to 10° years) that can
be experienced as critical moments or tipping points in abiotic environmental systems that cascade
through the biosphere (e.g. [39,40]). Volcanic outgassing occurs over tens of millions of years, but
large igneous provinces (LIPs) can develop more rapidly as the result of mantle plumes, delivering
enormous volumes of climate-altering gases and aerosols into the atmosphere on much shorter
timescales (often <2x10° years) with much of the outgassing taking place in even shorter pulses
(10* to 10° years) [41,42]. Tectonic plates also move slowly, changing the face of planet Earth on

timescales of 10’ to 10° years, but there are key intervals in plate tectonic evolution that are
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experienced by the climate system and the biosphere as critical moments on shorter timescales (106
to 10 years) when changes in plate positions cause effective separation or connection of land
masses and oceans. At the Eocene-Oligocene boundary (~34 Ma), for example, the separation of
Antarctica from the South American and Australian continental plates and the deepening of the
Drake Passage and Tasman Gateway facilitated thermal isolation of Antarctica, ice sheet growth,
and global cooling that had a pronounced impact on the biosphere ([42] and references therein).
Changing continental configurations can also trigger substantial regional changes in biodiversity
(e.g., inthe Pliocene phase of the Great American Biotic Interchange [43]), but because these are
not global-scale biosphere disruptions we do not include them in our compilation here. More rarely,
climatically driven changes influenced by the biosphereitself may have driven extinctions, such as
with the Devonian expansion of land plants [44], though the relative impact is debated [45].

Transient disruptors in Earth history have typically degraded the biosphere (figure 3), with
(mass) extinctions resulting in significant biodiversity and biomass loss driven by kill mechanisms
that include hypoxia, rapid temperature change (typically heating) and coupled climate impacts
such as aridity, and excess CO, (hypercapnia + acidification in the oceans + acid rain on land) [46—
48]. For example, marine biomass declined significantly in the Late Devonian Kellwasser (Fr-Fm),
Permian-Triassic (PTME) and end-Triassic (ETME) mass extinctions and possibly also in the Late
Ordovician (LOME) and Cretaceous-Pal aeogene (K-Pg) mass extinction events (tables S1 and S5)
[49]. Biodiversity loss peaked in the PTME [46]. Terrestrial forests, and by implication net primary
productivity on land, also suffered significant declines during the PTME [50] and ETME [51].

Transient disruptors generally result in much lower biodiversity, simpler trophic structures
[28,52], and much reduced biomass [49,50] (figure 3). The biosphere then enters survival and
recovery phases, often lasting many millions of years, during which further extinctions might occur
(e.0. [28]) before anew biodiverse biosphere with acomplex trophic structure re-evolves in the
absence of the transient disruptor. Although the re-emerged biosphere may ultimately become more
diverse than the one that went extinct, this happens once the effects of the disruptor have left the
Earth System, e.g., after the bolide impact (K-Pg) or when atmospheric CO, levels fall as volcanic
outgassing reduces (PTME, ETME).

Deforestation was widespread during the PTME, particularly at low latitudes [50], and was
probably caused by a combination of global warming, aridity, and acid rain [47]. Net primary
productivity on land was estimated to be ~70% lower in the earliest Triassic (~13.0 to 19.7 Pg Clyr)
compared to the latest Permian (~54.4 to 62.5 Pg C/yr) [50]. This loss of primary productivity, as
well as the considerable loss of genetic and functional diversity [28,53], clearly threatened the
planetary boundary of biosphere integrity in the PTME, just as biosphere integrity today is
threatened by loss of genetic diversity and human appropriation of primary productivity (figure 1)
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[3]. By comparison, about one-third of global forest area has been lost since the Middle Holocene,
with half of that loss occurring since 1900 CE [54] and the most recent losses focused on the tropics
[55]. Deforestation since the Middle Holocene represents severa hundred Pg C [36], with global
forest biomass probably about half of its Early Holocene value [37]. Human appropriation of
terrestrial net primary productivity (HANPP) is estimated at ~30% (16.8 Pg C/yr) of the mean
Holocene value [3]. Anthropogenic deforestation is currently approximately half that of the PTME,
and it has been suggested that the loss of undocumented biodiversity in tropical forests may already
have crossed the mass extinction threshold [56]. M oreover, documented losses particularly in
mammal and bird populations serve as a warning of massive species-extinction-to-come if nothing

is done to prevent this (The Living Planet Index).

Increased temperatures and expanded |ow-oxygen conditions (hypoxia or anoxia) in marine
environments are a predominant feature of past biotic crises (table S1) [46,48]. Model simulations
suggest that just the combined effects of ocean deoxygenation (~80%) and increased sea surface
temperature (+10°C) can replicate ~50% of regional extinctionsin the PTME [57]. Ocean hypoxia,
in concert with other factors such as rapid warming, acidification, and hypercapnia, was a PTME
kill mechanism [47] and is one that increasingly resembles the trgjectory of the oceans in the
Anthropocene epoch [57]. The role of marine hypoxia has not been accorded the same relevance in
driving present biodiversity loss as the related patterns of climate change [58]. Contemporary ocean
deoxygenation is linked to increasing temperature, with an estimated 2% of the open ocean’s
oxygen lost since 1960 [59], 3 to 4% loss predicted by 2100, and potential widespread marine
oxygen deficiency within a millennium ([58] and references therein). In coastal areas hypoxia
correlates with those regions of the Earth where the human footprint is strongest (e.g., South and
East Asia, the Gulf of Mexico, and Europe), linked to excessive nutrient flux and eutrophication
[60,61]. In some near-future scenarios where global warming (relative to the 1850-1900 average)
reaches ~4.9 + 1.4°C by 2100, and ~10 to 18°C by 2300, the combined effects of warming and
oxygen depletion could result in a mass extinction approaching the magnitude of major eventsin
the Earth’s past, though limiting global warming to ~2°C could reduce thisrisk by 70% [62]. Ocean
temperature and ocean oxygen concentration are not independent of each other. Increasing ocean
temperature reduces oxygen solubility (e.g. [59]), and there is both empirical and theoretical
evidence that alarge increase in ocean temperature can disrupt phytoplankton photosynthesis [63—
65] and therefore disrupt the global oxygen cycle.

Declining ocean oxygen concentration is considered as a possible tipping element of global
climate [66], and asufficiently large decrease in the amount of dissolved oxygen can potentially
lead to atipping cascade in the whole Earth System [67]. However, ocean oxygen concentration is

not explicitly included in the planetary boundaries scheme of contemporary change, and instead the
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phosphorus control variable is used as aproxy for the risk of ocean anoxia[2,3]. Ocean oxygen
concentration is simpler to estimate in deep time than is ocean phosphorus concentration, and
oxygen dissolved in the ocean has been persistently and measurably declining since at least 1960
[59,60]. Given the current trajectory of ocean oxygenation [58—60] and the strong association
between major biotic crises and low ocean oxygen concentrations in deep time (table S1) [46,48],
we reinforce the suggestion of [68] that ocean oxygen concentration should be included explicitly in

the planetary boundaries framework.

(b) Persistent disruptors

The fossil record aso reveals many intervals of Earth history in which persistent disruptors acted
on the biosphere on multi-million-year timescales (figure 2, tables S2-$4). In our dataset, persistent
disruptors have an arithmetic mean duration of ~1.6x10° years (standard deviation ~1.7x108 years,
median ~7.5x10’ years; n = 5; tables S3-S4). In contrast to the transient disruptors that we review
above, persistent disruptors remain in the Earth System long after they first appear and long after
their initial impact. Here, we consider their duration as the interval over which their initial impact
was greatest (range of best-estimate durations: 4.0x10” to 5.0x10° years). Persistent disruptorsin
Earth history typically promote greater planetary habitability by supporting greater taxonomic and
functional biodiversity, productivity, and biomass (figure 3) including through providing new
symbioses and interactions, even if they initially cause harm to the incumbent biosphere.
Persistence isnot in itself desirable, and biologically impoverished (undesirable) system states can
be resilient [27], but the persistent disruptors that we have identified in the geological record have
all driven substantial increases in planetary habitability across different metrics (figure 3).
Persistent disruptors primarily originate from within the biosphere itself (table S2), rather than
from solid Earth processes as do transient disruptors. In this context, anthropogenic impacts on the
biosphere originate from within the biosphere itself. Here we focus on two persistent disruptorsin
Earth history that resulted in greater biosphere productivity and diversity: the evolution of oxygenic
photosynthesis during the Great Oxygenation Episode (GOE), and the terrestrialization of the
biosphere.

The evolution of oxygenic photosynthesisis one of the earliest persistent disruptors to leave
aclear signal in the geological record, known as the GOE which began ~2400 Ma and lasted ~200
to 300 million years [38 and references therein, 69]. Oxygenic photosynthesis in the microbial
biosphere liberated free oxygen into the atmosphere and oceans, causing the oxygenation of Earth’s
surface environments and facilitating the subsequent diversity of more complex organisms,
including eukaryotes, with higher energy demands satisfied by the greater energy released by
oxidative phosphorylation [70]. However, the GOE caused significant disruption to the pre-existing


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

biosphere that was largely adapted to oxygen-poor environments and predicated on anaerobic
processes of respiration [71]. Primary productivity increased during the GOE, possibly exceeding
modern levels, before falling back to alower level for most of the Proterozoic [72]. Subsequent
increases in atmospheric and oceanic oxygen concentrations from the rise of photosynthetic
eukaryotes in the Mesoproterozoic and land plants in the Phanerozoic both further elevated primary
productivity [72].

The evolution of land plants and the development of a terrestrial biosphere from ~475 Ma
[73] also proved to be a persistent disruptor of the biosphere, involving complex interactions
between plants and fungi [74] seen in some of the earliest fossilised terrestrial ecosystems [75].
These interactions provided fungi with carbohydrates from the plants, whilst in return the fungi
greatly extended the soil volume from which plants could extract nutrients [76]. Invertebrate and
vertebrate animals then became key parts of these ecosystems from the Silurian and Devonian (e.g.
[77,78]). Symbiotic relationships were critical in the later diversification of angiosperm plants from
the Cretaceous onwards [32]. In the early stages of biosphere terrestrialization, land plants changed
the Earth System by increasing atmospheric oxygen levels [79] and may have contributed to global
cooling in the Late Ordovician by removing CO, from the atmosphere [80]. The plant biosphere
developed large trees and forests from the Middle Devonian onwards [81] that has ultimately
resulted in most biomass being concentrated on land (e.g. [37]), with an upper ceiling at around 980
Pg C above which interactions between a more oxygenated atmosphere and forest fires act to limit
additional plant growth [36,82].

Embedded within the evolution of the terrestrial biosphere is the further persistent disruptor
of the angiosperm (flowering plant) revolution in the late Mesozoic and early Cenozoic, which
drove terrestrial biodiversity and biomass to exceed its marine counterpart (table S2) [32,83]. The
modern terrestrial realm hosts ~85 to 95% of total macroscopic species diversity on Earth [83]. The
plant-dominated terrestrial biomass at 470 Pg C is almost two orders of magnitude greater than the
marine biomass at 6 Pg C, even though primary production (measured in produced mass of carbon
per unit time) is similar in the oceans and on land, with a much greater turnover in the marine realm
[37]. Angiosperms are the dominant component of terrestrial biomass, being much more productive
than gymnosperms [32], and the rise of angiosperms probably drove the decline in conifer diversity
and their concomitant increased extinction risk [84]. Angiosperms evolved a huge range of
mutualistic relationships with fungi and animals, especially insects, and enhanced the habitability of
terrestrial tropical wet biomes, providing a much greater range of interactions and environments for
insects and other animals [32]. Cascade effects from the angiosperm revolution include the
diversification of spiders, notably ground hunters of insects, of amphibians that live in humid

tropical forests, and of mammals and birds that fed on the insects associated with, or fruits produced
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by, these plants [32]. In this way, the angiosperm radiation enabled the evolution of entire
ecosystems that were simply impossible before their arrival and enhanced planetary habitability
even whilst the incumbent conifer ecosystems declined and shifted into higher latitude, higher

elevation, and lower productivity parts of the terrestrial realm.

3. Do some patterns of human interaction with the biospher e resemble per sistent disruption?
Both transient and persistent disruptors permanently reshape the biosphere. Transient disruptors
can clear out biodiversity and break down existing trophic structures through (mass) extinctions,
thereby indirectly facilitating the permanent reshaping of the biosphere through the eventual
evolution of new species and ecosystems. Persistent disruptors can reconfigure the state of the
biosphere by promoting productivity, enhancing symbioses and mutualisms between species and
facilitating the evolution of new species and ecosystems. The question is, will humanity’s
permanent reshaping of the biosphere (e.g. [85]) result from us acting as a transient disruptor, to be
followed by along interval during which low functional and taxonomic diversity is locked into the
global ecosystem? Or can we identify pathways by which humanity can be transformative of the
biosphere, as a persistent disruptor that enhances global biodiversity? The latter scenario would
seek to emulate the * Green Road’ shared socio-economic pathway SSP1 of greater equality, human
well-being, lower overall growth and consumption, and greater sustainability [86]. However, if
following the path of atransient disruptor, human activity would run closer to the ‘ Rocky Road’
SSP3 or ‘Highway' SSP5 scenarios in which global environmental degradation is high, even if
technology and conservation efforts prove effective locally (SSP5) [86]. Here we attempt to plot
humans as both transient (business as usual) and persistent disruptors (sustainable stewardship: a
more desirable social-ecological reorganisation) in figures 3 and 5 (tables S3 and S5) and highlight
three interrelated pathways towards the latter type of disruptor that can encourage a more

biodiverse- and biomass-rich wild biosphere.

(a) Fostering more diverse human influenced ecologies
Persistent disruptors have increased the range of habitats available to life and thereby fostered more
complex and diverse ecosystems (table S5). Human practices have been shown to replicate this by
leveraging local knowledge and community-based approaches to landscapes that develop and
support new symbioses and consequently increase biodiversity.

Many social-ecological systems support both human and nonhuman species around the
world [20]. Indigenous communities around the North Pacific rim have maintained sustainable
salmon fisheries for thousands of years and enabled intensive long-term use of this fish as a food

resource by emphasising mutualism and multi-generational sustainability rather than maximising
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short-term exploitation, for instance through the use of technologies to harvest fish without
negatively impacting nontarget species [23].

Human-landscape co-evolution over the last ~50 kyr has resulted in enhanced biodiversity
in the western Australian desert through processes of patch-mosaic burning that increased the
number of ecological niches and reduced the risk of very large destructive fires (e.g. [22,87]). Burn-
back of spinifex grassland in the winter months increases the ecological space for arange of other
plants, such as bush tomatoes [87], and the greater diversity of plants helps support a more diverse
and abundant community of lizards and mammals (e.g. [12,88]). Patch-mosaic burning processes
were developed by the Indigenous peoples of Australiato improve foraging and hunting outcomes
over many millennia [87]. Increased biodiversity and popul ation sizes are an emergent property of
this practice, which is rooted in societal values of socia and environmental sustainability and
demonstrates that humans can act as bi odiversity-enhancing ecosystem engineers on multi-
millennial timescales [87]. Smilarly, in the Mediterranean region, multi-millennial cork-oak
savannahs support biodiverse mammal-, bird-, shrub- and grassland ecologies [20] that have
resulted from forest clearance, including by fire and livestock grazing.

Traditional ecosystem management practices in which humans have improved local
biodiversity and habitat heterogeneity have sometimes been threatened by government policies that
shifted people off the land [12], or encouraged reforestation through agri-environmental schemes,
or via economic reasons leading to land abandonment [20]. Return of land to Indigenous
stewardship [22] and new active attempts to increase heterogeneity have sometimes been shown to
correlate with increased biodiversity, with the greatest biodiversity and biomass gains found from
moderate areas and frequencies of patch burns [89].

In monocultural industrial farming, ecological structure and diversity is much reduced.
However, in many agricultural landscapes, both the range of crop types and the arrangement of
those crops may increase wild biodiversity. Small-scale heterogeneity (e.g., within individual farms
or even within fields in the case of regenerative agriculture and agroforestry) is able to support
greater invertebrate biodiversity, with larger scales needed to support enhanced vertebrate richness
[90]. Thereis no one-size-fits-all approach, and arange of heterogeneities is needed to optimally
support enhanced biodiversity [90], possibly with peak diversity achieved with a medium degree of
heterogeneity (e.g. [91]).

Matrix farming approaches intercalate areas of least impacted natural biosphere with a
mixture of farmland uses that promotes biodiversity, species movement, and species interaction
[21]. Such ‘working lands' support local human communities whilst also allowing elements of the
wild biosphere to move across the landscape by emphasising multifunctionality rather than

maximising the production of one particular animal or crop [21]. Conserving biodiversity in
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working landscapes will be essential to supporting wildlife in protected areas too, where those areas
alone may be insufficiently large to preserve biodiversity, especially as climate changes rapidly
[21].

(b) Sparing and sharing, land and sea

Past persistent disruptors have improved the production, capture, and recycling of biomass, and
thus provided a sustained increase in energy available to the biosphere (table S5). Humans are
capable of massively increasing biomass in components of the Earth System. Humans have
increased total mammal biomass approximately threefold since 1850, but this increase is due to
higher numbers and greater weights of domesticated livestock, and wild mammal biomass has
approximately halved over the same time [18]. The human appropriation of mammal biomass and
the primary productivity needed to sustain it has contributed to humanity driving the biosphere
beyond its safe operating limits (figure 1) [1,3].

In the debate about land use policiesin the 21% century, conservationists have identified two
major pathways to restoring biodiversity: ‘land sparing’ by establishing separate land areas for
intensive agriculture and conservation [92]; and ‘land sharing’ by developing multifunctional land
use [93] where agricultural, nature restoration, and climate objectives are pursued on the same land.
Theincrease in agricultural production in the 20" century has led some to suggest that humans are
near peak agriculture [94] and can begin to yield land back to wildlife [95]. Regionally this pattern
is complex, with some aresas still experiencing agricultural expansion ([96] and references therein).
Nevertheless, humanity may be able to enter a phase of intensification rather than extensification of
land use [96] in which human impacts shift from degrading to enhancing the biosphere. This may
involve a combination of more diverse farming methods using, for example, crops that are resilient
to climate change [97], a greater diversity of plants [98], and practices that bring together ecological
intensification and agro-ecological farming [15]. Intensification may come from the use of new
technologies including vertical farming systems which can increase agricultural productivity and
reduce demand for land [99], by increasing the photosynthetic efficiency of plants, especially those
using C4 photosynthetic pathways including maize, sugarcane, and sorghum [100], and through the
development of perennial varieties of crops including wheat, rice, and sorghum. Other agricultural
innovations can improve and better maintain soil health and productivity, such as extending the
symbi oses between bacteria and plants to enhance nitrogen fixation [101]. In this new phase, land
currently given over to agriculture could be spared where suitable and sustained management could
help biodiversity recovery alongside carbon capture [96].

However, the challenges here are manifold. Although some regions may be approaching
peak agriculture, the world needs to increase food production by at least 50% to feed the projected
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9.8 billion people by 2050, with demand for animal-based food rising by 70% [102]. Pivoting to
vegetarian and vegan diets would help because animal-derived protein uses five to ten times more
water than growing vegetables [103]. If global reliance on animal-based foods declined from 20%
to 5%, everyone could enjoy adequate nutrition while avoiding water deficits [104]. Labour
constraints in the agrarian sector present a challenge to adapting farming practices towards systems
that support higher biodiversity, and government subsidies may be required to make farming
profitable while intensifying operations [105]. Climate change is reducing agricultural productivity
of both calories and nutrients. With every degree of global warming, calorie production of staple
crops per person per day declines by ~120 kilocalories (~4% recommended daily amount) [106].
Even accounting for adaptation measures (currently more widespread in relatively low income, hot
regions of the world), the impact of rising temperatures on the production of soybeans, whezat,
maize, cassava, sorghum, and rice remains negative and meaningful [106]. If net zero carbon
emissions can be reached quickly, global crop yields will decline by 11%, but if emissions rise
unchecked, the decline is 24% [107]. Measured not in terms of calories but in terms of the seven
food groups necessary for a healthy diet, the only self-sufficient country in the world is Guyana
[108]. More than one-third of all nations achieve self-sufficiency in only two or fewer of these
seven food groups, making them particularly vulnerable to supply chain disruptions [108].
Currently, more than two billion people suffer from malnutrition due to micronutrient insufficiency,
especialy iodine, iron, folate, vitamin A, and zinc [109]. Water and changing climates are serious
limitations for agricultural innovations globally. Managing the land with the twin goals of
supplying adequate nutrition for people and bolstering biodiversity can be accomplished through a
careful balance between physical and social constraints once the challenge is framed as
transitioning to being persistent disruptors and stewards of the land.

Biodiversity does not automatically recover following land abandonment in many
landscapes (e.g. [110]), and these landscapes will need considerable input from humans for their
restoration. A targeted approach to ecosystem restoration could help to reduce further biodiversity
loss, whilst also sequestering hundreds of gigatons of carbon dioxide [111]. Approaches towards
ecosystem management and nature restoration, including rewilding [112-116] clearly speak to this
theme, as do policy measures to halt and reverse biodiversity decline (e.g. [117]). Many such
interventions create co-benefits between climate mitigation from low-emission land use systems
and nature recovery targets [118]. As discussed above, humans have the potential to be positive
forces of ecosystem engineering and biosphere enhancement where they maintain a persistent
presence in landscapes and focus on long-term, multi-generational, sustainability.

Just asterrestrial systems are moving into a phase where deliberate human stewardship can

begin to reverse past degradation and enhance biosphere functioning, the marine realm exhibits an
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opportunity for a parallel challenge. Smilar dynamics that have reconfigured landscapes have also
reshaped seascapes. accelerating pressures, expanding human uses, and widening ecological
imbalances. Y e, as on land, a combination of scientific understanding, innovative management
approaches, and increasingly coherent international governance suggests that oceans, too, could be
entering aperiod in which human intervention can shift from being primarily extractive to
becoming restorative and regenerative. Building on this symmetry between terrestrial and marine
trajectories, we here consider how current ocean governance, ecological tools, and legal
frameworks can support a comparable transition toward biosphere enhancement at sea

Aswith terrestrial ecosystems, the oceans reveal both the scale of human disruption and the
scope for regenerative intervention. Although less than 10% of the global ocean is currently
designated as a Marine Protected Area (MPA), and many marine ecoregions still have under 1%
protection [119,120], recent governance developments suggest transformative expansion towards
effective protection. Historically, targeted international interventions have demonstrated that marine
ecosystems can rebound when coherent rules are applied. The 1911 North Pacific Fur Seal Treaty
curtailed pelagic sealing, and later interwar bans on right whale hunting helped limit further
depletion of vulnerable species [120]. These were precursors to the modern legal architecture: the
1982 United Nations Convention on the Law of the Sea (UNCLOS) [121], which establishes global
duties to protect and preserve the marine environment, and the 1995 Fish Stocks Agreement
(entered into force on 11th December 2001) [122], which operationalizes precautionary and
ecosystem-based approaches for straddling and highly migratory species.

Building on these foundations, the 2023 High Seas Biodiversity Treaty (BBNJ Agreement,
entered into force on 17th January 2026) [123] enables the creation of area-based management
tools, including high seas MPAS, supported by environmental impact assessments and capacity-
building measures. Overall, the BBNJ Agreement provides, for the first time, a mechanism to
‘spare’ portions of the high seas through legally established protected areas, a global stewardship
complementing national exclusive economic zone (EEZ)-level stewardship. However, sparing
marine areas is practically more challenging than sparing land areas, as any boundaries put in place
are more porous to deliberate and accidental incursion, for example as currents sweep pollution
across the oceans. It isimportant, therefore, to accompany specific partial protection measures for
the ocean with global approaches that consider the interconnectedness of the whole marine realm.

At the interface of ecology and governance, ecosystem-based management has become
central to reconciling seafood production with biodiversity conservation. Regional fisheries
management organizations (RFMOs) now integrate ecological considerations into bycatch
mitigation, habitat protection, and harvest strategies, though significant gaps in implementation

remain. In parallel, emerging dynamic ocean management tools — informed by satellite data, species
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distribution models, and real-time environmental indicators — demonstrate that it is possible to
reduce impacts on nontarget species while maintaining or even improving fisheries performance.

Taken together, these devel opments suggest that the oceans, like terrestrial systems, may be
entering a phase where human presence — guided by coherent legal and policy frameworks, and
supported by science-based management — can increase the adaptive capacity and long-term
transformability of marine social-ecologica systems. Achieving the Kunming—Montreal Global
Biodiversity Framework’s 30x30 target in the marine realm will require precisely this integration of
spatial protection, effective governance, ecosystem-based management, and adaptive technological
tools, in order to enable the recovery of marine biodiversity while sustaining the food systems upon
which billions (humans and non-humans alike) depend.

To succeed in atransition of humans from a transient to persistent disruptor concerning the
marine biosphere, a profound change in policy and legal approach will be necessary: from the
prevalent ‘freedom of the seas’ approach [121,124] and the ‘ common heritage of mankind’
approach ([121] Part XI) to the ‘responsibility for the seas’ approach [125,126]. This means a
transition in our approach to ocean governance, from an extractive focus, characterising both the
‘freedom of the seas’ and ‘ common heritage of mankind’ principles to a stewardship and protective
approach (e.g. [127]). This shift — from primarily extractive to essentially regenerative marine
governance — illustrates how humans might move from acting as a transient disruptor of ocean
systems to becoming persistent agents of enhanced planetary habitability, through stewardship,
adaptive governance, and potentially transformation towards more desirable marine regimes.

Thistransition should not be expected to be led by moral or idealistic reasoning; rather it
will be born out of necessity. The Earth System, for long implicitly considered a stable background
for economic and political development of human societies through the Holocene, isincreasingly
understood (in the Anthropocene epoch) as simultaneously vulnerable to disruption from
overwhelming human impacts and the precondition for human future. Oncethis realisation is
translated into political, economic/financial, and legal change of human (via states’) activity,
humans may enshrine the prospects of evolving from atransient to a persistent disruptor. In this
sense, ocean governance becomes acritical arenain which the broader transformation toward
‘common responsibility for the Earth System’ [128] must unfold.

(c) Novel ecologies and associations of species

Land abandonment facilitates the emergence of novel ecologies that evolve after human activity has
ceased. In one sense these communities might resemble recovery faunas/floras like those that
follow the extinctions precipitated by transient disruptors in deep time (e.g. [28]). However, near-

future recovery faunas/floras would be uniquely different from those in deep time because they will
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comprise acommunity with a revised, more globally homogeneous, complement of species through
non-native translocations [129]. In terrestrial settings, novel ecosystems are now typified by non-
native species [130]. In many marine/oceani ¢ settings, such as coral reefs, non-native species
currently play a smaller but growing role (especially on islands), and novel ecologies are
characterised by range shifts and the unequal responses of species to environmental change [131].
Nevertheless, in some coastal marine ecologies, the complement of species has been radically
changed by species translocation [132,133], leading to the emergence of ecosystems with very
different compositions (e.g. San Francisco Estuary [134]). The translocation of non-native speciesis
one of the maor causes of biodiversity loss in ecosystems across the world (e.g. [135-138]).
However, many non-native species merge into the native ecological community without negative
effects [139]. Therefore, in some cases the arrival of non-native species can enrich the ecosystem
rather than degrade it (e.g., the UK’sfloral diversity has been approximately doubled by species
introductions [140]).

Although species extinction and reduced populations of wild species at the global level are
now serious problems [30,141], ‘novel’ associations of species at the local and regiona level (e.g.,
in urban areas or abandoned agricultural land) provide homes to new or previously rare species
[142]. The common house mosquito in the UK invaded the London Underground system and
evolved to become a different species, no longer able to breed with its above-ground progenitor
[143]. Processes of species translocation, agriculture and horticulture lead to more rapid
hybridization and speciation, often within a few generations [25,144-146]. Hybridisation is not well
studied for marine ecologies, but examples include those between the M editerranean mussel Mytilus
galloprovincialis and the Pacific Mytilus trossulus [147]. In the terrestrial realm, Thomas [25] noted
~6 to 8 new hybrid species of cultivated crops resulted from human intervention. Thomas [25] also
noted that most new agricultural and horticultural species are obligate mutualists of humans, whilst
many of the new species that have naturalised are facultative mutualists, and he suggested that land
plant speciation rates may now be the highest in their evolutionary history. In co-opting humans to
disperse their seeds, such patterns resemble the symbioses that formed between animals and
flowering plants in the Cretaceous (table S2). However, most such plants probably occupy
landscapes that are heavily impacted or designed by humans, and therefore represent only a small
gainin acurrent biodiversity net loss, and species resulting from novel human ecol ogies should not
be seen as a trade-off against the ones made extinct [143,148].

Humans deliberately and unconsciously produce waste materials in vast quantities, with
increasing volumes of this waste being hard-to-degrade plastics [149]. This waste is harmful to the
biosphere, with micro- and macro-plastic pollution being a significant problem for both

environmental and human health. However, the biosphere itself may offer some hope for
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remediation, with both terrestrial [150,151] and marine [152] fungi and bacteria being able to break
down many of the plastic-forming polymers. If new microbial ecologies can be fostered in areas of
concentrated human-produced waste, there is potentia both to support novel microbial communities
and to reduce our environmental impacts with the support of the biosphere. A precedent in Earth’s
history would be the evolution of lignin decomposition in deep time, perhaps as early as the Late
Devonian, which enabled the decay and recycling of woody tissues on land [153].

These novel assemblages, commonly with locally enhanced biodiversity, may become very
significant as climate change, the continued translocation of non-native species, and widespread
toxic pollutants increasingly impact local assemblages. Such novel assemblages may then serve,
often inadvertently, as ‘environing technologies’ which shape landscapes and environments on
micro, local, and planetary scales [154]. It may be that these assemblages emerge as the survivors

within a progressively Anthropocene-influenced global environment [155].

4. Conclusions
Humans have the capacity to recognise, govern, and potentially transform their impacts on the Earth
System, even though this capacity is uneven and contested. Humans sometimes emul ate persistent
disruptors of the biosphere from the Earth’s deep past, those which led to enhanced biosphere
productivity, biomass, biodiversity, and especially greater mutualisms and symbioses between
species (table S2, figure 3). These persistent disruptors ultimately drove greater planetary
habitability. Nevertheless, even if we accept that some novel and managed ecologies are emerging
that might resemble the impact of a persistent disruptor it seems prudent to preserve the existing
biodiversity around us, and not to threaten its integrity in ways that precipitate a crisis that
resembles the impact of past transient disruptors [30], which is our current trgjectory (figure 3).
Earth history tells usthat if we allow ourselvesto be atransient disruptor, then the resulting mass
extinctions lead to a depauperate biosphere for millions of years, with highly degraded ecosystems
and much-reduced biomass and biodiversity. It also tells us that extinctions can be highly selective,
with some ecological- and biological groups impacted significantly more than others (e.g. [156]). If
we continue our current trgjectory, humans will have had the second highest rate of negative impact
on the biosphere in Earth history, after only the K-Pg asteroid impact (figure 5). However, we also
have the potential to have the highest rate of positive impact on the biosphere in Earth history, and
to do so on human timescales of decades to millennia (figure 5; table S5). For this to become
possible, a profound change in the political and legal framework — towards a ‘ common
responsibility for the Earth System’ as a component of international law —is a prerequisite.

We wanted to show here that the geological and palaeontological record, often used as a

comparison with contemporary biosphere decline, also reveals how the biosphere has enhanced its
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biomass and biodiversity over long timescales. Innovations from within the biosphere itself, such as
atmospheric oxygenation in the GOE and the mutualisms forged by flowering plants (table S2),
have driven sustained increases in biodiversity, productivity, and biomass over billions of years
(figure 3). Humans have the potential to learn these lessons from Earth history, to become a
transformative and persistent disruptor of the biosphere, and to ultimately enhance planetary
habitability.

Acknowledgements

TWWH and MW acknowledge support from the Leverhulme Trust, grant RPG-2022-233. HB was
partially supported by UK Research and Innovation through the Biotechnology and Biological
Sciences Research Council with contributions from the Department for Environment, Food & Rural
Affairs, Department for Energy Security and Net Zero, and Scottish Government (Land Use for Net
Zero, Nature and People Hub, grant number BB/Y 008723/1), with participation of the Department
of Agriculture, Environment and Rural Affairs of Northern Ireland and Welsh Government. MY
was supported by the Research Grants Council of the Hong Kong Special Administrative Region,
China (RFS2223-7S02; HKU 17306023; CityU 17304025). SP was partially supported by the
European Space Agency under contract No. 4000146344/24/1-LR and by the EU Horizon

programme through the OceanNexus project.

Data and code availability
The code used to produce figure 1 is available on GitHub at:
https://github.com/twwhO1/planetary _boundaries plots. The supplementary data and code

necessary to reproduce all other figures and analyses are available on GitHub at:
https://github.com/twwhO1/disruptors.

References

1. Planetary Boundaries Science (PBScience). 2025 Planetary Health Check 2025. Potsdam
Institute for Climate Impact Research (PIK), Potsdam, Germany.
https.//www.planetaryheal thcheck.org/#reports-section [accessed 10 April 2026]

2. Rockstrom J, Steffen W, Noone K, et al. 2009 Planetary Boundaries: Exploring the Safe
Operating Space for Humanity. Ecol Soc 14, 32. (doi:10.5751/ES-03180-140232)

3. Richardson K, Steffen W, et al. 2023 Earth beyond six of nine planetary boundaries. Sci Adv 9,
eadh2458. (doi:10.1126/sciadv.adh2458)

4. Exposito-Alonso M, Booker TR, Czech L, et al. 2022 Genetic diversity lossin the
Anthropocene. Science 377, 1431-1435. (doi:10.1126/science.abn5642)



https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

5. Halmann A, Sorg A, Jongejans E. et al. 2017 More than 75% decline over 27 yearsin total
flying insect biomassin protected areas. PLOS One 12(10), €0 185809.

(doi:10.1371/journal .pone.0185809)

6. Wagner DL, Grames EM, Forister ML, Berenbaum MR, Stopak D. 2021 Insect declinein the
Anthropocene: Death by athousand cuts. Proc Natl Acad Sci 118, e2023989118.
(doi:10.1073/pnas.2023989118)

7. Steffen W, Crutzen P, McNeill J. 2007 The Anthropocene: Are humans now overwhelming the
great forces of nature? Ambio 36, 614-621.

8. Steffen W, Broadgate W, Deutsch L, Gaffney O, Ludwig C. 2015 The trgectory of the
Anthropocene: The Great Acceleration. Anthr Rev 2, 81-98. (doi:10.1177/2053019614564785)

9. Syvitski J, Waters CN, Day J. et al. 2020 Extraordinary human energy consumption and
resultant geological impacts beginning around 1950 CE initiated the proposed Anthropocene
Epoch. Commun Earth Environ 1, 32. (doi:10.1038/s43247-020-00029-y)

10. Head, MJ, Steffen M, Fagerlind D. et al. 2022 The Great Accelerationisrea and provides a
guantitative basis for the proposed Anthropocene Series/Epoch. Episodes 45, 359-376.
(doi:10.18814/epiiugs/2021/021031)

11. Burger J, Weinberger V, Marquet P. 2017 Extra-metabolic energy use and the risein human
hyper-density. Sci Rep 7, 43869 (doi:10.1038/srep43869)

12. Crabtree SA, Bird DW, Bird RB. 2019 Subsistence Transitions and the Simplification of
Ecological Networksin the Western Desert of Australia. Hum Ecol 47, 165-177.
(doi:10.1007/s10745-019-0053-2)

13. Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’ Agrosa C, et al. 2008 A global
map of human impact on marine ecosystems. Science 319, 948-952.
(doi:10.1126/science.1149345)

14. Theobald DM, Kennedy C, Chen B, Oakleaf J, Baruch-Mordo S, Kiesecker J. 2020 Earth
transformed: detailed mapping of global human modification from 1990 to 2017. Earth Syst i
Data 12, 1953-1972. (doi:10.5194/essd-12-1953-2020)

15. Garibaldi LA, Gemmill-Herren B, D’ Annolfo R, Graeub BE, Cunningham SA, Breeze TD.
2017. Farming Approaches for Greater Biodiversity, Livelihoods, and Food Security. Trends
Ecol Evol 32, 68-80. (doi:10.1016/].tree.2016.10.001)

16. Newbold T, Hudson LN, Hill SLL, et al. 2015 Global effects of land use on local terrestrial
biodiversity. Nature 520, 45-50. (doi:10.1038/nature14324)

17. SharmaR, Barange M, Agostini V, Barros P, Gutierrez NL, Vasconcellos M, Fernandez

Reguera D, Tiffay C, Levontin P. eds. 2025. Review of the state of world marine fishery


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

resources — 2025. FAO Fisheries and Aquaculture Technical Paper, No. 721. Rome. FAOQ.
(doi.org/10.4060/cd5538en)

18. Greenspoon L, Ramot N, Moran U, Roll U, Phillips R, Noor E, Milo R. 2025 The global
biomass of mammals since 1850. Nat Commun 16, 8338. (doi:10.1038/s41467-025-63888-z)

19. Ledger SEH et al. 2022 Wildlife Comeback in Europe: Opportunities and challenges for
species recovery. Final report to Rewilding Europe by the Zoological Society of London,
BirdLife International and the European Bird Census Council. ZSL.

20. Bugalho MN, CaldeiraMC, Pereira JS, Aronson J, Pausas JG. 2011 Mediterranean cork oak
savannas require human use to sustain biodiversity and ecosystem services. Front Ecol Evol 9,
278-286. (doi:10.1890/100084)

21. Kremen C, Merenlender AM. 2018 Landscapes that work for biodiversity and people. Science
362, eaau6020. (doi:10.1126/science.aau6020)

22. Greenwood L, Bliege Bird R, McGuire C, Jadai N, Price J, Skroblin A, van Leeuwen S,
Nimmo D. 2024 Indigenous pyrodiversity promotes plant diversity. Biol Conserv 291, 110479.
(doi:10.1016/j.biocon.2024.110479)

23. AtlasWI, Ban NC, Moore JW, et al. 2021 Indigenous Systems of Management for Culturally
and Ecologically Resilient Pacific Salmon (Oncorhynchus spp.) Fisheries. BioScience 71, 186-
204. (doi:10.1093/bi osci/biaal44)

24. Adele Holt L. 2021 Why shouldn’t we cut the human-biosphere umbilical cord? Futures 133,
102821. (doi:10.1016/j.futures.2021.102821)

25. Thomas CD. 2015 Rapid acceleration of plant speciation during the Anthropocene. Trends Ecol
Evol 30, 448-455. (doi:10.1016/j.tree.2015.05.009)

26. Williams M, Zalasiewicz J. in press. A disharmony of the spheres in the Anthropocene. In
Planetary Metaphysics. Scientific, Religious, and Philosophical Perspectives on the Human-
Earth Relationship. Indiana University Press

27. Dornelles AZ, Boyd E, Nunes RJ, et al. 2020 Towards a bridging concept for undesirable
resilience in social-ecological systems. Glob Sustain 3, €20 (doi:10.1017/sus.2020.15)

28. Chen Z.-Q, Benton MJ. 2012 The timing and pattern of biotic recovery following the end-
Permian mass extinction. Nat Geosci 5, 375-383. (doi:10.1038/ngeo1475)

29. Chopra A, Lineweaver CH. 2016 The Case for a Gaian Bottleneck: The Biology of
Habitability. Astrobiology 16, 7—22. (doi:10.1089/ast.2015.1387)

30. Barnosky AD, Matzke N, Tomiya S et al. 2011 Has the Earth’s sixth mass extinction already
arrived? Nature 471, 51-57. (doi:10.1038/nature09678)

31. Walker B, Holling CS, Carpenter SR, Kinzig A. 2004 Resilience, adaptability and
transformability in social—ecological systems. Ecol Soc 9, 5.


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

32. Benton MJ, Wilf P, Sauquet H. 2022. The Angiosperm Terrestrial Revolution and the origins
of modern biodiversity. New Phytol 233, 2017-2035 (doi: 10.1111/nph.17822)

33. Chiarenza AA, Farnsworth A, Mannion PD, Lunt DJ, Valdes PJ, Morgan JV, Allison PA. 2020
Asteroid impact, not volcanism, caused the end-Cretaceous dinosaur extinction. Proc Natl
Acad Sci 117, 17084-17093. (doi:10.1073/pnas.2006087117)

34. Morgan JV, Bralower TJ, Brugger J, Winnemann K. 2022 The Chicxulub impact and its
environmental consequences. Nat Rev Earth Environ 3, 338-354. (doi:10.1038/s43017-022-
00283-y)

35. Stockey RG, Pohl A, Ridgwell A, Finnegan S, Sperling EA. 2021 Decreasing Phanerozoic
extinction intensity as a consequence of Earth surface oxygenation and metazoan
ecophysiology. Proc Natl Acad Sci 118. (doi:10.1073/pnas.2101900118)

36. McMahon S, Parnell J. 2019 The deep history of Earth’s biomass. J Geol Soc 175, 716-720.
(doi:10.1144/jgs2018-061)

37.Bar-On YM, Phillips R, Milo R. 2018 The biomass distribution on Earth. Proc Natl Acad <ci
115, 6506-6511. (doi.org/10.1073/pnas.1711842115)

38. Waters CN, Williams M, Zalasiewicz JA. et al. 2022 Epochs, events and episodes: Marking the
geological impact of humans. Earth-Sci Rev 234, 104171.
(doi:10.1016/j.earscirev.2022.104171)

39. Gernon TM, Mills BW, Hincks TK, Merdith AS, Alcott LJ, Rohling EJ, Palmer MR. 2024
Solid Earth forcing of Mesozoic oceanic anoxic events. Nat Geosci 17, 926-935.
(doi:10.1038/s41561-024-01496-0).

40. Ernst RE, Bond DPG, Zhang S-H, Buchan KL, Grasby SE, Y oubi N, El Bilali H, Bekker A,
Doucet LS. 2021 Large Igneous Province Record Through Time and Implications for Secular
Environmental Changes and Geological Time-Scale Boundaries. In Large Igneous Provinces,
pp. 1-26. American Geophysical Union (AGU). (doi:10.1002/9781119507444.chl)

41. Black BA, Karlstrom L, Mather TA. 2021 Thelife cycle of large igneous provinces. Nat Rev
Earth Environ 2, 840-857. (doi:10.1038/s43017-021-00221-4)

42. Sun J, Ni X, Bi S, WuW, YeJ, Meng J, Windley BF. 2014 Synchronous turnover of flora,
fauna and climate at the Eocene-Oligocene Boundary in Asia. Sci Rep 4, 7643.
(doi:10.1038/srep07463)

43. Carrillo JD, Faurby S, Silvestro D, Zizka A, Jaramillo C, Bacon CD, Antonelli A. 2020
Disproportionate extinction of South American mammals drove the asymmetry of the Great
American Biotic Interchange. Proc Natl Acad Sci 117,26281-26287
(doi:10.1073/pnas.2009397117)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

44, Smart MS, Filippelli G., Gihooly WP, et a. 2023 The expansion of land plants during the Late
Devonian contributed to the marine mass extinction. Commun Earth Environ 4, 449.
(doi:10.1038/s43247-023-01087-8)

45. Pawlik L, BumaB, Samonil P, et al. 2020 Impact of trees and forests on the Devonian
landscape and weathering processes with implications to the global Earth's system properties—
A critical review. Earth-Sci Rev 205, 103200. (doi:10.1016/j.earscirev.2020.103200)

46. Bond PG, Grasby SE. 2017 On the causes of mass extinctions. Palaeogeogr Palaeoclimatol
Palaeoecol 478, 3-29. (doi:10.1016/j.palae0.2016.11.005)

47. Benton MJ. 2018 Hyperthermal-driven mass extinctions: killing models during the Permian—
Triassic mass extinction. Philos Trans R. Soc A 376, 20170076. (doi:10.1098/rsta.2017.0076)

48. Kiessling W, Reddin CJ, Dowding EM, Dimitrijevi¢ D, RagjaNB, KocsisAT. 2025 Marine
biological responses to abrupt climate change in deep time. Paleobiol 51, 97-111.
(doi:10.1017/pab.2024.20)

49. Singh P, Ferré J, Thrasher B, Monarrez PM, Al-Ramadan K, Cantrell DL, Lehrmann DJ,
Morsilli M, Payne JL. 2025 Macroevolutionary coupling of marine biomass and biodiversity
across the Phanerozoic. Curr Biol 35, 3543-3555 (doi:10.1016/j.cub.2025.06.006)

50. Xu Z, YuJ, YinH. et al. 2025. Early Triassic super-greenhouse climate driven by vegetation
collapse. Nat Commun 16, 5400. (doi:10.1038/s41467-025-60396-y)

51. van de Schotbrugge B, van der Weijst CMH, Hollaarr TP, et al. 2020. Catastrophic soil loss
associated with end-Triassic deforestation. Earth-Sci Rev 210, 103332.
(doi:10.1016/j.earscirev.2020.103332)

52. Harper DAT. 2024 Late Ordovician mass extinction: Earth, fire and ice. Natl Sci Rev 11,
nwad319. (doi.org/10.1093/nsr/nwad319)

53. Huang Y, Chen Z-Q, Roopnarine PD, et a. 2023 The stability and collapse of marine
ecosystems during the Permian-Triassic mass extinction. Curr Biol 33, 1059-1070.
(doi:10.1016/j.cub.2023.02.007)

54. Roser M. 2022 Humans destroyed forests for thousands of years — we can become the first

generation that achieves aworld in which forests expand. Our World in Data.
https.//archive.ourworldindata.org/20251125-173858/gl obal -forest-transition.html (archived on
25 November 2025) [accessed 10 April 2026]

55. Ritchie, H. 2021 (updated 2024). Deforestation and Forest Loss. Our World in Data
https:.//ourworldindata.org/deforestation [accessed 10 April 2026]

56. Alroy J. 2017. Effects of habitat disturbance on tropical forest biodiversity. Proc Natl Acad i
114, 6056-6061. (doi:10.1073/pnas.1611855114)



https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

57. Penn JL, Deutsch C, Payne JL, Sperling EA 2018 Temperature-dependent hypoxia explains
bi ogeography and severity of end-Permian marine mass extinction. Science 362, eaat1327.
(doi:10.1126/science.aat1327)

58. Borges FO, Sampaio E, Santos CP, Rosa R. 2022 Impacts of low oxygen on marine life:
neglected, but acrucial priority for research. Biol Bull 243, 104-119. (doi:10.1086/721468)

59. Schmidtko S, Strammal, Visbeck M. 2017 Declinein globa oceanic oxygen content during
the past five decades. Nature 542, 335-339. (doi:10.1038/nature21399)

60. Breitburg D, Levin LA, Schiles A, et al. 2018 Declining oxygen in the global ocean and coastal
waters. Science 359, eaam7240. (doi:10.1126/science.aam7240)

61. Uddin Bhuiyan MM, Rahman M, Naher S, Shahed ZH, Ali MM, Islam ARMT. 2024 Oxygen
declination in the coastal ocean over the twenty-first century: Driving forces, trends, and
impacts. Case Sud Chem Environ Eng 9, 100621. (doi:10.1016/j.cscee.2024.100621)

62. Penn JL, Deutsch C. 2022 Avoiding ocean mass extinction from climate warming. Science 376,
524-526. (doi:10.1126/science.abe9039)

63. Robinson C. 2000 Plankton gross production and respiration in the shallow water hydrothermal
systems of Milos, Aegean Sea. J Plankton Res 22, 887-906. (doi:10.1093/plankt/22.5.887)

64. Sekerci, Y, Petrovskii, SV. 2015. Mathematical modelling of plankton-oxygen dynamics under
the climate change. Bull Math Biol 77, 2325-2353. (doi:10.1007/s11538-015-0126-0)

65. Petrovskii SV, Sekerci Y, Venturino E. 2017 Regime shifts and ecological catastrophesin a
model of plankton-oxygen dynamics under the climate change. J Theor Biol 424, 91-109. (doi
10.1016/j.jthi.2017.04.018)

66. Lenton TM, Held H, Kriegler E, et al. 2008 Tipping elements in the Earth’s climate system.
Proc Natl Acad Sci 105, 1786-1793. (doi:10.1073/pnas.0705414105)

67. Wunderling N. et a. 2024 Climate tipping point interactions and cascades: areview. Earth
System Dynamics 15, 41-74. (doi:10.5194/esd-15-41-2024)

68. Rose KC et a. 2024 Aquatic deoxygenation as a planetary boundary and key regulator of Earth
system stability. Nat Ecol Evol 8, 1400-1406. (doi:10.1038/s41559-024-02448-y)

69. Gumsley AP, Chamberlain KR, Bleeker W, Soderlund U, de Kock MO, Larsson ER, Bekker A.
2017 Timing and tempo of the Great Oxidation Event. Proc Natl Acad Sci 114, 1811-1816.
(doi:10.1073/pnas.1608824114)

70. HsiaCC, Schmitz A, Lambertz M, Perry SF, MainaJN. 2013 Evolution of air breathing:
oxygen homeostasis and the transitions from water to land and sky. Compr Physiol 3, 849-915.
(doi:10.1002/cphy.c12000)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

71. Hodgkiss MSW, Crockford PW, Peng Y, Wing BA, Horner TJ. 2019 A productivity collapse to
end Earth’s Great Oxidation. Proc Natl Acad ci 116, 17207-17212.
(doi:10.1073/pnas.1900325116)

72. Crockford PW., Bar On YM., Ward LM., Milo R, Halevy I. 2023. The geologic history of
primary productivity. Curr Biol 33, 4741-4750. (doi:10.1016/j.cub.2023.09.040)

73. Wellman CH, Osterloff PL, Mohiuddin U. 2003 Fragments of the earliest land plants. Nature
425, 282-284. (doi:10.1038/nature01884)

74. Puginier C, Keller J, Delaux P-M. 2022 Plant—microbe interactions that have impacted plant
terrestrializations. Plant Physiol 190, 72-84. (doi:10.1093/plphys/kiac258)

75. Krings M, Harper CJ, Taylor EL. 2017 Fungi and fungal interactions in the Rhynie chert: a
review of the evidence, with the description of Perexiflasca tayloriana gen.et sp. nov. Philos
Trans R Soc B 373, 20160500. (doi:10.1098/rsth.2016.0500)

76. Field K, Pressel S, Duckett JG, Rimington WR, Bidartondo M1. 2015 Symbiotic options for the
conquest of land. Trends Ecol Evol 30, 477-486. (doi:10.1016/j.tree.2015.05.007)

77. Garwood RJ, Oliver H, Spencer ART. 2019 An introduction to the Rhynie chert. Geol Mag
157, 47-64. (doi:10.1017/S0016756819000670)

78. Maclver MA, Schmitz L, Mugan U, Murphey TD, Maobley CD 2017 Massive increase in visua
range preceded the origin of terrestrial vertebrates. Proc Natl Acad Sci 114, E2375-2384.
(doi:10.1073/pnas.1615563114)

79. Lenton TM, Dahl TW, Daines SJ, et al. 2016 Earliest land plants created modern levels of
atmospheric oxygen. Proc Natl Acad Sci 113, 9704-9709. (doi:10.1073/pnas.1604787113)
80. Porada P, Lenton TM, Pohl A, et al. 2016 High potential for weathering and climate effects of
non-vascular vegetation in the Late Ordovician. Nat Commun 7, 12113.

(doi:10.1038/ncomms12113)

81. Davies NS, McMahon WJ, Berry CM. 2024 Earth’s earliest forest: fossilized trees and
vegetation-induced sedimentary structures from the Middle Devonian (Eifelian) Hangman
Sandstone Formation, Somerset and Devon, SW England. J Geol Soc 181, jgs2023-204.
(doi:10.1144/jgs2023-204)

82. Lenton TM, Watson AJ. 2000 Redfield revisited 2. What regulates the oxygen content of the
atmosphere? Global Biogeochem Cycles 14, 249-268. (doi:10.1029/1999GB900076)

83. Vermeij, G.J,, Grosberg, R.K. 2010. The great divergence: when did diversity on land exceed
that in the sea? Integr Comp Biol 50, 675-682. (doi:10.1093/ich/icq078)

84. Condamine FL, Silvestro D, Koppelhus EB, Antonelli A. 2020 The rise of angiosperms
pushed conifersto decline during global cooling. Proc Natl Acad Sci 117, 28867-28875.
(doi:10.1073/pnas.2005571117)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

85. Barnosky A, Hadly E. 2026 The new Anthropocene biosphere. Philos Trans R Soc B 381,
20240428. (doi:10.1098/rstb.2024.0428)

86. O’'Neill BC, Kriegler E, Ebi KL. et a. 2017. The roads ahead: Narratives for shared
socioeconomic pathways describing world futures in the 21st century. Glob Environ Change
42, 169-180. (doi:10.1016/j.gloenvcha.2015.01.004)

87. Bird DW, Bird RB, Codding BF, Taylor N. 2016 A Landscape Architecture of Fire: Cultural
Emergence and Ecological Pyrodiversity in Australia' s Western Desert. Curr Anthropol 57,
S65-S79. (doi:10.1086/685763)

88. Bliege Bird R, Tayor N, Codding BF, Bird DW. 2013 Niche construction and Dreaming logic:
aborigina patch mosaic burning and varanid lizards (Varanus gouldii) in Australia. Proc R Soc
B, 280, 20132297. (doi:10.1098/rsph.2013.2297)

89. McGranahan DA, Hovick TJ, EImore RD, Engle DM, Fuhlendorf SD. 2018 Moderate
patchiness optimizes heterogeneity, stability, and beta diversity in mesic grassland. Ecol Evol
8, 5008-5015. (doi:10.1002/ece3.4081)

90. Priyadarshana TS, Martin EA, Sirami C. et al. 2024 Crop and landscape heterogeneity increase
biodiversity in agricultural landscapes: A global review and meta-analysis. Ecol Lett 27,
el14412. (doi:10.1111/ele.14412)

91. Allouche O, Kalyuzhny M, Moreno-Rueda G, Pizarro M, Kadmon R. 2012 Area—heterogeneity
tradeoff and the diversity of ecological communities. Proc Natl Acad Sci 109, 17495-17500.
(doi:10.1073/pnas.1208652109)

92. Phalan B, Onial M, Balmford A, Green RE. 2011 Reconciling food production and biodiversity
conservation: land sharing and land sparing compared. Science 333, 1289-1291.
(doi:10.1126/science.120874)

93. Vereijken PH. 2003 Transition to multifunctional land use and agriculture. NJAS: Wageningen
J Life Sci 50, 171-179. (doi:10.1016/S1573-5214(03)80005-2)

94. Ausubel JH, Wernick IK, Waggoner PE. 2012 Peak Farmland and the Prospect for Land
Sparing. Popul Dev Rev 38, 221-242. (doi:10.1111/j.1728-4457.2013.00561.x)

95. Leclere D, Obersteiner M, Barrett M, et al. 2020 Bending the curve of terrestrial biodiversity
needs an integrated strategy. Nature 58, 551-556. (doi:10.1038/s41586-020-2705-y)

96. Borrell J. 2026 Bending the curve of agricultural expansion offers a new erafor biodiversity
and climate. Philos Trans Roy Soc B 381, 20240427. (doi:10.1098/rstb.2024.0427)

97. Mittler R, KarlovaR, Bassham DC, Lawson T. 2025 Crops under stress: can we mitigate the
impacts of climate change on agriculture and launch the ‘ Resilience Revolution’? Phil Trans R
Soc B 380, 20240228. (doi:10.1098/rsth.2024.0228)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

98. Jago S, Elliot KFVA, Tovar C, et al. 2024. Adapting wild biodiversity conservation approaches
to conserve agrobiodiversity. Nat Sustain 7, 1394. (doi:10.1038/s41893-024-01427-2)

99. van Delden SH, Sharath Kumar M, Butturini M et al. 2021. Current status and future
challenges in implementing and upscaling vertical farming systems. Nat Food 2, 944-956. (doi:
10.1038/s43016-021-00402-w)

100. SdesCR, WangY, Evers JB, Kromdijk J 2021 Improving C4 photosynthesis to increase
productivity under optimal and suboptimal conditions. J Exp Bot 72, 5942-5960.
(doi:10.1093/jxb/erab327)

101. Huisman R, Geurts R 2020. A Roadmap toward Engineered Nitrogen-Fixing Nodule
Symbiosis. Plant Commun 1, 100019 (doi:10.1016/j.xplc.2019.100019)

102. Searchinger T, Waite R, Hanson C, Ranganathan J, Matthews E. 2019 Creating a
Sustainable Food Future https://www.wri.org/research/creating-sustai nabl e-food-future.
[accessed 10 April 2026]

103. Sabaté J, Sranacharoenpong K, Harwatt H, Wien M, Soret S. 2015 The environmental cost
of protein food choices. Public Health Nutr 18, 2067—2073.
(doi:10.1017/S1368980014002377)

104. Fakenmark M. 2013 Growing water scarcity in agriculture: future challenge to global
water security. Philos Trans A Math Phys Eng Sci 371, 20120410.
(doi:10.1098/rsta.2012.0410)

105. Woodcock BA, Cook S, Hulmes L et al. 2025 Agroecological farming promotes yield and
biodiversity but may require subsidy to be profitable. J Appl Ecol 62, 1902-1913.
(doi:10.1111/1365-2664.70079)

106. Hultgren A, Carleton T, Delgado M. et al. 2015 Impacts of climate change on global
agriculture accounting for adaptation. Nature 642, 644—652. (doi:10.1038/s41586-025-09085-
w)

107. EPIC University of Chicago Climate Lab, New Climate Dataset Warns Both Rich and
Poorest Nations will see Sharp Drop in Crop Yields (5 November 2025)
https://climate.uchi cago.edu/news/new-climate-dataset-warns-both-rich-and-poorest-nations-
will-see-sharp-drop-in-crop-yields/ [accessed 10 April 2026]

108. Stehl J, Vonderschmidt A, Vollmer S, Alexander P, Jaacks LM. 2025 Gap between national
food production and food-based dietary guidance highlights lack of national self-sufficiency.
Nat Food 6, 571-576. (doi:10.1038/s43016-025-01173-4)

109. Bhardwaj RL, Parashar A, Parewa HP, Vyas L. 2024 An Alarming Decline in the
Nutritional Quality of Foods: The Biggest Challenge for Future Generations Health. Foods 13,
877. (doi:10.3390/foods13060877)



https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

110. UchidaK, Matanle P, Li Y, Fujita T, Hiraiwa MK. 2025 Biodiversity change under human
depopulation in Japan. Nat Sustain 8, 883-893. (doi:10.1038/s41893-025-01578-w)

111. Strassburg BBN, Iribarrem A, Beyer HL, et a. 2020 Global priority areas for ecosystem
restoration. Nature 586, 724—729. (doi.org/10.1038/s41586-020-2784-9).

112. Navarro LM, Pereira HM. 2012 Rewilding Abandoned Landscapes in Europe. Ecosystems
15, 900-912. (doi:10.1007/s10021-012-9558-7)

113. Lorimer J, Sandom CJ, Jepson PR, et al. 2015 Rewilding: Science, Practice, and Politics.
Annu Rev Environ Resour 40, 39-62. (doi:10.1146/annurev-environ-102014-021406)

114. Perino A. et a. 2019 Rewilding complex ecosystems. Science 364, eaav5570.
(doi:10.1126/science.aav5570)

115. Svenning C, Buitenwerf R, Le Roux E. 2024 Trophic rewilding as a restoration approach
under emerging novel biosphere conditions. Curr Biol 34, 435-451.
(doi:10.1016/j.cub.2024.02.044)

116. Singer MA. et al. 2025 Mathematical perspectives on rewilding. ECORXiv:
(doi:10.22541/au.175266607.78055119/v1)

117. Convention on Biological Diversity 2022. Decision adopted by the conference of the parties
to the convention on biological diversity https.//www.cbd.int/doc/decis ons/cop-15/cop-15-dec-
04-en.pdf [accessed 10 April 2026]

118. Smith P, Arneth A, Barnes DKA et a. 2021 How do we best synergize climate mitigation
actions to co-benefit biodiversity? Glob Change Biol 28, 2555-2577. (doi:10.1111/gch.16056)

119. Laffoley D, Baxter MM, Day JC, Wenzel L, Bueno P, Zischka K. 2019 Marine protected
areas. 549-569 pp. in World Seas: An environmental Evaluation. Elsevier. (doi:10.1016/B978-
0-12-805052-1.00027-9)

120. Lotze HK. 2012. Marine Biodiversity Conservation. Curr Biol 3, 1190- 1195.
(doi:10.1016/j.cub.2021.06.084)

121. United Nations Convention on the Law of the Sea, 1982 (10 December). United Nations
Treaty Series 1833, 3.

122. Fish Stocks Agreement, 1995 (4 December). Agreement for the Implementation of the
Provisions of the United Nations Convention on the Law of the Sea of 10 December 1982

relating to the Conservation and Management of Straddling Fish Stocks and Highly Migratory
Fish Stocks. United Nations Treaty Series 2167, 3.

123. High Sess Biodiversity Treaty, 2023 (19 June). Agreement under the United Nations
Convention on the Law of the Sea on the Conservation and Sustainable Use of Marine
Biological Diversity of Areas beyond National Jurisdiction. UN Doc. A/CONF.232/2023/4.


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

124. Grotius H. 1609. Mare liberum. In: The Free Sea, or A Disputation Concerning the Right
Which the Hollanders Ought to Have to the Indian Merchandise for Trading, edited by D.
Armitage (Indianapolis: Liberty Fund, 2004).

125. Vidas D. 2010 Responsibility for the Seas. In: Law, Technology and Science for Oceansin
Globalisation (Vidas, D., ed.), Martinus Nijhoff/Brill: Leiden/Boston, pp. 3-40.

126. Schellnhuber HJ, Messner D, Leggewie C, Leinfelder R, Nakicenovic N, Rahmstorf S,
Schlacke S, Schmid J, Schubert, R. 2013 World in Transition — Governing the Marine
Heritage.- Flagship Report, German Advisory Council on Global Change, 362 pp. (WBGU

Berlin).Also open access online via https://www.wbgu.de/en/publications/publicati on/wel t-im-

wandel-menschheitserbe-meer [accessed 10 April 2026]
127. LevinL, Lidstrom S, Snelgrove P, Gjerde K, Gaebel C, Metaxas A, Amon D. 2025 Aligning
climate and biodiversity action in the deep ocean to protect the planet. Policy Brief — Deep-

Ocean Stewardship Initiative [DOSI]. https://www.dosi -project.org/wp-
content/uploads/Climate-Biodiversity-Action-Policy-Brief.pdf [accessed 10 April 2026]

128. VidasD. 2026 International Law Beyond the Holocene Assumption (forthcoming 2026).

129. Williams M, Leinfelder R, Barnosky AD. et al. 2022. Planetary-scale change to the
biosphere signalled by global species translocations can be used to identify the Anthropocene.
Palaeontol 65, €12618. (doi:10.1111/pala.12618)

130. Morse NB, Pdllissier PA, Cianciola EN, Brereton RL, Sullivan MM, Shonka NK, Wheeler
TB, McDowell WH. 2014. Novel ecosystems in the Anthropocene: arevision of the novel
ecosystem concept for pragmatic applications. Ecol Soc 19, 12. (doi:10.5751/ES-06192-
190212)

131. Graham NAJ, Cinner JE, Norstrom AV, Nystrom M. 2014 Coral reefs as novel ecosystems.
embracing new futures. Curr Opin Environ Sustain 7, 9-14. (doi:10.1016/j.cosust.2013.11.023)

132. SeebensH, Blackburn TM, Dyer EE et a. 2017 No saturation in the accumulation of alien
species worldwide. Nat Commun 8, 14435. (doi:10.1038/ncomms14435)

133. Carlton J. 2025 Little things matter: Unveiling hidden invaders in marine coastal
communities. Sci Adv 11, eaeb2018. (doi:10.1126/sciadv.aeh2018)

134. Cohen AN, Carlton J. 1998 Accelerating invasion rate in a highly invaded estuary. Science
279, 555-558. (doi:10.1126/science.279.5350.555)

135. Drake JA, Mooney HA, di Castri F, Groves RH, Kruger FJ. 1989 Biological Invasions: A
Global Perspective. Wiley, Chichester

136. Williamson M. 1996 Biological Invasions. Chapman & Hall, London.

137. Cowie RH, Bouchet P, Fontaine B. 2022 The sixth mass extinction: fact, fiction or
speculation. Biological Reviews 97, 640-663. (doi:10.1111/brv.12816)



https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

138. Cowie RH, Bouchet P, Fontaine B., 2026 Devastation of island biodiversity: aland snall
perspective. Philos Trans R Soc B 381, 20240425 (doi:10.1098/rsth.2024.0425)

139. Schlaepfer, MA, Sax, DF, Olden, JD 2010. The Potential Conservation Vaue of Non-Native
Species. Conserv Biol 25, 428-437. (doi:10.1111/j.1523-1739.2010.01646.x)

140. Henniges MC, Powell RF, Mian, S. et al. 2022 A taxonomic, genetic and ecological data
resource for the vascular plants of Britain and Ireland. Sci Data 9, 1. (doi:10.1038/s41597-021-
01104-5)

141. Ceballos G, Ehrlich PR, Dirzo R. 2017 Biological annihilation viathe ongoing sixth mass
extinction signaled by vertebrate population losses and declines. Proc Natl Acad Sci 114,
E6089-E6096. (doi: 10.1073/pnas.1704949114)

142. Hunter P. 2007 The human impact on biological diversity. How species adapt to urban
challenges sheds light on evolution and provides clues about conservation. Embo Reports 8,
316-318. (doi:10.1038/sj.embor.7400951)

143. Bull W, Maron M. 2016 How humans drive speciation as well as extinction. Proc. R. Soc.
B 283,20160600. (doi:10.1098/rsph.2016.0600)

144. Thomas CD. 2013a Local diversity stays about the same, regional diversity increases, and
global diversity declines. Proc Natl Acad Sci 110, 19187-19188.
(doi:10.1073/pnas.1319304110)

145. Thomas CD. 2013b The Anthropocene could raise biological diversity. Nature 502, 7.
(doi:10.1038/5020073)

146. Thomas CD. 2020 The development of Anthropocene biotas. Philos Trans R Soc B 375,
20190113. (doi:10.1098/rsth.2019.0113)

147. Viard, F., Riginos, C., Bierne, N. 2010. Anthropogenic hybridization at sea: three
evolutionary questions relevant to invasive species management. Philos Trans R Soc B 375,
20190547. (doi:10.1098/rsth.2019.0547)

148. Daw TM, Coulthard S, Cheung WWL, €t al. 2015 Evaluating taboo trade-offs in ecosystems
services and human well-being. Proc Natl Acad Sci 112, 6949-6954.
(doi:10.1073/pnas.1414900112)

149. Armiero M. 2021 Wasteocene: Stories from the Global Dump. Elements in Environmental
Humanities (doi:10.1017/9781108920322)

150. YoshidaS, HiragaK, TakehanaT. et a. 2016. A bacterium that degrades and assimilates
poly(ethylene terephthalate). Science 351, 1196-1199. (doi:10.1126/science.aad6359)

151. Pang G et al. 2023 The distinct plastisphere microbiome in the terrestrial-marine ecotone is
areservoir for putative degraders of petroleum-based polymers. J Hazard Mater 453, 131399.
(doi:10.1016/j.jhazmat.2023.131399)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

152. Steinbach RM, Whitner S, Amend AS. 2025 Marine fungi degrade plastic and can be
conditioned to do it faster. Mycologia 117, 1-8. (doi:10.1080/00275514.2024.2422598)

153. Floudas D. 2021 Chapter two — evolution of lignin decomposition systems in fungi. Adv Bot
Res 99, 37-76. (doi:10.1016/bs.abr.2021.05.003)

154. Sorlin S, Wormbs N. 2018 Environing technologies: atheory of making environment. Hist
Technol 34, 101-125. (doi:10.1080/07341512.2018.1548066)

155. Hobbs RJ, Higgs E, Harris JA 2009. Novel ecosystems: implications for conservation and
restoration. Trends Ecol Evol 24, 599-605. (doi:10.1016/].tree.2009.05.012)

156. Hatfield JH, Allen BJ, Carroll T, et al. 2025 The greatest extinction event in 66 million
years? Contextualising anthropogenic extinctions. Glob Change Biol 31, €70476.
(doi:10.1111/gch.70476)

157. Burgess SD, Bowring S, Shen S-Z. 2014 High-precision timeline for Earth’s most severe
extinction. Proc Natl Acad Sci 111, 3316-3321. (doi:10.1073/pnas.1317692111)

158. Foster G, Hull P, Lunt DJ, Zachos JC. 2018 Placing our current ‘ hyperthermal’ in the
context of rapid climate change in our geological past. Philos Trans R Soc A 376, 20170086
(doi:10.1098/rsta.2017.0086)

159. DaubinV, Széllosi GJ. 2016 Horizontal gene transfer and the history of life. Cold Spring
Harbor Perspectives in Biology 8, a018036. (doi:10.1101/cshperspect.a018036)

160. Taylor-Kearny LJ, Wang RZ, Shih PM. 2024 Evolution and the origins of rubisco. Curr
Biol 34, 747—771. (doi: 10.1073/pnas.1317692111)

161. Douglas AE. 2014. Symbiosis as a general principle in eukaryotic evolution. Cold Soring
Harb Perspect Biol 6, 2016113 (doi:10.1101/cshperspect.a016113)

162. Marron A, Szekely S, Cohen IR, Harel D. 2025 Natural averaging may complement known
biological constraints in sexual reproduction’s advantages over asexual in conserving species
guantitative traits. Sci Rep 15, 14522. (doi:10.1038/s41598-025-98951-8)


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figuresand Tables

PBS 2025

Climate
change
Biosphere
integrity
carbon
functional | dioxide
integrity

radiative
forcing Novel

entities

genetic
diversity

PBS PTME

Climate

change

Biosphere
integrity

Novel
entities

Land Land

system system

change Riidk change
cover

azanStratospheric Stratospheric
ozone ozone
depletion depletion
blue
water
Freshwater Freshwater
change a’;‘::’ change

ADD

Atmospheric
aerosol
loading

aragonite

i
phosphort s
state
Biogeochemical

saturation
flows
Ocean

acidification

Atmospheric
aerosol
loading

Biogeochemical
flows

Ocean
acidification

Figure 1. The planetary boundaries framework reveals that humans are pushing the Earth System

beyond the safe limits of its recent past [1]. Planet Earth has been pushed beyond the safe operating

space for its biosphere many times in the deep past, with these intervals often driving biotic crises

and even mass extinctions. The modern planetary boundary values are shown on the left (PBS

2025; after [1]) next to estimates for the biosphere integrity boundary for the Permian-Triassic Mass
Extinction ~252 million years ago (PBS PTME; see figures 2, 3). The PTME species extinction rate
of ~95% equates to ~15 extinctions per million species years (following [157]: ~60 kyr duration
estimate for the PTME; see also [30]). Green dashed line: threshold for safe operating space; red
dashed line: boundary of the zone of increasing risk and the high-risk zone. We have deliberately

not attempted to quantify other elements of the PTME planetary boundaries.
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Figure 2. Timescales (logio) of human disruption (black) alongside transient (red) and persistent
(blue) disruptorsin Earth history, with the geologically oldest disruptors at the bottom and near-
future disruptors at the top. Each line represents the range of timescales over which the disruptor
acted or will act on the biosphere with each point indicating the main timescale of impact. Dagger-
marks (1) indicate the ‘Big 5° mass extinctions. The age of each disruption in millions of years ago

(Ma) isin parentheses on the right of each line. See table S3 for data and abbreviations.
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Figure 3. Timescales and calculated impacts of human disruption (large symbols) plotted alongside

transient and persistent disruptors in Earth history (small symbols). Persistent disruptors from
Earth history plot in the top right, operating on long timescales and driving biosphere net gain.
Humanity as a disruptor plots with the past transient disruptors for current and business as usual
future disruption, with short timescales and negative biosphere impacts, but humanity has the
potential to drive biosphere net gain on short (century to millennial) timescales. Both axes are 10010
scales with the x-axis in years and the y-axis in percentage change of biosphere variable (species
richness, genus richness, biomass, and productivity). Each point is plotted at its central duration
estimate with error bars representing its potential range of durations. See tables S3 and S5 for the
data shown in this figure.


https://doi.org/10.64898/2026.04.10.715592
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.10.715592; this version posted April 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

persistent transient human

N
=

£ ©

= [=1]

=] -

g ¢

o

©

£ - EC RS N R o A o

g 9

= 9 bolide impact

&8 o

[N @
< % iV
v LB ¥

persistent persistent persistent
transient transient transient

humans humans humans
w w (2] w 1] (] w (] w w w w
@ = 1~ = @ = e @ =~ =
c @ © @ e © @ © 2 & H H
5 © ] @ 5 o @ ] 5 o ] @
a > > > = > > > = > > >
E O © @ T © @ © E O © ©
@ = o o aQ = o o @ = o o
o =x g ) o X g o o x g o

logso(years)

Figure 4. Schematic representation of the potential range of biosphere impacts (enhancement or
degradation) from persistent and transient disruptors compared with anthropogenic (human)
disruption. The scale of biosphere impact is consistent across panels and represents proportional
loss/gain; the net gain and net loss arrows are of equal lengths; the horizontal dashed line represents
no relative change. Bottom solid bars show the disruptor durations. The grey box indicates the time-
biosphere impact area occupied by the transient disruption of a bolide impact, like that at the
Cretaceous-Palaeogene (K-Pg) boundary. Vertical dashed line shows the timescale over which we
consider humanity to have been a disruptor to-date (~200 years). Persistent disruptors may drive
initial biosphere degradation before any overall biosphere enhancement over the duration of their
impact. Transient disruptors drive biosphere degradation for the whole duration of their presence,
with biosphere recovery or transformation taking place after the disruptor and its effects dissipate.
Human activity has so far degraded the biosphere and may continue to do so; however, humanity
has the capacity to potentially transform their impacts and ultimately enhance the biosphere even on
millennial timescales.
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Figure 5. Humanity is driving the second highest rate of negative biosphere change in Earth history,
after the K-Pg bolide impact, but we could become the greatest driver of positive biosphere change
over the next millennium. This figure shows rates of human-driven disruption (large symbols)
alongside transient and persistent disruptors in Earth history (small symbols), with the highest
negative rates at the bottom and the highest positive rates at the top. Each point represents an
estimate of biosphere variable change rate (% change per duration in Myr) on a pseudo-log;o scale:
percentage changes smaller than £1% are considered negligible and treated as zero; negative rates
calculated as -1*l0g10(|% change rate]). Dagger-marks (1) indicate the ‘Big 5’ mass extinctions. The
age of each disruption in millions of years ago (Ma) isin parentheses on the righthand side. We plot
scenarios for impacts on the biosphere according to different future human trgjectories. Datain

tables S3 and Sb.
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Table S1. Examples of transient disruptors from Earth's deep past to contemporary associated with
substantial habitat loss caused, for example, by global changesin climate and low oxygen
concentrations in the marine realm. Unless otherwise stated, data follow [46,48,158].

Table S2. Examples of persistent disruptors to the biosphere, from Hadean to contemporary times.
Humans are included both as transient [grey boxed area] and potential persistent disruptors. Sources
of information include [159] for gene transfer, [160] for RuBisCo, [161] for symbiogenesis, [162]
for sexual reproduction and references in text.

Table S3. The ages and duration of impact of transient and persistent disruptors in Earth history.

These data are shown in figures 2 and 3 and are used to calculate the rates of change in figure 5.

Table $4. Summary statistics of the event durations listed in Table S3.

Table S5. The degree of change of four biosphere variables (species richness, genus richness,
biomass, and productivity) through past transient and persistent disruption events and potential
human futures. These data are shown in figure 3 and used to calculate the rates of change in figure
5.
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