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A B S T R A C T 

Life on Earth has experienced numerous upheavals o v er its approximately 4 billion year history. In previous work, we have 
discussed how interruptions to stability lead, on average, to increases in habitability o v er time, a tendenc y we called entropic 
Gaia . Here, we continue this exploration, working with the Tangled Nature Model of co-evolution, to understand how the 
evolutionary history of life is shaped by periods of acute environmental stress. We find that while these periods of stress pose 
a risk of complete e xtinction, the y also create opportunities for evolutionary exploration which would otherwise be impossible, 
leading to more populous and stable states among the survivors than in alternative histories without a stress period. We also study 

how the duration, repetition and number of refugia into which life escapes during the perturbation affects the final outcome. The 
model results are discussed in relation to both Earth history and the search for alien life. 
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 I N T RO D U C T I O N  

he long history of life on Earth is marked by a number of
revolutions’ (Lenton & Watson 2013 ), large changes in ecosystems 
nd biogeochemical reaction networks. For example, the evolution 
f oxygenic photosynthesis fundamentally changed the surface 
hemistry of our planet, leading to the dramatic build up of oxygen
n the atmosphere roughly 2.5 billion years ago, known as the great
xidation event. This build up of oxygen not only caused widespread 
oisoning to life that had not yet adapted to an oxygen-rich envi-
onment, but is also thought to have triggered a global glaciation 
vent (Sahoo et al. 2012 ; Lenton & Watson 2013 ). Much later, the
xpansion of plants on land, significantly increased chemical weath- 
ring and therefore reduced atmospheric CO 2 (Lenton et al. 2012 ; 
orada et al. 2016 ). This is hypothesized to have triggered a global
laciation and subsequent (Late Ordovician) mass extinction. Non- 
iotic perturbations such as changes in volcanism, asteroid impacts, 
late tectonics, and climate change have also caused widespread 
xtinctions and resulted in the emergence of new ecosystems (Bond & 

rasby 2017 ). Even in cases where the ultimate cause is non-biotic,
or example, asteroid impacts (Alvarez et al. 1980 ) or volcanism 

Campbell et al. 1992 ), it is still often the case that life participates
n positive feedback loops which worsen conditions and accelerate 
he extinction event (Bond & Grasby 2017 ; Dal Corso et al. 2022 ). 

These periods of stress and their associated mass extinctions are 
hought to pose a problem for the body of work known as Gaia
heory, which posits that life interacts with the non-living Earth so
s to maintain and even improve conditions for life (Lovelock & 

ar gulis 1974 ). Ar guments against Gaia often contrast the stable
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iogeochemical cycles currently observed against runaway feedback 
nhanced by life before or during e xtinction ev ents. There are also
articular instances where some species (or group of species) acts 
o worsen conditions for itself (Kirchner 2002 , 2003 ). Taken to
he extreme, some have argued that life is in fact self-destructive
Ward 2009 ). The question of whether life is self-reinforcing or
elf-destructive clearly has profound implications not only for our 
nderstanding of Earth history but also on the search for life on other
orlds. The answers will shape our expectations for the pre v alence
f life, especially complex life, in the universe. In particular, for
xoplanets (planets outside the Solar system), a deeper understand- 
ng of the life–climate interaction and the impact of large-scale 
erturbations may well pro v e vital in selecting the few targets for
hich e xpensiv e and intensiv e follow-up biosignature observations 

re performed. 
In previous work (Arthur & Nicholson 2017 ; Lenton et al. 2018 ;

rthur & Nicholson 2022 , 2023a ), we have taken the position
hat these revolutions are a feature, not a bug. Over the course of
arth history, there have been numerous cycles of extinction and 

eco v ery. We propose that these cycles should be considered as
art of Gaia . In particular, they are the mechanism by which Gaia
an make large jumps in comple xity, where comple xity is defined,
roadly, to mean the number of processes and components in a
onnected system (Adami 2002 ; Gell-Mann 2002 ). We call this
rocess sequential selection with memory and the mechanism of 
rowth by extinction and recovery of the entropic ratchet (ER). This
dea, which originated from studying a particular co-evolutionary 

odel (Arthur & Nicholson 2022 ), is more general than that model. It
lso occurs in simple probability models (Arthur & Nicholson 2023a )
nd here we will argue that there is evidence for it in the record of
ife on Earth. The ER mechanism is implied by the following three
onditions repeating o v er and o v er again: 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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(i) Gaian homeostasis can be destabilized by the evolution of new
pecies or by exogenous events. 

(ii) These events cause some, or all, of the ‘core’ species (that is,
pecies which are key to the biogeochemical cycles that maintain
he present conditions) of the global ecosystem to go extinct. New
ore species then arise, which create new niches and participate in
iogeochemical cycles (Alroy 2008 ). 
(iii) These extinctions are not total, for example, core species

an survive but become too rare to fulfill their prior ecosystem
unction (Hull, Darroch & Erwin 2015 ). This means the post-event
iodiversification, that fills the ecological space opened by the mass
xtinction, can build on evolutionary innovations of the preceding
eriod, which tends to result a higher complexity and diversity of
ife. 

Points 1 and 2 describe sequential selection (Lenton et al. 2018 )
periodic resets of the global ecosystem. Adding 3 describes

equential selection with memory – periodic resets that retain rem-
ants of previous global ecosystems and build on their evolutionary
nnovations. The repetition of 1, 2, and 3 is what we refer to as
he ER, where the name is meant to evoke the idea that entropy, a
ombination of diversity and abundance (see Arthur & Nicholson
022 for more precise definitions) changes in discrete jumps with
ach reset. Conditions 1 and 2 are likely uncontro v ersial. As well as
istinguishing the ER mechanism from simpler ideas, point 3 is also
hy we claim this process is Gaian. Our Gaia is the entropic Gaia
f Arthur & Nicholson ( 2017 , 2022 ), referring to an evolutionary
rend in the direction of greater biomass, species diversity and life-
nhancing abiotic interactions and Gaian processes are those which
nhance this trend. 

After each extinction event, global biomass, and diversity could
ecrease or increase relative to the previous baseline, any particular
vent must be analysed and understood individually. However, as we
ave argued elsewhere (Arthur & Nicholson 2022 , 2023a ), there
s a general tendency for systems with ‘memory’ to increase in
omple xity o v er time, a point often noted in comple x systems theory
Anderson et al. 2004 ) and seen in other settings from probability
odels (Arthur & Nicholson 2023a ) to glasses (Ritort 1995 ). This

ncreasing complexity is often measured by the proxy of entropy (see
.g. Roach et al. 2017 ; Arthur & Nicholson 2022 ), hence the name
R. In a very abstract sense, as discussed in Arthur & Nicholson
 2022 ), sucessiv e resets mo v e the system to a ‘position’ in the space
f ecosystems which has the potential to support more diversity and
bundance. The system’s memory can be thought of as the current
osition on the ‘path’ through the space of possible ecosystems. More
oncretely, for life on Earth, this memory is the global biota, which is
educed but not eliminated by these resets. Evolutionary innovations,
ike photosynthesis or oxygenic metabolism, are not generated from
cratch after every catastrophe. Our claim here is that repeated resets
ead to a trend of increasing diversity and abundance together with a
eduction in the rate of mass extinction, which makes the Earth (or
ny inhabited planet) ‘more Gaian’ over time. 

In previous work, we have demonstrated this mechanism operating
n a general model of co-evolution (Arthur & Nicholson 2017 ,
022 ). In the rest of this section, we argue that this mechanism also
as support from the literature on mass extinction and biodiversity
hange o v er geological time. F or e xample, Benton ( 1995 ) and
ewman & Sibani ( 1999 ) demonstrate a trend o v er the Phanerozoic

the last ∼ 540 Mya) of increasing biodiversity, despite numerous
ass e xtinctions. F or particular mass e xtinction ev ents, there is

ome evidence of increases in post-e xtinction comple xity. Since
omplexity is associated with a number of ecological features: having
NRAS 533, 2379–2390 (2024) 
ultiple parts, diversity, interactions, emergence, non-linearity, and
istoricity (Elliott-Graves 2023 ), we assess its change through a
ange of proxies. For example, from the relative abundance distribu-
ion of marine fossils Wagner, Kosnik & Lidgard ( 2006 ) finds that
omplex ecosystems are more common during the Meso-Cenozoic
later Phanerozoic) than during the Paleozoic (earlier Phanerozoic)
here the boundary is marked by Permian–Triassic mass extinction.
imilar ideas have been discussed in the literature on mass extinction,
otably the idea of Earth system succession – ‘the sequential change
n global ecosystems that occurs as biogeochemical reservoirs and
uxes return to equilibrium after perturbation’ (Hull 2015 ). Our claim

s that these extinction events, which greatly disrupt contemporary
iota are, on av erage, positiv e for life in the long run, that is, o v er
pans of time measured in 10s or 100s of millions of years which
ay incorporate a number of such events. 
Since life has a profound effect on (bio)geochemical cycles, large-

cale disruptions of global ecosystems can impact these cycles. The
ay in which life reco v ers after such events can be complex (Sol ́e,
ontoya & Erwin 2002 ; Sol ́e et al. 2010 ) but these disruptions open

he possibility for large changes in biogeochemical regulation that
ould not be possible without such events. To select some major

xamples 

(i) The Great Oxidation Event caused tremendous damage to
xisting anaerobic species, which, for the most part, could not
olerate a high oxygen environment, and also precipitated a possible
nowball Earth period (Huronian glaciation). Ho we ver, the e volution
f Eukaryotic and multicellular life was enabled by the higher oxygen
oncentrations which allowed for aerobic respiration to become
ominant resulting in far more available energy for life (Mills et al.
022 ). 
(ii) The Cryogenian/Snowball Earth period at the end of the

roterozoic, precipitated by the Neoproterozoic Oxygenation Event,
ould have certainly had a ne gativ e effect on extant life. Afterwards,
e see reco v ery and (enabled by higher oxygen levels) the further

omplexification and diversification of life, culminating in the
diacaran biota (Narbonne et al. 2012 ). 
(iii) The causes of the end-Ediacaran extinction are uncertain,

ith explanations ranging from a standard mass extinction event to a
ore gradual biotic replacement (Laflamme et al. 2013 ; Darroch et al.

018 ). Whatever the causes, the mass disappearance of the Ediacaran
iota was immediately followed by the Cambrian explosion. 
(iv) During the Phanerozoic there have been numerous mass

 xtinction ev ents, with scholarship mostly focusing on reco v ery
 v er shorter time-scales. The end-Ordo vician e xtinction is one
xample. Preceded by the ‘Great Ordovician Biodiversification
vent’ (GOBE) and the colonization of land by plants (Lenton et al.
012 ), the result was the increase of atmospheric oxygen and fire-
ediated feedback to stabilize atmospheric oxygen concentrations

t ∼ 20 per cent (Lenton et al. 2016 ). This represents an increase in
he complexity of the biogeochemical feedback network. 

We do not claim that all mass extinction events in Earth history
eed have a positive impact on species diversity or abundance. For
xample, despite the findings of Wagner et al. ( 2006 ), diversity
evels reached during the GOBE took tens of millions of years to
eco v er after the largest mass extinction event of the Phanerozoic,
he end-Permian (Raup & Sepkoski 1982 ; Rohde & Muller 2005 ).
ther events are just ‘blips’ on Gaian time-scales. For example,

he Cretaceous–Paleogene event, generally agreed to be caused by
n asteroid impact (Alvarez et al. 1980 ), appears to have had little
ong-term impact on trends in biodiversity (Rohde & Muller 2005 ),
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xtinction rate (Benton 1995 ) or global temperature (Scotese et al. 
021 ). 
The complexity of the global ecosystem and life-environment 

eedback (i.e. Gaia ) has increased o v er geological eons. While the
onsequences of complexity in ecology are debated (Landi et al. 
018 ), our view, supported by our models of co-evolving ecosystems 
Arthur & Nicholson 2017 , 2022 , 2023a ), is that an increase in
omplexity is associated with an increase in habitability and stability. 
n real ecologies complexity, measured via, for e xample, biodiv er- 
ity, can enhance stability in a number of ways, from functional 
edundancy (Rosenfeld 2002 ) buffering against local extinctions to 
he stabilization of global biogeochemical c ycles. An e xample of the
atter is the evolution of land plants which increased the efficiency 
f silicate weathering. Their evolutionary adaptation to different 
limate, temperature, topography, etc. means that these factors e x ert 
ess influence on the silicate weathering cycle (Lenton et al. 2016 ;
ayne et al. 2020 ). 
There is less work on how the total abundance of life has changed

 v er time. Marine environments do show increased abundance o v er
eological time (Bambach 1993 ; Martin 1996 ; Allmon & Martin
014 ) and the evolution of plants resulted in enormous increases 
n the mass of Earth’s biota (McMahon & Parnell 2018 ). Complex
ystems of recycling can also increase abundance, allowing limiting 
utrients to ‘go further’ than would otherwise be possible, for exam- 
le, phosphorus is the limiting nutrient in most aquatic ecosystems 
here recycling ratios of around 46:1 are quoted in Wilkinson ( 2023 ). 
Diversity, abundance and stability should be part of any definition 

f ‘planetary habitability’. According to our framework, increases in 
hese features are ultimately caused by life interacting with life and 
he planet in a way that is conducive to life, even if disasterous in
he short term, hence our identification of this mechanism as a Gaian
rocess. Gaia , like life itself, should not be expected to have emerged
e novo , fully formed and functional, nor to be eternally static. It is
easonable that Gaia can and should evolve. 

Of more rele v ance to astrobiology than Earth history (where we
now that life survived all previous e xtinction ev ents) is the idea of
election by survi v al (SBS) (Bouchard 2014 ; Ford Doolittle 2014 ;
enton et al. 2018 ; Arthur & Nicholson 2023a , b ). This is the obvious

act that only those planets where life survives mass extinctions have 
ife! This could mean that the surviving life on those planets has
ome special properties, or the events on the surviving planets were 
ess severe. In an astrobiological context, SBS operates alongside the 
R idea discussed abo v e. Re gular mass e xtinctions driv e long term

ncreases in habitability, but are also opportunities to lose the game 
ntirely and end up with a planet devoid of life. For this reason, we
tudy the interplay between SBS and the ER in our model ecosystems,
nd try to understand what this means for searches for extraterrestrial 
ife. 

The detection and subsequent characterization of exoplanets, plan- 
ts orbiting stars other than the Sun, has provided a vast number of
otential candidates for non-Earth biospheres. In fact, a major goal of
he field of exoplanet research is to potentially detect a ‘biosignature’ 
Catling et al. 2018 ) in the atmosphere of an exoplanet (e.g. the LIFE
ission, Quanz et al. 2022 ). For this case, a biosignature must be

etectable, requiring life to both have survi ved pre vious extinction 
vents and established a large-scale interaction with the climate, 
.e. have created an ‘exo- Gaia ’ (Nicholson et al. 2018 ). Although
he number of potential exoplanets is vast the resources required to 
erform detailed observations, modelling and analysis of a potential 
iosignature mean that targets will have to be carefully selected. 
In this paper, we study the impacts of large exogenous perturba- 

ions in a model of a planetary ecosystem o v er geological time.
ost of the great extinction events in Earth history are thought
o have arisen from a combination of abiotic and biotic factors.
n previous work (Arthur & Nicholson 2017 , 2022 ), we only
onsidered biotic effects, the disruption of a stable period by the
volution of new species. Here, we also introduce abiotic effects, 
aptured as a disruption of a stable period by a sudden decrease
n carrying capacity. In Section 2, we re vie w the idea of refugia (a
ocation supporting an isolated population during some period of 
nvironmental stress), and introduce our model in Section 3 . We
tudy, in detail, the effect of a single perturbation in Section 4 . We
xtend this in Section 5 to look at the effect of the duration of
he perturbation, the effect of repeated perturbations, and compare 
utcomes where there is one big refugium to a number of smaller
nes. We conclude in Section 6 with a discussion of the implications
f these results for Astrobiology. 

 R E F U G I A  

s discussed previously in this work and others (Arthur & Nichol-
on 2022 ) gradually increasing diversity is the key to increasing
abitability and that this can be maintained by various means which
e referred to as Gaia’s memory. One form this memory takes is

s refugia , areas of tolerable conditions amidst an uninhabitable 
nvironment. Refugia originally referred to the restricted ranges of 
arious species during glacial maxima, particularly during the last ice 
ge (Stewart & Lister 2001 ). This body of work studies and identifies
acro-refugia (Ashcroft 2010 ), for example, lower latitudes that 
 v oid glaciation and cryptic/micro-refugia (Stewart et al. 2010 ), for
xample, temperate areas within glacial zones. This is achieved 
hrough analysis of the pollen record (Bennett, Tzedakis & Willis 
991 ) or through genetic evidence (Cheddadi et al. 2006 ), since
eriods in a refugium usually correspond to a population bottleneck 
hat leaves a distinct signature in the modern species’ DNA. 

The most extreme planetary glaciations, snowball Earths, are also 
osited to have had refugia. Although most research supports the 
xistence of open ocean conditions at equatorial and lower latitudes 
Hyde et al. 2000 ; Peltier et al. 2004 ; Song et al. 2023 ) which
ould act as refugia, some models (Braun et al. 2022 ) predict a
ard snowball. In such cases, microrefugia are still a possibility. 
otable examples of such microrefugia are suggested by Campbell, 
addington & Warren ( 2011 , 2014 ), who claim that narrow seas

like the modern Red sea) could provide refugia for photosynthetic 
ukaryotic algae. Windblown dust can lower the albedo of glaciers 
Abbot & Pierrehumbert 2010 ) which can lead to pockets of liquid
ater called cryoconite holes. The same process acting on a larger

cale on snowball earth could have created refugia for eukaryotes 
olerant of cold water, low salinity, and strong radiation (Hoffman 
016 ). Similarly, areas of ‘dirty ice’ (Hawes et al. 2018 ) could
av e pro vided stable and nutrient-rich micro-refugia, as the y do
resently in Antarctica. Lechte et al. ( 2019 ) propose that the mixing
ones of oxygen-rich glacial meltwater with iron-rich seawater could 
av e pro vided sufficient energy for chemosynthesis and therefore 
epresent another type of refugium. Hot springs have also been 
roposed as providing ‘Noah’s Arks’ for photosynthetic life during 
ard snowball Earth events (Schrag & Hoffman 2001 ; Costas, Flores-
oya & L ́opez-Rodas 2008 ). 
A number of different types of refugia are described by Bennett &

rovan ( 2008 ), demonstrating a diversity of ways that species can
urvive periods of climatic stress by altering their abundance and 
istribution. Of most rele v ance for us are the classical and tropical
efugia, when species restrict their range to one (classical) or many
tropical) small areas in an otherwise inhospitable environment. We 
MNRAS 533, 2379–2390 (2024) 
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Table 1. TNM parameter values. 
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lso note that a refugium is usually species specific (Stewart et al.
010 ) and so a refugium for one species may be inhospitable for
nother. This work does not seek to model any particular glaciation
r other event from Earth history. Rather we aim to study how,
n general, retreat to refugia affects the long-term habitability and
ence chance of life detection on any planet. Therefore, we adopt a
omewhat broader concept of refugia (Keppel et al. 2012 ) applying
he concept to whole ecosystems, having in mind something like
he open equatorial ocean or habitable narrow seas during snowball
arth events. 
We also note that while there has been much work on the reco v ery

f diversity after mass extinctions (e.g. Condamine, Rolland & Mor-
on 2013 ), there has been less emphasis on the reco v ery of biomass
r productivity, reflecting a general emphasis in ecology which
ends to be more interested in diversity than abundance (Wilkinson
023 ). Ho we ver, the role of abundance is crucial for understanding
cosystem function (Spaak et al. 2017 ). Indeed, Hull et al. ( 2015 )
ake the interesting point that it is not strictly necessary for a species

o go extinct to trigger a mass extinction, rather core species, groups
f organisms which participate in key biogeochemical cycles, can
all below the abundance threshold required for them to ef fecti vely
erform their roles in the cycle, see also Avolio et al. ( 2019 ).
iosphere abundance is also particularly important when searching

or signs of life on distant planets; in order for life to be remotely
etectable it must exist in sufficient quantifies to influence its planet
n a significant way (Seager, Bains & Hu 2013 ). 

In summary, refugia represent a way for life to survive during
nhospitable conditions. At least some refugia are necessary so that
ife as a whole does not die out. These refugia act as a memory
nd storehouse of genetic diversity for Gaia . We will therefore be
nterested in understanding how the number and type of refugia
nteract with the ER and SBS effects and what this means for the
robability of complex life on a planet. 

 T H E  TA N G L E D  NAT U R E  M O D E L  

he Tangled Nature Model (TNM) (Christensen et al. 2002 ; Jensen
018 ) is a framework for understanding co-evolving species. The
NM is characterized by periods of stability where groups of species
ersist for a significant time, often called a quasi-Evolutionary Stable
trategy or qESS. These qESSs are interrupted by ‘quakes’, where
he ‘core’ of the species network is disturbed by a newly evolved
pecies and is rearranged or collapses completely. After a quake, the
ystem finds a new qESS and the total population and composition
f the biosphere drastically changes. These quakes are an inherent
eature of the TNM and require no external perturbation. 

One of the key characteristics of the TNM is the tendency for
he biosphere to increase in total population, diversity, and stability
 v er time. At later times, the TNM biosphere is more robust and less
rone to quakes and thus the periods of stability get longer as time
oes on. The quakes in the model are not a deterrent to this increasing
tability but rather the mechanism by which this is achie ved. Pre vious
ork (Piovani, Gruji ́c & Jensen 2016 ; Arthur & Nicholson 2017 ) has
emonstrated how the TNM model is closely related to the logistic
odel of population dynamics. Thus, because the TNM arises from

onsideration of very general principles it is reasonable to posit that
he model results are also of wide applicability. 

In the original formulation of the TNM, a parameter μ represents
he ‘abiotic’ carrying capacity and remains constant throughout
xperiments, while the growth rate of species within the biosphere
epends on μ as well as the other species extant at that time. Later
ork (Arthur et al. 2017 ) allowed species to directly impact the
NRAS 533, 2379–2390 (2024) 
arrying capacity of the system and demonstrated that species-
nvironment co-evolution leads to TNM biospheres tending to
ncrease the abiotic carrying capacity o v er time. 

The TNM has been described numerous times in great detail
Christensen et al. 2002 ; Arthur et al. 2017 ; Arthur & Nicholson
022 ) and the reader is referred to these works for a more detailed
pecification of the model. Briefly, species i are labelled by a length
 binary genome. The population of species i is N i and the total
opulation of all species is N = 

∑ 

i N i . Each species has a fitness,
 i , which depends on the other extant species in the model given by 

 i = C 

∑ 

j 

J ij 
N j 

N 

+ σ
∑ 

j 

K ij N j − μ0 N − νN 

2 , (1) 

here C, σ, μ0 , ν are constants and the sums are o v er all e xtant
pecies. J ij is a matrix of direct interspecies interactions, K ij is a
atrix of species environment interactions (the effect of j on the

nvironment of i). The values of J and K are chosen at random
rom a standard normal product distribution used for reasons of
omputational convenience (Arthur et al. 2017 ) where a fraction
f the entries, 1 − θJ and 1 − θK 

, respectively, are set to 0. μ0 

s the reciprocal of the total carrying capacity, while ν is a very
mall damping factor which is irrele v ant except in very rare cases of
xtremely high populations. Setting σ = 0 , ν = 0 corresponds to the
riginal TNM of Christensen et al. ( 2002 ), non-zero v alues gi ve the
ersion where species affect the environment proposed in Arthur &
icholson ( 2022 ). 
The model consists of repeating the following steps 

(i) select an individual at random and kill it with probability p k ;
nd 

(ii) select an individual and reproduce it with probability p( f i ) =
1 

1 + e −f i 

Each reproduction copies the binary genome of the individual with
robability p mut to flip one of the digits, potentially creating a new
pecies. The time-scale for the model is measured in ‘generations’
hich consist of N/p k repetitions of the two steps abo v e. We use

tandard values for the various parameters, listed in Table 1 . 
In summary, the TNM, as employed in this work, tracks popula-

ions of species which interact with each other and their environment
ith each timestep providing random death, reproduction and mu-

ation of individuals. In general, TNM systems evolve to higher
omplexity (here indicated by the increase in the population) and
igher stability, moving through increasing stable periods (qESS)
isrupted when the core of the life network is disrupted through the
atural evolution of destabilizing species (quakes). Concepts such as
abitability , stability , and complexity can be made very concrete and
easurable in this framework, see Arthur & Nicholson ( 2017 , 2022 ,

023b ). We refer interested readers to those works for details of how
he ER mechanism in the TNM interacts with these concepts. We
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Figure 1. Some examples of TNM runs where we compare cases without perturbation (blue) to cases with perturbation μ0 → μ = 0 . 4 (orange). The shaded 
grey area is where the orange runs experience the perturbation. From the left to right panels, we see minimal effect, perturbation induced extinction, and 
perturbation induced divergence. 
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ill mostly interrogate the model by looking at population, which is
losely related to number of core species, total diversity, number of
uakes and entropy. 
The purpose of this work is to understand the effect of an

xternal perturbation which suddenly reduces the carrying capacity, 
epresenting some change in the environmental context, where life is 
orced to survive in one or multiple refugia. We will study the effects
f these perturbations by looking at changes in total abundance, in 
ndividual runs or in averages over many runs. Interested readers are 
eferred to our previous work to see how other variables change on
ong time-scales. In the experiments, we perform in this work, the 
ther macroscopic TNM variables have similar behaviour to the total 
opulation. Perturbations are implemented by abruptly changing the 
alue of μ0 → μ for a set number of generations and then reverting to 
0 when the stress period is o v er. All other parameters remain fixed
uring the perturbation. Higher values of μ correspond to worse 
onditions for life and vice versa. 

 O N E  R E F U G I U M  

ur first experiment is similar to one preformed, in a very different
ontext, by Arthur et al. ( 2017 ). We allow the model to run as
ormal for 10 4 generations then abruptly increase the value of μ, 
un the model at that value for 10 4 generations, then reset it to the
riginal value and continue for another 3 × 10 4 generations. Some 
llustrativ e e xamples of different model runs are shown in Fig. 1 . We
an conceptualize this period of lower μ as something like Snowball 
arth, where the planet can support a much lower abundance of

ife which persists in a refugium. The examples in Fig. 1 have been
hosen deliberately to illustrate the most important possible results of 
 perturbation: no long-term effect, perturbation-induced extinction, 
nd perturbation-induced divergence. 

Fig. 2 summarizes 1000 realizations of the model, for one 
articular value of the perturbation μ = 0 . 4. The number of runs
xperiencing complete extinction of all individuals increases due 
o the perturbation. Fig. 2 also shows the average population of
he subset of runs which survive to the end of the perturbed
nd unperturbed experiments. The average population increases 
ogarithmically with time. Notably, after the perturbation, there is 
 jump in the average population above the unperturbed baseline 
hich persists until the end of the run. The fact that bad conditions
ake total extinction more likely is quite intuitive. What is less
ntuitive is that runs which survive are ‘better off’ when they have
xperienced a perturbation than they otherwise would have been. 

Fig. 3 shows the number of surviving runs as well as the
ifference in population between perturbed and unperturbed models 
t t = 5 × 10 4 as a function of μ, the perturbation size. Expectedly,
s the perturbation gets stronger, more runs experience total extinc- 
ion. Less expectedly, the surviving runs where there has been a
erturbation have higher final populations than ones which do not. 
here also seems to be a peak in the response to perturbation, with
 maximum around μ = 0 . 4. Note that since the average population
ncreases approximately logarithmically (Becker & Sibani 2014 ), i.e. 
ery slowly, a 5 per cent increase in population is quite significant
nd represents a leap forward by many thousands of generations. 

To understand what is happening first, we note (Becker & Sibani
014 ; Arthur & Nicholson 2022 ) that for a mutant species, a, to
isrupt a qESS requires it to have high enough fitness to have
ignificant reproduction probability, i.e. the species fitness should 
e abo v e a minimum value ( f min ) set by 

 a > log 

(
p k 

1 − p k 

)
= f min . 

sing equation ( 1 ) this means 

 

∑ 

j 

J aj 
N j 

N 

+ σ
∑ 

j 

K aj N j > f min + μN + νN 

2 . (2) 

e have set σ and ν to be quite small and the main requirement is
hat the new species growth rate, r a = C 

∑ 

j J aj 
N j 

N 
is large enough to

 v ercome the ‘barrier’, on the right-hand side of equation ( 2 ), which
s primarily set by the value of μN . In a qESS 

d N 

d t 
� 0 . 

sing the mean-field approximation from Arthur & Nicholson 
 2022 ), and neglecting σ and ν, gives 

 � 

r 

μ
, (3) 

or the population in equilibrium where 

 = C 

∑ 

ij 

N i 

N 

J ij 
N j 

N 

. 

 sudden increase in μ will not directly affect the species composi-
ion of the TNM system, so the value of r will be roughly the same
MNRAS 533, 2379–2390 (2024) 
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Figure 2. Averages without perturbation (blue) and with perturbation μ0 → μ = 0 . 4 (orange). The shaded grey area is where the orange runs experience the 
perturbation. Left panel shows the proportion of the N = 1000 runs which have survived up to that point. Right panel shows the average population of the runs 
which survive the whole experiment . 

Figure 3. Proportion of runs which survive the whole experiment and ratio of population at the end of the surviving runs, with and without perturbation. 
Population of each run is measured by averaging the last 500 generations. Left (red) axis is the proportion of surviving runs, right (blue) axis is the population 
difference. 
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Figure 4. Showing the μ = 0 . 4 perturbation. Left panel shows the ‘genetic distance’ between the core just before the perturbation and at the end of the run 
with (orange) and without (blue) a perturbation. Right panel shows the population excess among survivors of the perturbed case when there has been a quake 
during the perturbation . 
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mmediately after the perturbation. Simply, the increase in μ will 
e compensated for by a decrease in N , while keeping the relative
roportions of each species almost unchanged and thus leaving the 
arrier height r unchanged. Given the reduced rate of reproduction, 
ne might therefore expect fewer quakes and since, as argued above, 
uakes are what drives the TNM to better (higher N ) equilibria, the
esults of Figs 2 and 3 are at first glance puzzling. 

Fig. 4 shows the genetic ‘distance’ between cores at t 1 = 10 4 (just
efore the perturbation) and t f = 5 × 10 4 , measured by 

( t 1 , t f ) = 

∑ 

i 

min 
j 

H ( S ( t 1 ) i , S( t f ) j ) , (4) 

here S( t) refers to the set of core species’ genomes at generation
 and H is Hamming distance. d measures the smallest number of
utations required to get from the core at t 1 to the core at t f . The

erturbed curve (orange) shows some interesting features. Just after 
he perturbation, the distance increases – corresponding to core re- 
rrangement. After this initial jump, the rate of change decreases for
he rest of the perturbation. Then for the ∼ 10 4 generations after the
erturbation, the rate of divergence rapidly increases. This rate of 
ncrease is enough to catch up and o v ertake the unperturbed systems
o that, by the end of the experiment the perturbed systems manage
o explore more of the ‘landscape’ (Arthur & Sibani 2017 ) and thus
each better final states. 

Fig. 4 , also shows a histogram of the population difference 
N = N (5 × 10 4 ) − N (10 4 ) for the surviving runs of the μ = 0 . 4

erturbation when there is a quake during the perturbation period 
n the perturbed run and not otherwise . Operationally, a quake is
efined as any change in the core composition together with at 
east a 5 per cent change in the total population N . The key point
bout this plot is that is is skewed right, towards higher population
xcess. This means, when there is a quake or core rearrangement 
uring the perturbation the final population ends up higher than 
f there was no quake. The other possibilities: quake during the 
nperturbed and not the perturbed run, both quake and no quake, 
s  
ive symmetric distributions. This means it is runs which have 
erturbation induced quakes which are responsible for the increase 
n average population. 

Close inspection of the runs which quake during the perturbation, 
nd are responsible for the positive value of �N , indicate that the
ain cause of these is the variance in core species populations. While

he population ratios N i /N are fixed, the absolute populations are
uch smaller in the perturbation. In equilibrium we have p( f i ) �
 k and the expected number of reproductions of species i in one
eneration ( N/p k trials) is just the binomial expectation N i . The
inomial variance is N i (1 − p k ), and the square root of this measures
he average fluctuation size. The signal-to-noise ratio is then ∼ √ 

N i 

.e. when the population is low the variance around the mean value
s, relatively, much higher. 

This higher variance in N i can cause spontaneous core-collapse 
hen a fluctuation takes one of the core species to N i = 0. Ho we ver,

he most significant effect observed is the translation of fluctuations 
n N i to fluctuations in r which can, transiently but significantly,
educe the quake barrier. This makes a quake much more likely to
appen. During a quake, the populations can get very low for a
rief period (see e.g. Fig. 1 ), making the runs much more likely
o go extinct. If a run survives the perturbation but at a worse
lower N ) qESS it is also much more likely to go extinct. Quakes
hich cause increases in N are much more likely to survive, and

herefore have higher r and so are more stable – this explains
he initial jump and then plateau in d in Fig. 4 . Runs which do
ot quake during the perturbation ‘catch up’ with the unperturbed 
uns after the perturbation goes away and the rate of reproduction
ncreases, which explains the increase in d after the perturbation 
nds. 

In summary: hostile conditions increase the importance of popula- 
ion fluctuations. This enables more and different quakes – allowing 

ore exploration and enhancing the ER mechanism. Ho we ver, 
uakes are risky, and only those which have positive outcomes 
urvive to be counted – this is SBS. This could well have important
MNRAS 533, 2379–2390 (2024) 
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M

Figure 5. Showing long and short-duration perturbations. Only runs which survive all three conditions are included in the average. Blue: no perturbation, 
Orange: long perturbation, and Green: short perturbation. Left panel: proportion of survivors. Right panel: average population. Top panel: μlong → 0 . 4 and 
μshort → 0 . 4, Bottom panel: μlong → 0 . 4 and μshort → 0 . 8. 
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mplications for our search for an inhabited exoplanet and merits
urther study. 

 O  T HER  PER  T U R BAT I O N  EXPERIMENTS  

s discussed in the Introduction, ‘perturbations’ of various sizes,
nd sev erity hav e affected life on Earth. We do not seek to model
n y e xactly, our model is too conceptual to simulate Earth history,
o we ver, we can explore some illustrative examples to give us an
dea of how the abo v e results are affected by the characteristics of
he perturbation and life’s response to it. 
NRAS 533, 2379–2390 (2024) 
.1 Short perturbations 

ig. 5 shows the average of 1000 simulations performed as in
he previous section along with some new simulations where the
erturbations begin later, at t = 19 000, and only last for 1000
enerations. When the short perturbation is of the same severity, μ,
s the long one, the effect on survi v al and on �N is less. Ho we ver,
hen doubling μ so that the rate of extinction is similar, the effect on
N increases and the two cases are roughly equal. One could try to

tudy the exact dependence of �N on μ; ho we ver, this depends on
0 and a number of other model parameters. The results abo v e are
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Figure 6. Showing 0, 1, and 2 perturbations. Only runs which survive all three conditions are included in the average. Blue: no perturbation, Orange: 1 
perturbation, Green: 2 perturbations. Left panel: proportion of survivors. Right panel: average population. Top panel: μ → 0 . 2. Bottom panel: μ → 0 . 4. 
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llustrative of the fact that it is the total ‘intensity’ of the perturbation,
uration × severity, that is key. 

.2 Multiple perturbations 

ig. 6 shows the effect of a second period of perturbation after the
rst. We see that for weak perturbations we can get a compounding
f fect on �N . Ho we ver, for stronger perturbations the second period
oes not have any effect on �N . In the former case, the second period
f perturbation seems to simply increase in perturbation intensity, 
y ef fecti vely increasing the duration. In the latter case, the initial
erturbation seems to be sufficiently intense (that is severe enough 
nd long enough) to have caused either a jump to a better and more
table qESS or a total extinction. The second perturbation is then
cting on systems which have already been selected at this level and
o has little effect, beyond some additional SBS ending more of the
uns. 

.3 Multiple refugia 

s discussed in Section 2 , there are numerous ways in which species
ttempt to survive periods of stress. We have been studying the case
here there is only a single refugia which is hospitable to life during

he perturbation. It is also possible that multiple refugia exist and it
MNRAS 533, 2379–2390 (2024) 
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Figure 7. K = 1 versus K = 4 refugia. Blue: No perturbation, Orange: 1 refugia μ = 0 . 4, and Green: 4 refugia μ = 1 . 6. Left panel: proportion of survivors. 
Right panel: average population. 
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s interesting to ask what the difference would be between say, an
pen equatorial ocean (single refugia) or a number of open seas or
abitable ‘patches’ of ice (multiple refugia) during a snowball Earth.
To simulate this, we run the TNM for 10 4 generations, then ran-

omly distribute the individual agents in the system into K refugia.
e then run these K systems independently for 10 4 generations with

he perturbation μ. After this, we merge all surviving individuals
rom each of the K refugia back into a single system and run for
nother 3 × 10 4 generations at μ0 . Higher K at the same value of

gives more chance for runs to survive, quake and so on. Using
quation ( 3 ), N � 

r 
μ

, we can ensure the single refugia case has the
ame total carrying capacity as the K refugia case by using the value
μ during the perturbation for K refugia when we use the value
for one refugia. We are asking if it is better (in terms of survi v al

robability and �N ) for an ecosystem to have all of its individuals
ontained within one big refugia or divided into many small ones,
uring external perturbations. 
Fig. 7 shows one refugia at μ = 0 . 4 compared to four at μ = 1 . 6.
e see that both the rate of extinction and the increase in �N are

ncreased in the K = 4 case. μ = 1 . 6 is quite an extreme perturbation
nd so many of the runs go e xtinct, ev en with K = 4 chances to
urvive the perturbation (i.e. four separate refugia). This extreme
alue of μ results in lower populations in each of the refugia, and
hereby even greater chances of a quake occurring in any of them.
herefore, for runs where at least one of the refugia is inhabited at the
nd of the perturbation, the increased rate of quakes yield a higher
opulation in the subsequent qESS state. 

 DISCUSSION  

n this paper, we claim that the ER mechanism is a subtle but
mportant influence on Life’s trajectory o v er long time-scales. We
ave argued in the introduction that there is evidence from Earth
istory of this mechanism operating o v er geological time. In previous
ork, we have shown in great detail how the ER arises in the TNM
NRAS 533, 2379–2390 (2024) 
Arthur & Nicholson 2022 ), as well as in simpler models (Arthur &
icholson 2023a ). We call this a Gaian mechanism, in the specific

ense defined in the introduction, a trend o v er long time-scales for
ife to evolve in a ‘direction’ that ultimately supports more life.
his mechanism depends on repeated cycles of crisis and reco v ery.
revious work on the TNM has shown precisely how the model
pontaneously generates quakes and how this process leads to greater
bundance, diversity and stability (Christensen et al. 2002 ; Becker &
ibani 2014 ). The similar cycles of crisis and recovery in Earth
istory discussed in the introduction suggest that it is plausible that
his mechanism is operating on Earth o v er geological time-scales 

This paper builds on previous work and aims to understand the
ffect of external perturbations on Life history, in particular, how
hey affect and interact with the ER mechanism and the spontaneous
uakes that are characteristic of the TNM. We find that the reduced
opulations during the perturbation period allow for quakes to occur
hich would otherwise have been impossible. These either wipe out

ll life, or, allow ‘long jumps’ (Kauffman & Levin 1987 ) across
he ecological landscape which tend to result in greater species
bundance, and all of the consequences that abundance implies
n the TNM, including higher species diversity and qESS stability,
ee Arthur & Nicholson ( 2022 ). These results should be interpreted
arefully. It is true that surviving runs which endured the perturbation
end to have higher populations. From the perspective of the surviving
opulation, the perturbations are ultimately helpful. Ho we v er, man y
esult in complete extinction. The idea that large events which are
etrimental to carrying capacity might be harmful to life is expected,
ut the idea that they could be beneficial is not. Large perturbations
resent both an opportunity and a risk. By weakening the core, new
ossibilities are opened, at the cost of a significant risk of total
xtinction. 

In terms of the selection mechanisms discussed in the introduction
both SBS and ER mechanisms are enhanced. SBS simply says

ny runs which survived the perturbation had to have properties
hich enabled their survi v al. In this case, they are runs which have
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igher than average abundance. More subtle, but potentially more 
nteresting, is the fact that runs which survive tend to be better (having
igher populations and the features associated with this in the TNM:
igher diversity, core size, and reduced likelihood to quake), because 
f the perturbation enhancement to the ER. 
These effects are really apparent when averaging over many 

ossible life histories. Earth history is only a single time-series. There 
re suggestions, as noted in the Introduction, that large changes in the
arth System are often observed soon after a large perturbation. There 

s also the opposite observation, the so-called boring billion during 
he Proterozoic (Lenton & Watson 2013 ) was a period of relative
tability and slow evolutionary innovation. Thus, these ideas have 
ome support in Earth history, and reproducing these mechanisms in 
uch a simplified framework allows us to understand the potential 
ehaviour of the Earth o v er its deep past and future. 
Ho we ver, where this framework could prove vital is in the appli-

ation for our search for habitable or indeed inhabited worlds beyond 
he Solar system. Many studies of e xoplanets hav e been performed
ocused on identifying potentially ‘habitable’ planets through the 
pplication of ‘abiotic’ climate models, i.e. neglecting any potential 
ife’s impact on the climate. These have also, largely, focused on 
he modern Earth system (e.g. Fauchez et al. 2022 ) although work
as begun recognising that perhaps a greater probable state would 
e that of the Archean Earth with its more simple biosphere (Arney
t al. 2016 ). Ho we ver, as discussed in this work, Life on Earth has
ad a huge impact on the climate (e.g. Lenton & Watson 2013 ) and
t might be possible that habitable conditions can only persist for
ong time-scales on inhabited planets (Goldblatt 2016 ). Of course, 

odelling the complex interactions of a distant planetary climate 
ystem, including biogeochemical feedback from potential life forms 
s a significant challenge. Ho we ver, as we detect more and more
lanets which are designated as potentially habitable we must begin 
o confront this problem and guide what will be resource-intensive 
ollo w-up observ ations to re gions of e xoplanetary parameter space
hat we deem most likely to host life. In this regard, simple model
rameworks, as independent as possible of the nature of the system
tself, are a powerful tool in beginning to map out this likelihood
pace. With the many thousands of potentially habitable exoplanets 
ikely to exist in our local region of the galaxy alone, it is vital
hat we attempt to develop a statistical understanding of where we 
re most likely to find life. Our study suggests that although the
robability of extinctions is enhanced by perturbations, for those 
ystems that survive the div ersity, comple xity, and abundance of life
re all increased o v er those which do not experience a perturbation.
o we v er, to e xtend this work to more specific predictions of where

ife might be most probable requires e xtensiv e follow-up and moving
eyond conceptual models like the TNM. Previous work has explored 
nteraction between life and the planetary climate to understand what 
etermines the ‘strength’ of potential biosignatures (Nicholson et al. 
022 ) and how the biota influences its planet’s climate (Nicholson &
ayne 2023 ). Taken together, these previous works and this study

re building towards developing a probabilistic Gaian habitable zone 
here precious observational resources can be guided to where 
ost fruitfully to undertake characterization follow-up campaigns 

esigned to detect potential biosignatures. 
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