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SUMMARY: The Late Heavy Bombardment (LHB) represents a period of time in which an increased
number of impactors collided with the Earth. While there were continuous collisions of impactors glob-
ally, these would be perceived by populations of life as locally infrequent, as they occurred at different
times and locations across the planet. These impactions presented a severe and unpredictable envi-
ronmental pressure on life, as they could at any moment destroy organisms and their local habitats.
However, such an environment could potentially lead to the selection of a particular evolutionary strat-
egy, bet hedging, which is an adaptation to unpredictability itself. Thus, a model for analysing this
has been put forward in the form of a system of rings arising from an impact—consisting of the inner
primary and outer secondary rings, which demonstrates the dynamic interplay between the external
pressure from impact dynamics and life’s evolutionary response towards it. The model demonstrates
that there is a longer relaxed period where organisms thrive and a short violent period where they
must survive three violent events and respond to a potentially different environment. This evolutionary
strategy consistently results in a higher number of surviving organisms compared to other evolutionary
strategies; thus, it may have played a crucial role in life’s endurance through the LHB—an insight

relevant to astrobiology.
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1. INTRODUCTION

Impactors have affected the Earth ever since its
formation approximately 4.5 billion years ago. Im-
pactors have continued to be infrequent guests, al-
though the frequency and size of these have declined
since the event known as the Late Heavy Bombard-
ment (LHB) (Reyes-Ruiz et al. 2012). This event,
which may have been due to discrete early, post-
accretion, and later planetary instability-driven pop-
ulations of impactors (Bottke and Norman 2017), be-
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gan approximately 4 billion years ago. It is usually
considered to have ended 3.8 billion years ago, but
some evidence indicates that terrestrial impacts did
not cease but rather waned gradually until approxi-
mately 3 billion years ago (Lowe et al. 2014).

The total mass deposited on the Earth during this
event has been estimated to be between 1.8-1020 and
2.2:1020 kg through dynamic modelling (Gomes et al.
2005) and the cratering record of the Earth’s moon
(Hartmann et al. 2000). This value is in comparison
nearly the entire mass of the dwarf planet Ceres—the
largest object in the asteroid belt located between the
planets Mars and Jupiter.

The LHB has been well-studied, particularly with
regard to the many pros and cons of this controver-
sial period of the history of the Earth and the solar
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system. Thus, here, there is not a focus on the many
intricate details of the LHB in relation to planetary
science. Instead, it is assumed for the sake of discus-
sion that it took place and the relationship that may
have existed between this event and life on Earth is
discussed.

While the details remain under debate and much
remains to be elucidated, an autonomous cell with a
high degree of certainty was present on the Earth 3.5
billion years ago in the Archean Eon (Schopf et al.
2007), which is usually dated as spanning between
3.8 and 2.5 billion years ago (Coenraads and Koivula
2007). Yet, the prebiotic processes that produced
this microbial life probably did not occur in a single
event; instead, the transition from chemistry to biol-
ogy likely occurred as a gradual series of thresholds of
increasing complexity over time (von Hegner 2021).
Thus, some lines of evidence point to the emergence
of life on the Earth as being between 4.1 and 3.5
billion years ago (Bell et al. 2015) in the Hadean
Eon, which usually dates from the end of the Earth’s
accretion until 3.8 billion years ago (Coenraads and
Koivula 2007).

While a relatively modest number of very large
impactors were presumably responsible for a large
part of the mass deposited during this event, cer-
tain models predict ~90 impactors 50 km or more in
diameter all separated by over 1 million years on av-
erage (Abramov and Mojzsis 2009), it also seems rea-
sonable to assume that numerous smaller impactors
of varying sizes in very large numbers hit the Earth
in the same period at different times and locations.
Thus, that it was a common occurrence for life overall
to experience impactors with sufficiently large diam-
eters or densities to reach the planet’s surface and
impact, but be small enough to be local impactors, is
assumed here.

Thus, an important question arises: did life act
in response to this ‘heavenly onslaught?’ This is a
non-trivial question to seek answers to, as life is not
a passive entity that is merely moved around. Life
responds, not in a Lamarckian sense, but in a Dar-
winian sense. It responds actively to the stressors
it encounters, right from stressors from competition
among organisms within or between species or envi-
ronmental stressors. Thus, where there is life, there
is evolution, which leads to adaptations that will af-
fect the possibility of an organism’s survival, even in
an environment characterised by the LHB.

That large impactors can have significance for
life in an astrobiological setting has been explored
through the idea that impacts can have such high ve-
locities that matter harbouring life is ejected away
from the planet, hypothetically leading to plane-
tary reseeding (Sleep and Zahnle 1998, von Hegner
2021) and/or lithopanspermia (von Hegner 2020).
Both planetary reseeding and lithopanspermia do not
merely allow the passive transport of life, but evolu-
tionary responses can also take place and affect sur-
vival.
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Furthermore, for the more modestly sized im-
pactors where the minimum impact velocity a small
body has with the Earth is 11.2 km/s (Cordero-
Tercero et al. 2016), as this velocity allows it to travel
through the atmosphere and make an impact, life re-
mains on the planet in relative proximity to the im-
pact site, and evolutionary responses can be expected
as well.

Although there were continuous incoming im-
pactors globally, they were distributed locally at dif-
ferent times and locations on the planet. There are
no fixed locations or times that impactors are ex-
pected to arrive. This continuous, yet infrequent, in-
coming of impactors would have provided an erratic
environment that presented severe and unpredictable
environmental pressures on life.

Certain studies have estimated that the few very
large impactors that affected the Earth during the
LHB would only have resurfaced less than 25% of the
planet’s surface. Thus, most of the crust was not
melted or thermally metamorphosed to a significant
degree (Abramov and Mojzsis 2009). While this did
not seem to have been the main issue, and microbial
life, such as bacteria and archaea, is tough, incom-
ing impactors could still arrive at any moment and
destroy them and their local niche. Thus, it is not
obvious how life could build stable ecosystems or en-
dure under such conditions.

However, such a violently unpredictable environ-
ment could lead to the selection of a particular evolu-
tionary strategy, bet hedging—an adaptation to un-
predictability itself. This could potentially result in
an effect that provides numerical values for organisms
that are different from those that could be expected
from a purely physical angle, i.e., it changes the prob-
ability of the continuation of life and thus may have
played a crucial role in the endurance of life through
this part of life’s history.

In the following, a number of realistic constructed
scenarios are put forward in order to provide high-
level characterisation of the evolutionary processes
that can be initiated in response to the effect that
the LHB had on life on the Earth, which is relevant
to astrobiology.

In this article, Section 2 introduces the evolution-
ary strategy bet hedging and the variants that are
discussed further. Section 3 introduces the primary
ring as a consequence of impacts and clarifies the sur-
vival rate of the variants. Section 4 introduces the
secondary ring and clarifies the ramifications of evo-
lutionary restraints on the variants. Subsection 4.1
highlights the importance of the primary and sec-
ondary ring junction. In Section 5, the developed
framework is extended into a more realistic scenario
by clarifying the importance of infrequent impactors.
Finally, Section 6 summarises the results of this in-
vestigation as well as its limitations and strengths,
and their implications for other worlds.
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2. BET HEDGING

The LHB took place over most of the Earth for
a narrowly defined period of its history. While im-
pacting has generally been a continuous global event
(with continuous incoming of impactors that, over
time, hit most major places on the Earth), these were
distributed locally over time and place on the planet.

Thus, from the perspective of a given population
of microbial life in a particular place and time, these
were infrequent impacts. For them, these would most
of the time be experienced as something that hap-
pened to a ‘neighbour population’. However, that
most places would be hit were something that was
given with some certainty, albeit it was unlikely that
the same place would be hit repeatedly. Thus, if life
existed before or during the LHB, perhaps distributed
over many different locations on the planet, then this
must have been experienced as varying environments
offering very uncertain conditions for survival.

A number of evolutionary strategies to cope with
environmental uncertainty does indeed exist. Thus,
there are three evolutionary modes of response to
fluctuating terrestrial environments worth mention-
ing: adaptive tracking, adaptive phenotypic plastic-
ity, and bet hedging (Simons 2011).

Organisms living in changing environments can
adapt to new conditions through the mode of adap-
tive tracking (Rago et al. 2019). Thus, populations
that experience environmental change will gradually
adapt one or more traits, meaning that the optimal
trait values change continuously. Thus, natural se-
lection results in the gradual evolution of more fit-
ting phenotypes and the removal of previously well-
adapted forms (Simons 2011). The main issue here,
with regards to the LHB, is that traits that are opti-
mal at one time or place can be disadvantageous at
another time or place.

It is possible for organisms living in changing en-
vironments to achieve an adaptive fit between phe-
notype and the environment through the modulation
of the phenotype in response to direct environmen-
tal sensing; that is, through the mode of adaptive
phenotypic plasticity (Beaumont et al. 2009). This
mode is an effective solution to environmental vari-
ance, since it quickly attains the most fitting pheno-
type for a range of environments (Simons 2011). The
main issue here, with regards to the LHB, is that it is
adaptive only if there are cues that allow organisms
to match the phenotypes to the new environment.
It requires that organisms have experienced cues in
a similar environment (Reed et al. 2010). A popu-
lation of organisms cannot predict where and when
they will be affected by an impactor, and therefore,
a regular life cycle cannot occur.

However, life does indeed have a strategy for a
globally predictable but locally unpredictable envi-
ronment called bet hedging. This is an evolutionary
strategy that generates stochastic variation in fitness-
related traits, essentially distributing risk among an
array of phenotypes, each of which is neither optimal

nor a failure across multiple environments (von Heg-
ner 2020). This mode increases the probability that
some organisms will possess a phenotype that ensures
their initial survival in a changing and unpredictable
environment.

This mode is important with regard to the LHB,
as conditions of unpredictable environmental vari-
ance can provoke the evolution of bet hedging traits,
where the long-term or geometric mean fitness is
maximised over time, even at the cost of a decrease
in the arithmetic mean fitness (Simons 2011). In
bet hedging, fitness is treated as a random variable,
meaning that the fitness of individual organisms is
not known in advance, but it can nevertheless be
treated by a probability distribution (Starrfelt and
Kokko 2012). Thus, this evolutionary strategy can
be viewed as an adaptation to unpredictability itself
(Simons 2011).

It is a strategy well-suited to survival in uncertain
circumstances, as would have been the case during
the LHB. While the other evolutionary modes may
also have been at play, it must be expected that bet
hedging occurred under these circumstances, provid-
ing more survivors overall, making it a truly ancient
strategy.

Bet hedging traditionally occurs in two forms:
diversified and conservative (Seger and Brockmann
1987). In the diversified bet hedging strategy, a geno-
type produces two phenotypes, each of which is most
fit for a given environment that shifts unpredictably.
For example, a variant can be fit in a wet environ-
ment while the other is fit in a dry environment. In
the conservative bet hedging strategy, an organism
is persistently sub-optimal in two changing environ-
ments. Thus, it has traded thriving in an environ-
ment for long-term survival.

In the following, the focus will be on the diversi-
fied bet hedging strategy in the form of two variants:
Vintervallum and VRobustus-

Vintervallum 1S the variant that does best in the
environment that an organism lives in, i.e., in the
environmental interval between two impacts.

VRobustus 18 the variant that, in comparison to the
other, does best in the face of sudden pressure and
heat shock that occurs with each impact.

In the following, only adaptive tracking (here-
inafter referred to as mode 1) and bet hedging (here-
inafter referred to as mode 2) will be discussed further
and used as opposing examples, as adaptive pheno-
typic plasticity, as will be seen, cannot achieve cues
in the given situations.

3. THE PRIMARY RING

In the following, a model is established that il-
lustrates the difference between the two modes. The
model consists of the primary ring placed on a flat
surface. The primary ring consists of five rings, al-
most like rings in a tree trunk, in which the impactor
strikes in the inner ring—the centre. For the sake of
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simplicity, no distinction is made here between direct
and oblique impacts. To simplify the situation fur-
ther, a large population of microbial organisms will
be considered to be evenly distributed throughout,
and all organisms will be assumed to be from the
same clonal population, as it is then only necessary
to consider variants evenly distributed here.

Today, microbial life exists in virtually all avail-
able habitats on the Earth. However, at this early
stage in the history of Earth, life may have either
been widespread or a limited phenomenon. Since the
purpose is to show the inter-relationship between the
modes, no matter how large the numbers are, and
since traces of life from that time are limited and de-
bated, it will be assumed here that each ring initially
contains N = 5-10° organisms. This quantitative as-
sessment would be a low number today, and possibly
too high for then, but for the sake of the calculation,
this will be assumed here.

3.1.

The first stage of the interaction between impact
dynamics and the evolutionary response is the land-
ing of the impactor and the effect of this on the life
present.

Thus, in ring 1 (the centre of impact), 100% of the
1-10% organisms perish. In ring 2, 80% of the 1 - 10°
organisms perish; thus, 200,000 organisms survive the
impact blast. For rings 3, 4 and 5, the survival rate
decreases correspondingly by 60%, 40% and 20% (Ta-
ble 1).

Thus, n = 2 - 10° organisms out of N = 5 - 106
organisms survive the impact blast Ty (Table 1).

In this model, the impactor is in some sense an
invariant, as although the incoming impactors may
have different diameters, densities, and velocities, it
is still the case that the organisms in the centre of
the impact blast perish, while those in the adjacent
rings might survive. The quantitative assessment
with 100%, 80%, 60%, 40%, and 20% of organisms
perishing with each consecutive ring is based on that
the effect of the impact blast decreases for each con-
secutive ring.

Only local impactors are considered; the minimum
impact velocity a small body has with the Earth is
11.2 km/s and the maximum is 72.8 km/s (Cordero-
Tercero et al. 2016), which is sufficient to travel
through the atmosphere and make an impact. Global
planet-sterilising impactors are not considered here
as this would make the present discussion redundant,
and because if life existed at the time, then it evi-
dently survived. Thus, only local impactors hitting
land or shallow waters are considered, where the im-
pactors have different diameters, densities, and veloc-
ities but the same result, thus allowing life to survive
in the adjacent rings of impact.

Survivors after impact: Mode 1

3.2.

For mode 2, the first phase of the interaction
between impact dynamics and the evolutionary re-

Survivors after impact: Mode 2
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sponse is the impactor’s landing and the effect of this
on the life present.

In bet hedging, two variants exist simultaneously,
but usually not in the same proportion (Seger and
Brockmann 1987). Thus, there can, for instance, be
48% of VRobustus, Which is a specialist in that it can
cope with the pressure and heat shock from the im-
pact blast better than the other variant, and 52% of
Wntervallum, Which is a specialist that copes with the
same environment as the organism in the first mode.

The mutual survival ratio between the variants is
assumed to be that 3/4 of the population of Vkobustus
survives the effect of the impact compared to 1/4 of
Vintervallum- The conversion factor for the relationship
between the variants is given as follows:

VRobustus —0.95

1
‘/Intervallum ( )

Thus, in ring 1, 100% will perish among the 48%,
i.e., 100% among 480,000 organisms due to the im-
pact blast, while 100% will perish among the 52%,
i.e., 100% among 520,000 organisms due to the im-
pact blast. In ring 2, 20% will perish among the 48%,
i.e., 20% among 480,000 organisms; thus, 384,000 or-
ganisms will survive the impact blast, while 80% will
perish among the 52%, i.e., 80% among 520,000 or-
ganisms, and thus, 104,000 organisms will survive the
impact blast. For the next rings 3, 4 and 5, the sur-
vival rate will decrease correspondingly by 15%, 10%,
5%, and 60%, 40%, 20% (Table 2).

Thus, n = 2.72 - 105 organisms out of N =5 - 10°
organisms survive the impact blast 77 (Table 2).

For mode 1, there are many survivors overall when
the rings are counted collectively. However, if a new
impact of the same strength follows a relatively short
time after in the same location, then it will again ap-
ply that 80% of the organisms present in ring 2 per-
ish, i.e., 40,000 organisms out of the surviving 200,000
organisms will survive. This is because the surviving
organisms survived by random chance, not because
the most robust ones were selected. It is a clonal
population with similar organisms, so even though
there may be longer distances between the organisms
this time around (since their survival was random
chance), the same proportion will be retained.

Thus, in ring 1, the centre of impact, there will be
no organisms to be eliminated this time. In ring 2,
80% of the 2 - 10° organisms will perish, i.e., 40,000
organisms will survive the impact blast. For the next
rings 3, 4 and 5, 60%, 40% and 20% of the organ-
isms will perish, while 160,000, 360,000 and 640,000
organisms will survive the impact blast.

Thus, n = 1.2 - 105 organisms out of n = 2 - 10°
organisms will survive the next impact blast T5.

Thus, in ring 5, the ring with the most survivors,
it will take T;, = 31 impacts to reduce the 1 million
organisms to a mere n =~1,000 organisms. For mode
2, it will again apply to the surviving organisms that
20% of the VRobustus Organisms present in ring 2 will
perish, i.e., 307,200 organisms out of the 384,000 or-
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Table 1: Values for mode 1.

Primary ring Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 Total number
Initial number of organisms 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 5,000,000
Survivors after impact 0 200,000 400,000 600,000 800,000 2,000,000
Organisms being transported 0 160,000 240,000 240,000 160,000 800,000
Secondary ring Ring 6 Ring 7 Ring 8 Ring 9 Ring 10

Survivors after landing 128,000 144,000 96,000 32,000 0 400,000
Fitting environments 50% 38% 25% 16% 0

ganisms will survive, while it will again be the case
that 80% of the Vintervallum Organisms present in ring
2 will perish, i.e., 20,800 organisms out of the surviv-
ing 104,000 organisms will survive.

Thus, in ring 1, the centre of impact, no organ-
isms will be eliminated this time. In ring 2, 20%
of organisms will perish among the 48%, i.e., 20%
among 384,000 organisms, or 307,200 organisms will
survive the impact blast, while 80% of organisms will
perish among the 52%, i.e., 80% among 104,000 or-
ganisms, or 20,800 organisms will survive the impact
blast.

For the next rings 3, 4 and 5, 15%, 10% and 5%
will perish among the 48%, while 60%, 40% and 20%
among the 52% will survive the impact blast.

Thus, n = 2.1-10° organisms out of n = 2.72- 108
organisms will survive the impact blast T5.

Thus, in ring 5, the ring with the most survivors,
it will take T,, = 28 impacts to reduce the 520,000
Wntervallum Organisms to a mere ~1,000 organisms,
while it will take T,, = 120 impacts to reduce the
480,000 VRobustus Organisms to ~1,000 organisms, a
significant difference.

Thus, in subsequent rapid impacts, the organisms
in the first mode will gradually perish, while the ben-
efit quickly goes to the next mode. This will not affect
the bet hedging strategy however, as a unique aspect
of bet hedging is that even after the point where only
VRobustus 18 left after several impacts, i.e., it acts as
a bottlenecking effect, where only a modest number
of organisms from a larger population survive each
time the impactor hits, the remaining VRobustus will
continue to be able to produce both variants in the
population, regardless of which of the two variants
from the clonal population survives.

Therefore, the above scenarios show prima facie
that although mode 2 has the most survivors after
impacts, mode 1 has many survivors as well. It could,
thus, be said that since microbial life reproduces
quickly, and assuming there are good conditions for
life in the rings after impact, they will quickly build
up their numbers again. Therefore, the first mode
can be expected to continue to function, either by
building up the same number of organisms again and
thus surviving, or by having time to build up so many

organisms that it takes more impacts than calculated
in the example before the population disappears.

However, if impactors collide with greater fre-
quency than the organisms are able to respond to in
terms of increasing their numbers to the same level
again, and hit in ring 1 each time, then the organ-
isms in the original primary ring will eventually be
eliminated completely. In fact, it will be more likely
that the next impactor hits another ring, e.g., hits
ring 5 instead of ring 1, which drastically reduces the
total number of organisms compared to the previous
calculation example (more on this in Section 5).

Thus, while the LHB was a persistent event, it is
not the case that consecutive impactors hit exactly
the same limited location on the Earth with high fre-
quency; thus, organisms should have had some time
to rebuild their numbers.

However, it must also be considered that the en-
vironment after each impact blast can damage and
degrade the environmental conditions in which the
organisms lived, i.e., access to nutrients and energy
source. Moreover, the environment in the rings may
have been fragmented, with some of the fragments
molten. It may have taken some time for the envi-
ronment to recover, meaning that life could not repro-
duce as quickly as under more ideal circumstances.

Thus, many variables are at stake and, depend-
ing on how many impacts occurred consecutively and
which rings were affected, this decrease and increase
in organism numbers (if viewed purely from a phys-
ical science or numerical point of view) could mean
that some organisms potentially endured until the im-
pacting subsided; thus, the first mode is expected to
have continued to operate.

However, this is not how biology works. If infre-
quent impacts like this continue to occur, then this
will, in fact, provoke an evolutionary response where
the first mode could be expected to eventually switch
to the second mode. Thus, the continuous infrequent
impacts may have led to bet hedging occurring in
the population of the first mode. In fact, the second
mode must have originated from a dwindling popu-
lation in the first mode that had experienced several
impacts.
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Table 2: Values for mode 2.

Primary ring Ring 1 Ring 2 Ring3 Ring4 Ring5 Total number
Initial number of Vrobustus Organisms 480,000 480,000 480,000 480,000 480,000

Initial number of Vintervallum organisms 520,000 520,000 520,000 520,000 520,000 5,000,000
VRobustus survivors after impact 0 384 408 432 456

Vintervallum survivors after impact 0 104,000 208,000 312,000 416,000 2,720,000
VRobustus Organisms being transported 0 307,200 244,800 172,800 91,200

Vintervallum Organisms being transported 0 83,200 124,800 124,800 83,200 1,232,000
Secondary ring Ring 6 Ring 7 Ring 8 Ring 9 Ring 10

VRobustus survivors after landing 86,640 155,520 208,080 245,760 0

Vintervallum survivors after landing 66,560 174,880 49,920 16,640 0 904,000
Fitting environments 75% 56% 38% 23%

It could also be said that in this situation, instead,
an optimum fit in the environment between the ar-
rival of each impactor would be selected, so that the
organisms in mode 1 would be good at withstanding
pressure and heat shock just like VRobustus in mode
2. Indeed, if it was continuous impacts that came at
regular intervals, almost like a seasonal change, then
bet hedging would not have evolved here. Then it
would be predictable when they occurred, and the
organisms would have time to build up their num-
bers each time and would benefit by being optimally
adapted to their environment.

Thus, in a predictable environment, it would be
beneficial to be optimally adapted and have repro-
ductive success. Impactors arrived regularly, many
organisms survived, and they could build up their
numbers sufficiently to ensure overall population sur-
vival upon the arrival of the next impactor. Evolu-
tion is a short-term tinkerer and will, in these cir-
cumstances, indeed select for the variant that does
well in the environment between the arrival of each
impactor.

However, the issue is that these are infrequently
arriving impactors that cause an unpredictable envi-
ronment. During the LHB, impactors arrived contin-
uously, affecting most areas of the Earth. That they
would come was almost certain, but exactly when
and where was unpredictable. There may have been
a long period of time between each impact, or there
may have been a short time; there were no cues for
populations regarding this. Thus, even if the first
mode could eventually produce the same tough or-
ganism VRgeobustus that bet hedging uses as its one
variant, a bet hedging strategy would still be the
safest use of resources. First, investing only in be-
ing robust does not protect the population against a
direct hit, as organisms cannot survive such a direct
impact. Secondly, producing only robust organisms
will not help the population, as the changing unpre-
dictable environment is precisely not favourable for a
particular optimum organism.

VRobustus 18 best in the face of sudden and unpre-
dictable, yet expected, pressure and heat shock that
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occurs with each impact but does poorly in the envi-
ronment that exists between each blast. Conversely,
Wintervallum 1S best in the environment they live in,
i.e., in the environmental interval between two im-
pacts but does poorly with regard to surviving the
effects of the blast.

Thus, a strategy could have evolved whereby the
selection was made for both the variant that does well
in the environment between the blasts, and for the
variant that does well during the blast. Therefore,
rather than short-term success - the arithmetic mean
fitness, long-term survival - the geometric mean fit-
ness, are selected, i.e., bet hedging, because resources
are otherwise wasted.

It also applies to mode 2 that even though mi-
crobial life reproduces quickly, assuming there are
good conditions for life in the rings after impact (so
that the organisms can quickly build up their num-
bers again), if impactors occur consecutively and with
greater frequency than those that allow organisms to
recover their numbers again, hitting the same or dif-
ferent rings, then these organisms will eventually be
eliminated. It is true, however, that there are more
survivors in this second mode than in the first mode,
and the organisms thus can recover their numbers to
the original level faster and endure for longer in this
mode. However, even then, bet hedgers can still in
the original primary ring gradually disappear in this
way.

However, these impacts continued through the
LHB with many variables regarding frequency, loca-
tion, which rings were hit, how fast organism num-
bers recovered, and others. Therefore, through these
many changes, life may have endured through this
mode until the impactors subsided again, or it may
have been eliminated. However, in this constructed
scenario, this only applies if the primary ring is the
only one considered. The primary ring is only one
part of the overall picture; thus, a realistic con-
structed scenario includes other parts as well, that is,
the impact blast ejects organisms into the secondary
ring.
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4. THE SECONDARY RING

In the following, the outer secondary ring, con-
sisting of five rings after the inner primary ring, is
discussed. Thus, there are 10 rings in total. It is
implicitly assumed that all environments were life-
friendly in the secondary ring, but with environ-
mental stressors different from each other. Since
the purpose of this extended model is to illustrate
the inter-relationships and differences between the
modes, regardless of how large the numbers are, it
is still assumed here that each ring initially contains
N =1-10°% organisms.

Organisms being transported: Mode 1

As discussed in the section on the primary ring,
in the first phase, the organisms in each ring (as a re-
sult of the impact blast) perished in a series: 100%,
80%, 60%, 40%, and 20%, for each consecutive ring
outward from the blast. This left a survival of 0%,
20%, 40%, 60%, and 80% for each ring outward from
the blast. In the second phase of the interaction
between impact dynamics and the evolutionary re-
sponse, some organisms were ejected into the sec-
ondary ring as a result of the impact blast.

Thus, in ring 1 in the primary ring, 100% of the
organisms perished, i.e., no living organisms were
launched into the secondary ring. In ring 2 in the pri-
mary ring, 80% of the 2-10° organisms, i.e., 160,000
organisms, were launched into the secondary ring.
For the next rings 3, 4 and 5, the organisms were
similarly launched with proportions of 60%, 40% and
20%, respectively (Table 1).

Therefore, n = 1.2 - 10 organisms remained in
the primary ring, while n = 8 - 10° organisms were
launched into the secondary ring, all of which would
have occurred within a matter of minutes (Table 1).

Thus, when the impact in the primary ring
launches organisms into the secondary ring, fewer
organisms remain in the primary ring. This means
that repeated rapid impacts can reduce their num-
ber in the primary ring faster than discussed in the
previous section, making their likelihood of survival
less secure. The model is, in a sense, an invariant,
because although the incoming impactors may have
different diameters, densities, and speeds, the result
is still that some organisms are launched into the sec-
ondary ring.

Survivors after landing

The third stage of the interaction between impact
dynamics and the evolutionary response is the land-
ing of organisms in a new environment. The material
ejected from an impact crater follows ballistic trajec-
tories, that is, ejecta are launched from their launch
position with some initial velocity, following a nearly
parabolic trajectory above the world’s surface, then
fall back to the surface (Melosh 1989).

The innermost ejecta, such as those in rings 1 and
2, are launched first and travel fastest, following the
steepest trajectories, thus falling far away from the
crater rim. This means that, at greater distances
from the crater rim, as the range increases, such as
in rings 9 and 10, the ejecta strike with progressively
larger velocity. Ejecta originating farther from the
centre, such as in rings 4 and 5, are launched later and
travel more slowly, falling nearer to the crater rim.
This means that material falling near the crater rim,
such as in rings 6 and 7, strikes with a low velocity
because it travels only a short distance.

As discussed in the primary ring section, the or-
ganisms in each ring, as a result of the impact blast,
perished at proportions of 100%, 80%, 60%, 40%, and
20% for each consecutive ring outward from the blast.
As the ejecta follow a nearly parabolic trajectory,
when it starts to fall back to the surface, it strikes
with the same velocity as when it was launched from
the blast. Thus, in the secondary ring, organisms
perish in a reverse sequence, similar to that in the
primary ring.

Thus, matter from ring 1 lands in ring 10, there
will not land organisms there, as these were elimi-
nated in ring 1. Matter alongside 160,000 organisms
from ring 2 will land in ring 9, and 80% of the arrived
organisms will not survive the landing. Thus, 32,000
surviving organisms will be deposited there. For the
next rings 3, 4 and 5, the survival proportion will sim-
ilarly be 60%, 40% and 20%, respectively (Table 1).

Thus, in total, n = 4-10° surviving organisms will
be deposited there (Table 1).

Fitting environments

The fourth stage of the interaction between im-
pact dynamics and the evolutionary response is life’s
response to stressors in the new environment.

Descend with modification, that is, Darwinian
evolution, fundamentally concerns adaptation to
changing local environments. Thus, although from
a purely physical science point of view, it might seem
irrelevant where the organisms end up, as those that
survived impact, transportation, and landing have ar-
rived, this is not the case.

This is because organisms generally move into
new environments slowly, i.e., through the bound-
ary areas between environments, while the organisms,
through reproduction, variation, and selection—the
key mechanisms of Darwinian evolution—gradually
become adapted to new environments. An immedi-
ate shift between different environments cannot gen-
erally take place, as illustrated by propagule pressure,
where it usually takes several trials before organisms
establish themselves (Lockwood et al. 2005). Thus,
organisms cannot just be placed in a different envi-
ronment, as they are adapted to their local environ-
ment.

Thus, there is an inverse proportionality at stake
in rapid shifts between environments. The more dif-
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ferent a new environment is from an organism’s na-
tive environment, the more maladapted that organ-
ism is to the new environment, and the worse the
organism’s ability is to survive the initial encounter
with that environment (von Hegner 2020). The in-
verse proportionality poses a serious challenge if the
impact is so powerful that life can be transferred be-
tween two solar system bodies, even if both of these
worlds are considered to be life-friendly (von Hegner
2020). Here, it poses a less serious challenge since we
are looking only at local impacts where life remains
on the planet. However, even though the distance
that life is launched by such an impact is limited,
it is still in effect, as the adjacent environments can
still be different from each other; the farther away the
environments are, the more different they can poten-
tially be.

This is more profound for multicellular life, and
microbial life, such as bacteria, can overcome this
faster than multicellular life due to their general
‘toughness’, versatility, and rapid evolvability. For
microbial life, the initial survival at the encounter
with a new and different environment is often more
due to confronting the environment at the right time.
However, the organisms do not emigrate to the new
environments, and they do not have the influence to
meet a new environment at a certain time; they are
simply launched into it. Thus, an inverse proportion-
ality will still be in effect for them and must therefore
be included.

This is important here. If the impact is not too
violent, the organisms will be launched into environ-
ments that are potentially not so different from their
own, as environments mostly gradually separate from
each other, where the intermediate layers only gradu-
ally become different. However, if the impact is very
violent, then the organisms can be launched far away,
and the environment they land in can potentially be
very different.

Thus, there is an inverse survival proportionality
between how powerful the impact is and the adapta-
tion the organisms have. The declining survival rate
is not due here, in contrast to the scenario in the pri-
mary ring, to how powerful the direct impact is, but
rather to how far away the impact can launch the
organisms. Thus, it is the impactor blast that deter-
mines how much the inverse survival proportionality
tips to one side. It is like a see-saw standing horizon-
tally, where each of the seats represents two environ-
ments that are as similar as possible. When impact
pushes down on one, then the other rises into the air,
i.e., the environments are becoming more diverse.

Thus, in the primary ring, the stronger the impact
blast, the fewer organisms survive and the closer they
move into the various adjacent rings, i.e., survival in-
creases the further away the organisms are from the
impact centre. However, in the secondary ring, the
stronger the impact blast, the further away the or-
ganisms are launched, and the less they are adapted
to the environment that they land in; thus, the less
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likely they are to survive their initial encounter with
new environmental stressors. The two scenarios are,
thus, reversed from each other. The primary ring rep-
resents an increasing survivability outward, while the
secondary ring represents an increasing survivability
inward.

Estimating survival is not easy. It has been stated
previously that the environments potentially become
more diverse the further one moves outwards in the
system. Thus, it is assumed here, for the sake of
calculation, that the environment in each ring is dif-
ferent from that of the adjacent ring and that the
differences in the five types of environments become
more marked for each ring moving outward.

Thus, the environment in ring 2 can potentially
be very different to that in ring 9. Thus, ring 2 may,
for example, be a highly saline environment, while
ring 9 could be a low-saline environment, which could
greatly reduce the organism’s chance of survival. In
fact, a high saline-adapted organism could burst open
upon placement in a low-saline environment. Con-
versely, adjacent environments, such as those in rings
5 and 6, could potentially be very similar. Therefore,
the probability of being adapted to the next adjacent
environment, and thus being able to survive there, de-
creases for each new ring. However, it is not a given
that they are different; just that there is a probability
involved.

Following the procedure that has been used so far,
it is tempting to suggest that 80% of the 32,000 sur-
viving organisms from ring 2 will die shortly after
being deposited in ring 9; 60% of the 96,000 arriving
surviving organisms from ring 3 will die shortly after
being deposited in ring 8, and so on.

However, organisms are adapted to their environ-
ment, and since they are members of a clonal popula-
tion, they have the same response to an environment.
Therefore, rather than there being a proportion of or-
ganisms that survives regardless of the environment
that they encounter, it is more accurate to estimate
which environments they may encounter, and thus,
survive in.

Thus, the differences in the environments increase
the further one moves outward in the rings. The or-
ganisms survive if they land in an environment that
fits suits them but perish if they land in one of the
other environments.! There is always one environ-
ment available for the organisms in each outward ring
that is suitable for them to live in. However, the
number of environments in which they cannot live

Hn reality, organisms can not only live optimally in an en-
vironment, but also for a time live sub-optimally in an environ-
ment that is different but not so different they cannot survive
the initial deposition. However, this also applies to each vari-
ant of bet hedging. Each variant can thrive optimally in an
environment, and sub-optimally in a slightly different environ-
ment. So the fact that organisms in mode 1 do it does not
give them an advantage as mode 2 also does it. Thus, for sim-
plicity, it will be considered as if each organism must meet an
environment similar to their native one.
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increases for each ring, thereby diminishing the like-
lihood of their survival. The additional environments
represent the uncertainty involved here, as we can-
not be sure what the environment is. This situation
is also the reason why adaptive phenotypic plasticity
has not been discussed here, as it is not possible to
obtain cues about the environments in which the or-
ganisms could have been launched into, and thus, it
is the same situation as mode 1.

Thus, there are two possible environments in ring
6: one that is similar, and one that is different to
the native environment of the organisms. The goal is
to determine the probability of an organism encoun-
tering exactly one environment similar to its native
environment, as follows:

n =2,
k=1,
n—k=1
= number of failures,
n—k=p=0.5

= probability of encountering

a similar environment,

1-p=qg=20.5
= probability of encountering

a different environment.

The probability that the organism encounters one
environment and also does not encounter a specific
set of environments is calculated as follows:

Pspcciﬁc 1 environment — (05)1 ‘ (05)1 (2)

However, it is necessary to update this based on
the number of ways it is possible to divide a group
into sets of 1 and 1, which is obtained by the binomial
coefficient. Thus, the final probability is as follows:

P (match out of two environments) =

G) - (0.5)' - (0.5)! = 0.5. (3)

Thus, the probability of landing in an environ-
ment where they can live is 50% for the organisms
from ring 5. Similarly, there are three possible en-
vironments in ring 7: one where the organisms can
live, and two where they cannot live, where the final
probability is as follows:

P (match out of three environments) =

<3) -(0.5)! - (0.5)* = 0.38.

X Q)

Thus, the probability of landing in an environ-
ment in which they can live is 38% for the organisms
from ring 4. Similarly, there are four possible en-
vironments in ring 8: one where they can live and
three where they cannot live, and five possible envi-
ronments in ring 9; one where they can live, and four
where they cannot live (Table 1).

Therefore, there are two serious challenges to life
here. First, as discussed, the primary ring can be
gradually depleted if rapid impacts both eliminate
organisms within it and launch other organisms into
the secondary ring. However, it can be said, that
the fact that the organisms are eliminated from the
primary ring does not mean that the organisms in the
secondary ring are also eliminated, since, once they
are ejected there, subsequent impacts are irrelevant.
Thus, mode 1 does it reasonably well.

However, secondly, although the above occurs in a
completely predictable way, organism numbers are re-
duced mechanically, and launched mechanically; the
situation in the secondary ring is only partially me-
chanical. Thus, whether organisms survive in an alien
environment depends on the environmental stressors
and evolutionary mechanisms at play. Therefore, the
organisms being launched into environments where
they cannot survive is a matter of probability, not
certainty. Thus, the LHB posed a serious challenge
to life in this way. However, evolution could cause
mode 1 to evolve into mode 2.

Organisms being transported: Mode 2

As discussed in the primary ring section, for the
first phase, the VRobustus Organisms in each ring as a
result of the impact blast perished with a proportion
of 100%, 20%, 15%, 10%, and 5% for each consecutive
ring outward from the blast, leaving survival at 0%,
80%, 85%, 90%, and 95% for each consecutive ring
outward from the blast. Furthermore, the Viptervallum
organisms in each ring as a result of impact blast per-
ished with a proportion of 100%, 80%, 60%, 40%, and
20% for each consecutive ring outward from the blast,
leaving survival at 0%, 20%, 40%, 60%, and 80% for
each consecutive ring outward from the blast. In the
second phase of the interaction between the impact
dynamics and the evolutionary response, some organ-
isms were launched into the secondary ring as a result
of the impact blast.

Thus, organisms from ring 1 will not land in the
secondary ring, as they are eliminated by the impact.
In ring 2, from the primary ring, 80% of the surviving
384,000 VRobustus Organisms, i.e., 307,200 organisms,
and 80% of the surviving 104,000 Vigtervallum Organ-
isms, i.e., 83,200 organisms, will be launched into the
secondary ring. Thus, a total of 390,400 organisms
will be launched into the secondary ring. For the next
rings 3, 4 and 5, the organisms are similarly launched
at a proportion of 60%, 40% and 20%, respectively
(Table 2).
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Therefore, 1.49 - 10° organisms remain in the pri-
mary ring, while 1.23 - 10% organisms are launched
into the secondary ring, all of which happens within
1-2 min (Table 2).

Survivors after landing

The third stage of the interaction between impact
dynamics and the evolutionary response is the land-
ing of organisms in a new environment. As men-
tioned, the material ejected from an impact crater fol-
lows ballistic trajectories, that is, ejecta are launched
from their launch position with an initial velocity,
following a nearly parabolic trajectory above the
planet’s surface, then fall back to the surface (Melosh
1989).

The innermost ejecta, such as those in rings 1 and
2, are launched first and travel the fastest, follow-
ing the steepest trajectories and falling far from the
crater rim. This means that at greater distances from
the crater rim, as the range increases, such as at rings
9 and 10, the ejecta strike with progressively larger
velocities. Ejecta originating from further from the
centre, such as in rings 4 and 5, are launched later
and move more slowly, falling nearer the crater rim.
This means that material falling near the crater rim,
such as in rings 6 and 7, strikes with a low velocity
because it travels only a short distance.

As discussed in the primary ring section, the
VRobustus Organisms in each ring as a result of the
impact blast perished at proportions of 100%, 20%,
15%, 10%, and 5% for each ring outward from the
blast. It was also found that the Viptervallum organ-
isms in each ring as a result of the impact blast per-
ished at proportions of 100%, 80%, 60%, 40%, and
20% for each ring outward from the blast.

The ejecta follow a nearly parabolic trajectory,
and when they start to fall back to the surface, they
will strike with the same velocity as when they were
launched with the blast. Thus, in the secondary ring,
they will perish in a reverse sequence, similar to that
in the primary ring. A physical detail here is that
when the ejecta start to fall downwards, the poten-
tial differences in mass between the variants will be
irrelevant, as the acceleration of gravity is the same
for both, due to moving along locally straight paths in
the same curvature of spacetime caused by the mass
of the Earth. For simplicity, it is here ignored that
they are subject to the frictional force, and air resis-
tance.

Thus, there is the same mutual survival rate at
landing between Viptervallum and VRobustus @S at im-
pact in the primary ring. The surviving VRobustus OI-
ganisms can still withstand pressure and heat shock
better than the surviving Viptervallum Organisms can,
which is the same advantage given by bet hedging.

Thus, matter from ring 1 from the primary ring
will land in ring 10 in the secondary ring, there will
not land-living organisms there, as these were elimi-
nated in ring 1. Matter with 390,400 organisms from
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ring 2 of the primary ring will land in ring 9 of the
secondary ring. Overall, 20% of the 307,200 VRobustus
organisms will not survive the landing, i.e., 245,760
organisms will survive and be deposited there, while
80% of the 83,200 Vintervallum Organisms will not sur-
vive the landing, i.e., 16,640 organisms will survive
and be deposited there. For the next rings 3, 4 and
5, the survival proportion will similarly be 15%, 10%,
5%, and 60%, 40%, 20%, respectively (Table 2).

Thus, overall, n = 9.04 - 10° surviving organisms
will be deposited (Table 2).

Fitting environments

The fourth stage of the interaction between the
impact dynamics and the evolutionary response is
life’s response to stressors in the new environment.

Mode 2 has so far displayed two advantages over
mode 1, which could be calculated mechanically as a
result of impact dynamics and increased robustness
as a proportion of organisms. Vgobustus provides a
significant advantage in the primary ring by allowing
more organisms to survive the effect of the impact
blast, and in the secondary ring, by allowing more
organisms to survive the landing. However, the con-
cept that bat hedging provides benefits of landing in
potentially very different environments is more com-
plex because being able to withstand the effects of an
impact blast and landing does not prima facie make
VRobustus more suitable than Viptervallum for survival
in a new environment.

Thus, following the approach that has been used
so far, it might be tempting to say that 20% of
the 245,760 arriving survivors of VRobustus Organisms
from ring 2 will not survive; that 80% of the 16,640
arriving survivors of Viptervallum Organisms will not
survive in ring 9; that 15% among the 208,080 ar-
riving survivors of VRobustus Organisms from ring 3
will not survive; that 60% among the 49,920 arriving
survivors of Viptervallum Organisms will not survive in
ring 8; and so on.

However, organisms are adapted to their environ-
ment, and an inverse proportionality between en-
vironments and survival exists. The more differ-
ent a given environment is to the environment that
the transported organisms originated from, the less
adapted they are to the new environment and the
lower their chance of survival. Therefore, rather than
there being a proportion of organisms that survives
no matter what environment they encounter, it is
more accurate to estimate which environments they
may encounter, and thus, survive in.

For the calculations in mode 1, it is difficult to
determine the probability of environmental variation
for mode 2. However, as before, it is assumed here
for the sake of calculation that the environment in
each ring is different from that in the adjacent ring
and that the differences between the five types of en-
vironments become more marked with each consecu-
tive ring moving outwards. Therefore, the probability
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of being adapted to the next adjacent environment,
and thus being able to survive there, decreases for
each new ring. The differences in the environments
increase the further one moves outwards in the rings.
However, it is not a given that they are different; just
that there is a probability involved.

This scenario does not directly depend on the me-
chanics of impact blast. While it is possible to cal-
culate how far matter will be launched, if one knows
the impact velocity and trajectory of the impactor, it
is not as easy to estimate what kind of environment
it will be launched into. The impact blast determines
the rings that the organisms are launched into, but
the evolutionary strategy determines the survival rate
of the organisms.

Bet hedging can indeed provide a third advantage
in that although only organisms with a single geno-
type from the same clonal population arrive; two phe-
notypes arrive rather than one for new environments,
which increases the possibility of surviving in several
different environments, thereby increasing the possi-
bility of at least one phenotype surviving. A trivial
example is that if the organisms are launched into an
environment that is still hot after a previous impact,
then the initial benefit will go to the pressure and
heat shock robust variant.

However, bet hedging provides a more non-trivial
opportunity for increased survival. Thus, there could
seem to be three environments at stake for bet hedg-
ing.

Vintervallum can handle two environments. It does
this by being able to live optimally in one, which
corresponds to 1, while it can live sub-optimally in
the other, which corresponds to 0.5.

VRobustus can handle two environments. It does
this by being able to live optimally in one, which
corresponds to 1, while it can live sub-optimally in
the other, which corresponds to 0.5.

Thus, by adding these values together, it can be
considered that there are three environments that
they can live in. However, the variants come from
the same clonal population, live together in the same
environment, and overlap each other before being
launched into another ring.

Thus, Vintervallum can live sub-optimally in the
VRobustus €nvironment, while VRobustus can live sub-
optimally in the Viptervallum environment. The op-
timal environment of one variant is, thus, the sub-
optimal environment of the other. Since the vari-
ants overlap and change position when one environ-
ment changes to another, it is instead, mathemati-
cally speaking, 1.5 environments that the organisms
in mode 2 can live in together (as opposed to mode
1, where the environment that the organisms can live
inis 1).

This increased ecological range can be mathemat-
ically processed by adding an external term, r, to the
binomial distribution, so that a bet hedging fraction
of 3/2 is multiplied with the situation in mode 1 to
model the correct situation in mode 2. Thus, the

procedure for mode 2 is the same as that for mode
1, with the exception that rather than the ecologi-
cal range being r = 1, implicitly assumed for that
scenario without stating it, it is » = 1.5 for this sce-
nario. Thus, there are for the otherwise two different
environments that can be encountered in ring 6 the
following numerical values:

n =2,
k=1,
n—k=1
= number of failures,
n—k=p=205

= probability of encountering

a similar environment,

1-p=¢g=20.5
= probability of encountering

a different environment,

r=15
= ecological range or capability of

handling more than one environment.

In this case, the final probability is:

P(survival match in two environments) =

((f) - (0.5)- (0.5)1> - (1.5) = 0.75.

Thus, the probability of survival in the environ-
ment in which they land is 75% for the organisms
from ring 5. Similarly, it applies that there is, for the
otherwise three different environments that can be
encountered in ring 7, the following final probability:

()

P(survival match in three environments) =

((i’) - (0.5)- (0.5)2> - (1.5) = 0.56.

Thus, the probability of landing in an environ-
ment in which they can live is 56% for the organisms
from ring 4. Similarly, there are four different envi-
ronments that can be encountered in ring 8, and five
in ring 9 (Table 2).

These differences between mode 1 and mode 2
for each ring do not immediately appear large, but
more survivors arrived in mode 2. Thus, bet hedging
also offers a third advantage when arriving in a new
and potentially very different environment, in that no
matter which of the variants arrives, it will be able
to relate either optimally or sub-optimally to that en-
vironment and will be able to live there either way

(6)
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and produce both variants themselves. This means
that mode 2 can potentially handle more environ-
ments than mode 1.

There are still serious challenges to survival. First,
the primary ring can eventually be depleted if rapid
impacts both eliminate organisms and launch other
organisms into the secondary ring. However, as men-
tioned, it will require a significant number of impacts
to eliminate VRobustus in the primary ring, posing a
lesser challenge for mode 2 than mode 1. However,
the number of organisms will be reduced in a com-
pletely predictable way by repeated consecutive im-
pacts, even for VRobustus- Despite this, it could be
said the organisms being eliminated from the primary
ring does not mean the organisms in the secondary
ring are eliminated, since once they are placed there,
subsequent impacts are irrelevant.

However, the second challenge is the arrival of or-
ganisms to the appropriate environments, which is
more a contingent than a deterministic event. Thus,
while the above happens in a completely predictable
way, organisms are reduced and launched mechani-
cally, and the situation in the secondary ring is only
partially mechanical, so whether organisms survive
in an alien environment depends on the environmen-
tal stressors and evolutionary mechanisms at play.
However, as discussed, mode 2 provides greater pos-
sibilities for handling several different environments
at once. Thus, bet hedging is the best strategy in this
situation. However, there is still a possibility that life
can be launched into environments where it cannot
survive. It is not a given that life survives, and the
LHB still posed a serious challenge to life in this way.

Yet, the number of survivors after impact, trans-
port, and landing is higher in mode 2, which can han-
dle a wider range of environments. Thus, the number
of organisms may have decreased overall during the
LHB in both modes, but in mode 2, they may have
endured in sufficient numbers for sufficient time until
the impacting subsided again.

4.1. The primary and secondary ring

junction

Organisms are adapted to their environment, and
an inverse proportionality between environment and
survival exists. The more different a given environ-
ment is to that which the transported organisms orig-
inated from, the less adapted they are to the new en-
vironment, and the lower their chance of survival.
The survival rate of the organisms is almost non-
existent in rings 1 and 10, while it is low in rings
2 and 9, but for very different reasons: the first is
due to the sudden matter and energy delivery forced
upon the organisms by the impact blast, whereas the
second is due to the ecological constraints forced upon
the organisms by evolution.

However, the primary and secondary rings con-
verge inward from these rings, achieving an increas-
ing survival rate towards the junction between the
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primary and secondary rings, with the primary ring
representing an increasing outward survivability and
the secondary ring representing a decreasing outward
survivability. In ring 5, the numbers equalise, i.e., the
two variants achieve their greatest similarity in terms
of the highest number of survivors of each variant.
In ring 6, not as many organisms are transported in
comparison with the other rings, yet the prediction
of the number of survivors is generally highest here.
Thus, the inverse proportionality decreases when the
primary and secondary rings go against rings 5 and
6, almost like a see-saw coming into horizontal equi-
librium.

So far, diversified bet hedging has been discussed.
However, another strategy called conservative bet
hedging exists (Seger and Brockmann 1987). This
strategy is characterised by maintaining the same
sub-optimal phenotype in both types of changing en-
vironments that it may experience. It is, thus, not
specialised for any of the given environments but is
sub-optimal in comparison to an organism with opti-
mal fitness in each environment.

The conservative bet hedger is, thus, a ‘Jack of all
trades, but master of none’, while both the diversified
bet hedgers are each ‘master of their trade’, i.e., of
their particular environment. Thus, it does not thrive
in any of the environments and does poorly in com-
parison to both variants of diversified bet hedging.
However, it still manages to survive in the changing
environments by exchanging optimum fitness in any
environment for long-term survival. Thus, the con-
servative bet hedger is, in some ways, the reverse of
diversified bet hedging. They represent, for the pur-
poses of the LHB, a reverse situation of each other in
terms of both advantages and disadvantages.

It will not withstand pressure and heat shock in
the primary ring very well compared to the variants
of diversified bet hedging; even Viptervallum may sur-
vive impact, launch, and landing better. Thus, con-
servative bet hedging will do poorly in comparison
to both variants of diversified bet hedging in this re-
gard, but it may do better in another regard. This
is because organisms in both strategies have no con-
trol over which environments they are launched into.
Organisms will generally move into new environments
slowly, existing in the border areas, while they gradu-
ally adapt to the environment. An immediate switch
between environments cannot generally take place as
organisms are adapted to their local environment.
The organisms can, at launch, end up in environ-
ments to which they are not adapted.

Thus, rather than a proportion of organisms sur-
viving regardless of the environment that they en-
counter, it is, as previously mentioned, more accurate
to estimate which environments they may encounter,
and thus, survive in.

The variants of the diversified bet hedging strat-
egy perform better than the conservative bet hedger
regarding the highest possible number of organisms
coping with the blast in the primary ring and sur-
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viving the launch and landing in new environments
best. However, interestingly enough, in this specific
situation, this also makes the conservative bet hedger
manage the secondary ring better.

In this volatile environment, the fact that both
variants are highly specialised is an issue in itself.
Thus, ending up in a different unpredictable envi-
ronment will not be an advantage, as neither is an
optimal fit. However, it is here that the conservative
bet hedger has its greatest strength in this very spe-
cific situation; while fragile in terms of the effect of
impact blast, it is, in some sense, an extremotolerant
organism in terms of coping with being deposited in a
new alien environment. It has a greater environmen-
tal range by not being optimum specialised and thus
has a better chance of surviving the encounter with
more new environments in the secondary ring than
the variants. They can better potentially ‘smooth
out’ the inverse proportionality, i.e., smooth out the
differences in the environments they are deposited
into after landing.

Thus, while this strategy does not have a high
survival rate in the primary ring, it may have a high
survival rate in the secondary ring. In the interval be-
tween impacts, both variants will be produced, i.e.,
resources are being spent on an organism that is not
optimal. However, the conservative bet hedger does
not use extra resources regardless of the environment.
If it survives the deposition, then it remains sub-
optimal, focusing on long-term survival rather than
short-term well-being. Overall, the variants will still
provide the best chances of survival, leading to the
most survivors. However, in terms of resources used,
the conservative bet hedger in this situation will be
less costly.

It may also indeed be the ‘master of its trade’
in the junction between the primary and secondary
rings. The survival rate is greatest in ring 5 in the
primary ring and in ring 6 in the secondary ring due
to the impact blast having the lowest effect on ring
5, while ring 6 is most likely to have environmental
similarity to ring 5. Thus, the connection between
these two rings is where there is the greatest benefit
to organisms. Therefore, since it possesses a larger
range, it may have a greater survival rate in this ring
than the variants have.

However, as there will mainly be survivors here,
this benefit is of limited value, since continuous im-
pacts are unlikely to hit ring 1 each time (as is dis-
cussed in Section 5). Some could randomly survive
in modest numbers in the inner rings and thus be
launched into the outer rings, but this will not con-
cern many organisms, thus limiting this benefit.

Thus, whether that strategy will emerge rather
than the diversified strategy is up for discussion, as
diversified bet hedging performs better overall than
conservative bet hedging. However, it will provide a
chance for survival and thus may evolve.

5. INFREQUENT IMPACTORS

In the previous sections, how many impacts it
would take to reduce the number of organisms was
calculated. These were ‘clean’ examples, based on
the fact that no matter where an impactor hits, it
will be the centre of the impact blast. The model,
therefore, took this as its starting point, which was
defined here as ring 1, and the effect on the primary
and secondary rings was analysed. However, while
subsequent impacts hitting the same centre again are
possible, this has low probability. In fact, there is
a higher probability that the next impactor hits an-
other ring, e.g., ring 5, rather than ring 1, because
when the next single impactor arrives, there are five
possible rings it can hit in the primary ring, which
is a more realistic constructed scenario than the pre-
vious one. Thus, the probability of any one of them
being hit is as follows:

P=1_020. (1)
5

Thus, in this situation, life will be eliminated first
in ring 1 and subsequently in ring 5, which drastically
reduces the total number of organisms compared to
the previous calculated examples. This puts some re-
strictions on bet hedging, it is not a wonder strategy,
as even organisms producing endospores—the hardi-
est terrestrial structure known, will not be able to
cope with a direct impact; therefore, only some of the
organisms in the changing adjacent rings will survive
through this strategy. Furthermore, as discussed, the
primary ring is only one part of what is transpiring.
The more realistic constructed scenario includes the
secondary ring as well. Thus, when the next single
impactor arrives, there are, in fact, 10 possible rings
that it can hit. The probability of any one of them
being hit is as follows:

1

P=—
10

= 0.10. (8)

If subsequent impacts hit different rings in the pri-
mary ring, then the next group of surviving organ-
isms is sent even further away in a different number
in other rings in the secondary ring than their coun-
terparts were at the previous impact. In fact, this
affects not only the rings in the primary ring but also
those in the secondary ring, as if an impact hits one
of the rings here, it becomes a primary ring, while
new rings are formed and added to it.

In this more realistic scenario, there will be a sys-
tem of rings that partially overlaps other systems of
rings that even overlap other systems of rings, where
organisms are both reduced in number and launched
into each other, or into previously uninhabited en-
vironments, as a system of rings over large parts of
the planet. There are many primary and secondary
rings; new primary rings occur frequently, both when
impacts hit new areas or when they hit existing rings,
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as when an impact hits one side of a ring system of
both primary and secondary rings, new rings appear
on the other side. Thus, it is a very dynamic system,
rather than the more mechanical one that was put
forward earlier. It is a dynamic interaction between
the physical science of impacts and the biological sci-
ence of adaptation.

There is an infrequent shuffling and reshuffling of
organisms, a decrease and increase of organism num-
bers in the rings due to infrequent impacts, and the
survival rate is more ‘muddy’ than that given in the
calculations due to the absence of this same sequence
of impacts. However, this situation is exactly what
could be expected to provoke the emergence of bet
hedging, which not only provides a higher number
of survivors in this situation but also better ensures
that there are survivors at all.

Vast connected ring systems may have existed
with a metapopulation of organisms that emerged
from a single original ring system. This can have
a number of sub-scenarios, as organisms experi-
ence biotic stressors from competition with each
other, traditionally called the Red Queen hypothe-
sis (Van Valen 1973), and experience abiotic stres-
sors from the surrounding environment, traditionally
called the Court Jester hypothesis (Barnosky 2001).

If this is the first impact, then there may not be
native organisms in the rings that the arriving organ-
isms are launched into. However, with subsequent
impacts, this changes. First of all, matter that im-
pacts the other rings can cause destruction, thus elim-
inating some of the previously arrived organisms and
making overall survival harder. Second, by impact,
the organisms can be launched into rings where there
may be previously arrived organisms that have had
time to gain a foothold and evolve. Some organisms
also remain in each ring, while others are launched
away. These organisms can thus compete against
the newly arrived organisms, making survival even
harder.

There may also have been vast interconnected
ring systems that arose as a result of many indepen-
dent ring systems joining together. This is because
although life may have emerged only once on the
Earth, bet hedging may occur independently repeat-
edly; this can also have a number of sub-scenarios.
First, matter that impacts the other rings can cause
destruction, thus eliminating some of the organisms
that already existed in these rings. This may be
the reason why bet hedging occurs among surviv-
ing organisms in the rings. Second, if these indepen-
dent ring systems join together, there will be organ-
isms from different independent clonal populations
in them, which, in the time since the origin of life,
have evolved into different organisms. Thus, they will
compete against the newly arrived organisms from
other independent ring systems, i.e., a potential com-
petition for both who survives best in the interval be-
tween impacts and who applies the most robust sur-
vival strategy. Thus, a competition for the best bet
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hedging strategy can take place, which means that
the strategy itself evolves.

While it could initially be said that rather than a
bet hedging strategy evolving, there could instead be
an optimum fit selected for in the environment be-
tween the arrival of each impactor, the situation is
more unpredictable and changeable than that which
has been discussed so far. These are globally con-
tinuous impactors, but for life, this is experienced as
locally infrequent impactors. It is an unpredictable
environment in the form of arriving impactors that
do not impact the same place, and there are no cues
for the population regarding this. Not only does bet
hedging pragmatically yield the most survivors, but,
in such an environment, it must theoretically be ex-
pected to occur.

In Section 3, selecting for an optimum fit in the
environment between the arrival of each impactor was
suggested, so that the organisms in mode 1 are able to
withstand pressure and heat shock, such as VRrobustus
in mode 2, which would be the case as it has less
cost. Indeed, having a population that maintains
the existence of organisms that are sub-optimal has a
greater cost than if the entire population was an opti-
mum fit. As mentioned, Vintervallum i the variant that
does best in the environment that they live in, i.e.,
in the environmental interval between two impacts,
while VRobustus 18 the variant that, in relation to the
other variant, does best in the face of the sudden
and unpredictable, yet expected, pressure and heat
shock that occurs with each impact. The second vari-
ant has the advantage in the environment that they
live in, and in this environment, organisms such as
Vintervallum would, in other circumstances, outcom-
pete organisms such as Vrobustus, as they have less
cost in terms of not having to maintain robustness.
They may also reproduce faster, better utilise envi-
ronmental resources, and have other better qualities.

Maintaining this increased robustness of the pop-
ulation in an environment where it is not needed,
and where Vipgervallum has less cost and possibly does
better, will therefore be costly. However, if impacts
eliminate most of the population of fit organisms in
a ring system, then the cost is quite large. Indeed, if
the entire population is eliminated it is, of course, the
ultimate cost. Thus, when impacts happen, VRobustus
will ensure the most survivors and, indeed, may be
the only survivors in many cases. Thus, both variants
are high cost, but in the environment between each
impact, one variant is less costly than the other.This
is the unique feature of bet hedging; the cost seems
large in the short term, the decrease in the arithmetic
mean fitness, where it maintains sub-optimal organ-
isms in the population, but the cost is low in the
long term, the maximized geometric mean fitness, as
it ensures the most survivors in the long run in an un-
predictable and changeable environment. Therefore,
given these special circumstances due to the LHB,
this strategy is the safer bet.
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Furthermore, if one invests only in being robust,
then they will only have sub-optimal success in their
local environment. VReobustus Mmay do poorly in the
environment between each impact, and it may repro-
duce more slowly, process available resources more in-
efficiently, or require many resources to maintain its
robustness. They will survive but not take full ad-
vantage of their environment and adaptive potential
in the environment, even though they have a greater
chance of surviving an impactor. Thus, through nat-
ural selection, it will not be maintained in the popu-
lation.

Conversely, if they invest in being like Viptervallum,
then they will have optimum success in their local en-
vironment, e.g., be fast-reproducing or require fewer
resources to maintain themselves. Then, they would
be selected for as evolution is a short-term tinkerer,
and short-term tinkering it would indeed be, as this
would be wasted if hit by an impactor. However,
if their resources are divided between VRobustus and
Vintervallum, then the strategy can pay off over the
longer term, as opposed to betting on only one of the
two strategies.

This is another benefit of bet hedging during the
LHB; if, for example, a series of impacts briefly oc-
curred in quick succession in the same location, thus
decreasing the number of organisms until there were
only a few members of Vrobustus left, and the series of
impacts then changed to being infrequent again, this
would not have as significant an effect as might first
be thought. This is because even if only one VRobustus
variant survived, it would continue to produce both
variants, and thus, Viptervallum would reappear. A
mixed population would pay off in this situation.

When discussing that increased robustness in one
of the variants could have led to long-term survival
through the LHB, it will be relevant to look into ro-
bustness. Increased robustness can be defined as the
ability of a particular organism to withstand environ-
mental stressors that other organisms encountering
the same environment cannot, such as pressure, heat,
salinity, and desiccation. Thus, there are different
types of robustness; it is not a physical invariant, but
changes depending on local environments and chang-
ing organisms.

Going into more detail on the purely biochem-
ical mechanisms that can make a microbial organ-
ism more robust than other microbial organisms is
out of scope for this paper. However, it is relevant
to briefly cover robustness stemming from different
mechanisms—to cover how increased robustness oc-
curs by evolutionary responses, i.e., that there are
different strategies for robustness.

Thus, a mechanism that could be applied is that
for some organisms a physiological response may oc-
cur when they have experienced a sublethal injury
(Lou and Yousef 1996). Thus, stress hardening could
occur, which allows organisms to better withstand
the stressor that caused the injury. This is a short-
lived process that disappears when the stressor disap-

pears and requires resources to maintain. However,
it also has the added benefit of being able to lead to
cross-protection (Johnson 2003), such that the organ-
ism can withstand other stressors, rather than just
the particular one that stress hardening was a re-
sponse to.

Another mechanism that can apply to surviving
organisms, both those that are not launched away
and those that are, comes from the fact that they will
have experienced a brief pressure and heat shock. It is
possible for organisms experiencing a stressful event
to achieve an increased resistance to a subsequent
stressful event of the same kind (Gaydn et al. 2016,
Lenz et al. 2018) given the fact that a physiological
state is conferred upon them. Thus, while they may
not survive in the centre of the impact, the number
of survivors in the subsequent rings could potentially
increase, because they may have achieved enhanced
resistance towards the effect of the next impact blast.

A type of organism that is relevant to consider
when discussing survival in extreme environments is
an extremophile, which can aid our understanding of
how life could cope with such environments. Thus,
one could opinionate that bet hedging could produce
two variants: Vigtervallum 10 the form of a mesophile,
and VRobustus 10 the form of an extremophile. While
it could be hypothesised that bet hedging can indeed
produce both mesophiles and extremophiles in the
same clonal population, it is, however, the case that
extremophiles are as highly adapted to their local en-
vironment as Vipgervallum- Lhus, in the specific situ-
ation discussed here with impactors, they offer no
greater chances than mesophiles. First, even they
cannot survive direct hits by impactors, and second,
they are not only tolerant of extreme environments
but require them to live. To be launched away from
their local environment and deposited in another pro-
vides the same issues for them as for mesophiles. In
fact, it can be a major issue for them, as many species
cannot tolerate being moved to other environments.

Another evolutionary response and mechanism
that may apply concerns the bacterial endospore—
the hardest structure known in terrestrial organisms
(Nicholson et al. 2000). These are formed when the
environment is not favourable for organisms, and they
wait for a more suitable environment to emerge. A
bet hedging population could also be hypothesised
to be able to produce both active organisms and en-
dospores simultaneously. Unusually here, endospores
are formed in an environment that is suitable for ac-
tive organisms, i.e., they are formed even though all
available cues show that the environment is not yet
approaching unfavourable conditions for the organ-
isms, and there is, therefore, no reason to await a
more suitable environment. Thus, one variant lies
dormant while another is active, which indeed is a
bet hedging strategy. While an endospore cannot
cope with a direct impact, it would be able to survive
in large numbers the subsequent scenarios of being
launched and landing in other environments. How-
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ever, it is not certain that it could cope with the
environment in which it is placed when it becomes
necessary to become active again.

Another evolutionary response that could apply
when discussing extreme environments concerns ex-
tremotolerant organisms that could aid with un-
derstanding how life can cope with such environ-
ments. Thus, bet hedging could be hypothesised to
lead to two variants in the same clonal population:
Vintervallum and VRobustus, in the form of an extremo-
tolerant organism. Of course, an organism need not
be defined as being extremotolerant in order to be
more robust in an environment relative to another or-
ganism. However, here it is relevant, as it is the same
genotype that produces two different phenotypes, and
the two variants are established as opposites of each
other in terms of extremotolerance. Thus, that some
of the organisms can better cope with pressure and
heat shock while others in the same population can-
not is indeed a bet hedging strategy.

The previous discussion focused on mechanisms
that lead to robustness and the evolutionary re-
sponses that could lead to these mechanisms, but
what about the evolutionary strategy itself? An op-
timum fitness for organisms will not be beneficial in
this situation; however, crucially, bet hedging does
not aim for optimum fitness for individual organ-
isms. It instead aims for an optimum strategy for
a population of organisms. While bet hedging is not
necessarily the only strategy that existed among life
during the LHB, it is also the case that there was
not necessarily only one bet hedging strategy. If ini-
tially independent ring systems eventually merged (as
mentioned previously in this section), then in these
there would have been organisms from different in-
dependent clonal populations that had evolved into
different organisms. This means that organisms can
compete against newly arrived organisms from other
independent ring systems, i.e., a potential competi-
tion of who both best survives in the interval between
impacts and who best survives the effect of the im-
pact. Thus, different clonal populations that meet
will compete against each other to evolve the best
bet hedging strategy, meaning that the strategy it-
self evolves.

However, despite this, it is still possible that each
variant ultimately, depending on the severity and
length of the impacts, is a losing strategy for the full
time span of the LHB. However, the losing strategy
may, in fact, be what caused organisms to endure un-
til the impacting subsided. Thus, here, a paradox in
game theory could come into play. Parrondo’s para-
dox is a strikingly counter-intuitive phenomenon in
which two independently losing games or strategies,
when alternating between them in a specific order,
can become a winning strategy (Abbott and Harmer
1999). The two variants are constantly accompanying
each other in a population, as they can each produce
the other and may thus be considered pairs of gam-
bling games: A and B. Thus, even though each vari-
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ant is a losing strategy, they could, when combined,
lead to a winning strategy.

6. DISCUSSION AND CONCLUSIONS

In this paper, a realistic constructed scenario that
may have occurred during the LHB is presented. It is
based on the premise that, while globally continuous
impacts occurred, these were experienced by life as lo-
cally infrequent impactors. Thus, there was variation
in the frequency of impacts, where many sometimes
arrived over certain areas and sometimes only a few
arrived.

It was unpredictable, from an evolutionary point
of view, when the next impact would arrive (al-
beit not from a physical point of view). However,
the mechanism remained the same, which was pre-
dictable. Thus, the impact blast washed over organ-
isms, leaving some survivors, and the impact blast
launched some of these into new environments. There
was a longer period with a relaxed nourishing en-
vironment where the organisms thrived, and there
was a short period where the organisms must sur-
vive three violent events as well as survive in a new,
potentially different, environment.

The adaptive response of the surviving life could
not predict when these shifts would occur; there were
no cues available, unlike with regular seasonal change,
but life may have responded to the nature of both of
these. Thus, although the timing of the shift be-
tween the two environments could not be predicted,
a proper adaptive response, bet hedging, could nev-
ertheless occur.

This scenario is partially maintained by the exter-
nal pressure from impact dynamics, which have been
well-described in terms of physical science, and par-
tially maintained by an evolutionary response, which
has been well-described in terms of evolutionary the-
ory. Thus, organisms can react towards even such ‘ce-
lestial stressors’ and maintain an adaptive response
to them. It is a response that could enable life to
get through even such a violent period of the world’s
history.

It is not claimed here that this scenario took place,
although under these conditions one might expect it
to, but simply that the possibility of bet hedging
could have been present under these conditions dur-
ing this time of the solar system’s history and could
explain how life survived through it. It may have
only occurred among a few populations.

The scenario is, to some extent, idealised. In real-
ity, it would be more ‘messy’ than the calculations
show here. In this model, the impactor has been
treated as an invariant, which means that although
the incoming impactors may have had different diam-
eters, densities, and velocities, it is still the case that
the organisms in the centre of the impact blast perish,
while those in the adjacent rings can survive in the
sequence discussed. Thus, the system of rings with
the primary and secondary rings will, in this model,
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occur each time by impact on land. This is why the
physical size of each ring and its distance from the
previous ring to the next ring has not been discussed,
as the physical effect of ring formation remains the
same every time, such as the rings that emerge when
a stone is thrown into a pond. However, impactors
with different diameters, densities, and velocities can
have a biological effect.

Thus, the assumption that each ring has 1 million
organisms may change. The stronger the impacts, the
wider each ring can be, and thus, there can be more
organisms in them. It also applies that each subse-
quent ring grows, which means that there are more
organisms in each ring. Thus, the effect of an impact
can indeed be a variant. However, the high-level char-
acterisation of the relationship between each mode to
a good approximation will follow what is presented
here, even though the calculations become more com-
plex in these more realistic scenarios. Thus, mode 2
consistently had a higher number of survivors, and
the higher number of surviving organisms may prove
to have been critical for life to endure throughout the
LHB.

One issue is how long it takes for bet hedging to
occur. How many impacts would it take for life to
adopt this strategy, and how many impactors were
there in reality? Would this strategy have been able
to emerge at such impacts before life was eliminated
completely (albeit impactors in fact may have helped
to spread life around the planet if it was not already
diversified)? Did life thrive on this strategy during
the LHB, or did it only endure such that when the
bombardment reached the critical point then sub-
sided, there may have been only a few habitats with
organisms left that could now start using other strate-
gies?

Another issue is the nature of the Earth’s surface
at that time. Some studies estimate that less than
25% of the Earth’s surface would have been resur-
faced due to very large impactors (Abramov and Mo-
jzsis 2009), meaning that this would not have posed
a particularly big issue. Thus, the Earth’s environ-
ment may have been relatively stable, and different
types of environments may have existed, although
they may have been less inhomogeneous than today
and still posed serious challenges to life compared to
the present day. However, if life did indeed exist then,
there must also have been habitats for it to exist in.

While even local impactors have a tremendous
impact, whether the set model is most applicable
on land surfaces and shallow waters and not un-
derground or in the deep ocean and thus has only
impacted life existing in these environments can be
discussed. This also brings up the issue of how
widespread life may have been; was it still a local
phenomenon, or was it already a global phenomenon?

The scenarios reviewed are based on the simplest
model, where there was an even distribution of organ-
isms in the rings from the same population. Thus, mi-
crobial organisms, such as bacteria and archaea, are

clonal, and a single organism can give rise to a colony,
so that a group of organisms from the same colony
can be considered to exist at a point that spreads out-
wards. However, even then, there could have been
an uneven distribution of organisms from the same
clonal population. There could have been many dif-
ferent organisms from different populations existing
amidst each other. This could give different results
in terms of survival rate, although the relationship
between the two modes ultimately remains the same.
However, in effect, it does not matter if there were dif-
ferent clonal populations that used bet hedging in the
rings where impacts occurred. As mentioned, each
population would have been able to use their version
of bet hedging, and this could have led to competition
between different bet hedging strategies.

This adaptive response to an external pressure
from ‘celestial stressors’ need not only be limited to
incoming impactors and will, thus, be even more rel-
evant to astrobiology. Therefore, while similar sce-
narios could potentially also occur on other worlds in
the galaxy and beyond, for example, LHB-like con-
ditions around Eta Corvi, an F-type main-sequence
star, may take place (Lisse et al. 2012), it does not
only have to be impactors that initiate this evolution-
ary response.

There may exist worlds where the atmospheric
conditions are such that there will infrequently be
acid rainfall over local areas, for example. Life can
handle a world’s atmosphere, which is not the issue.
Acid rain is an atmospheric condition, but it is, for
life, not seasonal enough to give cues; it occurs infre-
quently in different locations and at different times
in local areas, posing serious environmental stress.
Such a scenario could be hypothesised to provoke the
evolution of a bet hedging strategy for the long-term
survival of organisms, not by being launched away by
an impactor, but through variants that can withstand
these conditions by lying dormant.

There may be many planets or moons, like the
moons Europa and Enceladus, in the Galaxy and be-
yond that possess a liquid ocean protected by a thick
ice cap. Such worlds can experience periodic, but for
life unpredictable, cracks in their ice cap. Here, water
sprays out in the form of plumes, and increased radi-
ation enters the ocean, both potentially resulting in
severe consequences for hypothetical life living near
these cracks. Such a scenario could be hypothesised
to provoke a bet hedging strategy to varying degrees
to ensure the local long-term survival of life.

There may also be worlds with a star that sends
infrequent fluxes of radiation through the protective
magnetic field or ice cap of the world. Continuous
radiation from a star is something that life can handle
as it is not sufficient to sterilise the world per se,
but infrequently, there could be a sudden increase
in radiation that poses serious ‘celestial stress’ for
hypothetical life in that world. Such a scenario could
provoke a bet hedging strategy to varying degrees to
ensure the long-term survival of organisms.
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This was not necessarily the only existing strategy
during the LHB. Although impacting (from a plan-
etary science perspective) was a long-lasting event,
(from a biological perspective) there may have been
long periods of time between the impacts. As ex-
ternal pressure declined, life would have eventually
been able to move away from this strategy. When
external pressure increased again, life would eventu-
ally be able to adopt this strategy once more. Thus,
there may have been many periods where the bet
hedging strategy was not applied and evolved away
from again. Adaptations must be used, otherwise,
there is a tendency that they will be selected away
from again. Thus, evolution can go both ways; ac-
quired traits can disappear or occur again. Together,
there may have been many periods where impactors
arrived with great frequency, spreading unpredictably
over time and location, but with such great frequency
that bet hedging may have evolved as an evolutionary
response.

This strategy may have been used as long as life
existed and impactors arrived. Therefore, bet hedg-
ing may have arisen and disappeared again over sev-
eral rounds in these early stages of the Earth’s and
life’s history. A continuous, albeit infrequent, arrival
of impactors would select more strongly for this strat-
egy. Thus, life could indeed have acted against this
‘heavenly onslaught’ and may have come out as the
victor.
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Opuzunasiy HayuHL pao

Ilepuon wkacHor Temror OoMmOapAOBaHA
(KTDB) je Bpeme kana je 6poj ynapa y 3emiy O1o
yuecranuju Hero mHade. Vako cy cymapu Owuiau
CTaJIHU TJIEAAHO TI00AJHO, OHM OU O CTpaHe Io-
myJiamyja sKUBUX O6mha Omian omakeHru Kao JIOKAJI-
HO DETKH, jep Cy Ce MOTOAUJIN Yy Pa3JIUYUTa Bpe-
MEeHa U Ha JIOKanujaMma mupoM mianere. OBy yna-
P¥ NPENCTABbAjy TEMKM U HENPEIBUIVBU €KO-
JIOUIKYA IPUTUCAK Ha KUBOT, jep Cy y OMIiIo KojeM
TPEHYTKY MOLJIU 3 YHUIITE OPraHUu3Me U BUXO0Ba
sokagHa cranumTa. Mebhyrum, TakBO OKpy:kKeme
OM TOTEHIMjAJHO MOTJIO MNOBECTU OO CEJIEKIW]je
ompebheHe e€BOJyHUMOHE CTpaTermje Koja CMamyje
remepajuy npuiaarobenoct a mosehaBa mnpuia-
robeHocT Ha CTpeCHe yCJIOBe, W KOja OAroBapa
camoj HempensuauBocTtu. Mozesn 3a aHamusupa-
H-€ OBAKBOT CIEHAPHUja IPEeACTABILEH je y ODJIUKY

cucTeMa IPCTEHOBa KOjU HACTAjy OX yaapa - cac-
TOju ce O] yHyTpAaIllhel IPUMAPHOT W CIIOJhALI-
Ber CEeKyHAapHOI IPCTEHA, MITO IEeMOHCTPUPA
IUHAMWYKY WHTEpaKIujy wusMmeDy crospammer
NPUTUCKA OJ AWHAMUKE yJIapa U €BOJYILjCKOT
OArOBODA :KMBOTA IpeMa meMy. Momgesn moka3yje
a MOCTOjW MOyKU ONYIITEHU IePUOT Y KOM Op-
TaHU3MU HANPEeNy]y U KPaTak HACUJIAH IEPUOL Y
KOM MOpajy IpesRmBeTH Tpu HacuiaHa norabaja
U pearoBaTy Ha IOTEHIUjaJHO APYyradujy Cpenu-
Hy. OBa eBosymnujcka cTparervja KOH3UCTEHTHO
pesynrupa Belimm 6pojeM mpeRuBeInx Opranmn3a-
Ma y nopebemy ca ocTammMm €BOJIYUMjCKUM CTPa-
TerujamMa; CTora, MOTJIa je UT'PATU KIbYUHY YJIIOTY
y m3aAp:KBUBOCTHU KuBOoTa Kpo3d RTD - yBum pe-
JIEBAHTAH 33 aCTPOOUOIIOTH]Y.
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