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Abstract

Sleep is  universal,  homeostatically  defended and apparently  costly,  and for  half  a  century  this 

combination has been read as evidence of a vital, conserved function still awaiting identification. 

The  search  has  not  converged.  Instead,  it  has  accumulated  a  dozen  candidate  functions,  each 

defensible but none commanding assent. I argue that the difficulty lies with the question rather than 

with the answers to it.  Evolution optimises fitness,  not  function,  and asking what  fitness  sleep 

confers, and to whom, removes the expectation of a single answer. Reviewing the comparative, 

experimental and epidemiological evidence, I propose the sleep elasticity hypothesis: that sleep is 

not one thing but up to three components of separate evolutionary origin, superimposed into a single 

state. An accessory component arose first as an ecological buffer, keeping an animal safely and 

economically inactive during the hours in which activity would not repay itself; it discharges no 

dedicated cellular  transaction,  yet  carries  most  of  the  sevenfold  interspecific  variation  in  sleep 

duration,  the  elasticity  that  gives  the  hypothesis  its  name.  A useful  component  comprises  the 

lineage-specific processes subsequently exapted onto that pre-existing state, so that what a species 

does with its sleep becomes a fact about the species rather than about sleep. A vital component, if it 

exists, is a small and still unidentified residue, which I hold open as a hypothesis rather than deny. 

The three observations conventionally taken to establish indispensability, that deprivation kills, that 

sleep is costly, and that no sleepless animal exists, do not carry the weight placed on them, and the  

literature on the harms of sleep loss, in animals and humans alike, is confounded throughout by 

stress. Sleep elasticity instead accommodates what single-function accounts must explain away: the 

migrating bird that sheds sleep for weeks and never repays it, the cavefish that has lost most of its  

sleep but kept the homeostat that would defend it, the fur seal that abandons one sleep state at sea 

while defending the other, and the captive sloth that sleeps six hours longer than its free-living 

counterpart.  What  makes  inactivity  sustainable  is  the  elevated  arousal  threshold,  and  depth 

measured that way, rather than the slow wave, offers the most promising route to separating the 

three components experimentally.

I. INTRODUCTION

Modern sleep science inherited a  strong prior.  Following Rechtschaffen,  much of  the  field has 

proceeded on the assumption that sleep serves an absolutely vital function that we have not yet 

identified:  a  function so important  that  its  absence would be lethal,  and so fundamental  that  it 

justifies the apparent recklessness of spending a third of one’s life insensible to the world’s perils  

and opportunities1–5. The wager rests on three observations. The first is that sleep deprivation kills: 
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if prolonged wakefulness is followed by death, then sleep must be supplying something the body 

cannot do without6–8. The second is that being asleep is costly: if a sleeping animal can neither 

forage, nor mate, nor watch for predators, then this conspicuous cost must be repaid by a benefit  

equally large and universal9–11.  The third is that no sleepless animal exists: despite a century of 

comparative work, no species has been shown to forgo sleep entirely12–14. Examined individually, 

none of these observations supports the conclusion it is asked to carry.

The central terms (what is sleep, and what is vital) need pinning down first, because much of the 

disagreement  here  is  definitional.  Behavioural  sleep,  defined  by  reversible  quiescence  with  an 

elevated arousal  threshold and homeostatic regulation,  has now been described in almost  every 

animal  in  which  it  has  been  sought,  from  mammals  and  birds  to  fish,  flies,  worms  and 

cnidarians12,13,15,16, and the evolutionary framing of that ubiquity is itself a live question17. Yet "sleep 

is vital" can mean two quite different things, often allowed to substitute for one another:

Physiological indispensability, in which sleep is believed to discharge a biological transaction that 

cannot occur in any other state, such that without it some essential process fails outright and the 

animal dies. This is the strong claim, akin to a "sleep calorie", and the one I wish to question;  

throughout this paper I reserve the term physiologically indispensable for it.

Necessity  under  ordinary  ecological  challenge,  in  which  a  non-sleeping animal  may  function 

adequately in a protected environment and yet die facing real-world challenges. Nothing fails inside 

the cell; the animal dies, killed by an environment it can no longer meet.

To say that sleep is not physiologically indispensable is emphatically  not to say that losing it is 

harmless, that it is functionless, or that its loss is without cost. It is not the same thing as a vital  

transaction, and the evidence for the one has too often been offered as evidence for the other. With  

that distinction in hand, the three observations can be taken in turn.

II. THE EVIDENCE FOR INDISPENSABILITY

(1) Does sleep deprivation kill?

The claim that sleep loss is lethal rests on a surprisingly small and largely dated set of experiments.  

Marie de Manacéïne’s puppies6 and the disk-over-water rats of Rechtschaffen and colleagues7,18,19 

form the core of this literature, and both showed that animals subjected to enforced wakefulness 

deteriorate and die. In both paradigms the animals were kept awake by continuous, inescapable, 
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physically stressful intervention, and in neither was the cause of death established. In dogs and rats, 

death  arrives  as  systemic  collapse  rather  than  organ  failure:  runaway  hypermetabolism, 

thermoregulatory  failure,  negative  energy  balance  despite  ravenous  overeating,  and  finally 

breakdown of the gut barrier, spilling bacteria into the bloodstream. That is the syndrome of the 

sleep-deprived animal, and almost line for line the syndrome of one that has merely been stressed: 

sustained glucocorticoid elevation drives the same hypermetabolism, tissue catabolism and weight 

loss despite maintained food intake20,21, and raises intestinal permeability enough to drive the same 

bacterial translocation across the gut wall22–24 (even in animals that have lost no sleep at all). When 

deprivation is engineered to minimise stress, the signatures of stress fail to appear, most notably 

activation of the hypothalamic–pituitary–adrenal (HPA) axis, the body’s principal glucocorticoid 

response to threat25,26. Forced locomotion, gentle handling, novel-object exposure and optogenetic 

arousal impose different stress loads, and the reported consequences of “sleep deprivation” vary 

accordingly27,28. Applied to pigeons, which lose substantial sleep and rebound clearly, the disk-over-

water  produces  no  lethal  syndrome,  no  hyperphagia,  no  weight  loss,  none  of  the  metabolic 

collapse29.

This confound is not a relic of the past. Sang and colleagues recently reported that mice die within  

four days of sleep deprivation, tracing the death to a neutrophilic cytokine storm30. Yet their mouse 

stands in eight millimetres of water, without bedding, for ninety-six hours, woken whenever its nose 

touches  the  surface,  its  fur  wet  throughout,  unable  to  get  out,  and  it  dies  hypothermic30. 

Inescapability, immersion and thermal load are the classic ingredients of the severest rodent stress 

paradigms, and this protocol applies all three for four days without remission and without a yoked 

control. The authors concede the environment “is still stressful” and that they “cannot fully rule out 

a role for stress”. This is a stress experiment in which the animals also lose sleep.

Invertebrate  studies  follow  the  same  line.  In  cockroaches  Blaberus  giganteus the  “sleep 

deprivation” method is again forced locomotion31,  and prolonging it  raises metabolic rate32,  and 

stress by itself, with no sleep lost, is enough to kill given that animals placed in social conflict die of 

it33. 

Drosophila shows the same pattern but through its genetics also provides glimpses of the other side 

of the coin. Shaw and colleagues were the first to find sleep deprivation quickly fatal to flies, yet  

showing that stress-response genes protect against it34. The apparent conflict dissolves once method 

is held constant. Lifelong, quantitatively verified sleep restriction, imposed by automated tracking 

on a closed-loop principle35,  leaves flies close to a normal lifespan, with only a moderate, sex-

dependent effect on female longevity36. Deprivation triggered only when a fly attempts to sleep, 
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avoiding the chronic forced arousal every earlier paradigm relied on, produces neither the lethality 

nor the intestinal reactive-oxygen-species accumulation that had been attributed to sleep loss8; the 

damage and the mortality track the method before the lost sleep37.

On the side of survival stand the many short-sleeping mutants and the artificially selected lines that  

sleep a fraction of normal amounts and live full lives. The Drosophila dopamine-transporter mutant 

fumin sleeps almost not at all yet lives a normal lifespan38 with normal fecundity, and short-sleeping 

variants  recur  at  the  tail  of  the  natural  distribution in  flies,  rodents  and humans.  In  mammals, 

mutations in  DEC2,  the β1-adrenergic receptor or the neuropeptide-S receptor cut sleep sharply 

without  evident harm, and neuropeptide-S-receptor mice consolidate  memory normally on their 

reduced sleep39–41. Under artificial selection, fly lines reached a few hours’ sleep with no cost to 

lifespan or egg-to-adult viability42. Extreme short sleep was assembled from ordinary alleles at no 

vital price, though partly reverted once relaxed, hinting that short sleep trades against something 

other than survival. There are counter-cases: shaker, sleepless and insomniac fly mutants sleep little 

and die young43–45, but these are lesions in pleiotropic genes, with no clear evidence that lethality is 

consequential to lost sleep. The same confound afflicts the one human case. Fatal familial insomnia, 

invariably cited as proof that sleep loss kills, is a prion disease caused by a  PRNP mutation, in 

which thalamic degeneration produces insomnia as a symptom of the underlying neurodegeneration. 

It is a prionopathy before it is a sleep disorder, and all prionopathies are lethal. In fact, a transgenic 

mouse carrying the mutation develops the misfolded-prion pathology and neurological disease with 

only a very mild sleep phenotype46. No clean human evidence shows sleep deprivation to be lethal 

in isolation, and for ethical reasons there never will be.

The point is Popperian. Indispensability is a universal claim, refutable by a single counterexample47: 

no number of white swans proves all swans white but one black swan settles the matter. Similarly, 

some short-sleeping mutants that die young cannot show sleep is indispensable but one that barely 

sleeps and lives fully shows it is not. The many sleepless mutants, the evolutionary-selected lines, 

and the mammalian short-sleeper alleles are the black swans any vital-function account must first 

accommodate.

(2) The cost of being asleep

The second pillar treats sleep as self-evidently costly and reasons backwards that a behaviour this 

expensive must be repaid by a benefit equally large. It would be easy, and it has been attempted, to 

answer that the costs of sleep are largely illusory48. That answer is only half right, and unsafe as an 

argument.  The instructive question is  when sleep costs  an animal  something,  not  whether.  The 
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expected return of being awake is not constant, and animals pay, refuse and renegotiate the cost of 

sleep as ecology dictates: with light, prey, temperature and the presence of a receptive mate, on 

timescales from the hour to the season. Sleep expands to fill the hours in which that return falls  

below the return of safe inactivity, and contracts when it rises. Sleep duration, on this view, is a  

residual:  what  is  left  of  the  day once  the  hours  worth  being awake  for  have  been spent.  The  

argument is borrowed from foraging theory, where Charnov’s marginal-value theorem holds that an 

animal should quit a patch when its return falls to the average available elsewhere49. Lesku and 

colleagues put it almost in these words: sleep "enforces adaptive inactivity to conserve energy when 

activity  is  unproductive",  so that  "animals  may evolve the ability to  dispense with sleep when 

ecological demands favor wakefulness"50. It has even been formalised as an extension of the two-

process model51.

The commonly argued costs can now be taken in turn. The first two, predation and exposure, are 

arguably not costs at all. The canonical image is of an animal lying exposed and defenceless, at the  

mercy of anything that finds it, but how many animals sleep this way? Sleep is preceded, near-

universally, by the search for or construction of a refuge. Across primates, sleeping-site selection is 

driven principally by antipredator considerations,  with parasite avoidance close behind: animals 

choose tall or inaccessible trees, cliffs and concealed, escapable positions, and build nests to those 

ends52–54. The same logic governs burrowing, denning and communal roosting across the rest of the 

animal kingdom55,56, and sleep is timed, in most species, to the phase when the animal could least 

spot  a  predator  anyway.  Hidden and immobile  in  a  defended refuge,  a  sleeping animal  is  less 

exposed than a waking one in the open10. Often, those sites also shelter against cold, heat, wind and 

rain53,54, as does social huddling57. With the reduced metabolic rate of the sleeping state58,59, this 

makes sleep a thermal and energetic gain, not an expenditure.  Refuges serve waking needs too 

(shelter, safety, the rearing of young), and an animal that spent its unprofitable hours awake would 

need one anyway. The refuge is the price of being inactive in a dangerous world, not of being 

asleep.

The third cost  is  reproduction,  and it  is  this  pillar’s  best  case.  Mating is  not  continuous (most 

animals breed seasonally, and oestrus is brief60–62) but territory defence and mate-searching run year-

round in many taxa, and insects are not gated at all. The easy reply, that sleep therefore steals little,  

does not  survive scrutiny:  its  cost  in offspring is  the reproductive return an animal  forgoes by 

staying asleep, and that varies with circumstance. The decisive case is an animal whose chance to 

breed  never  pauses,  so  that  every  hour  it  sleeps  is  an  hour  of  mating  given  up.  The  pectoral 

sandpiper (Calidris melanotos) is that animal. Outside the breeding season it sleeps 16 hours a day. 
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During the three mating weeks, when receptive females are continuously available, sleep collapses: 

males remain active for up to 95% of nineteen consecutive days, sleeping less than 10 minutes a 

day50.  Sleep is surrendered when its price rises and resumed when the price falls, male activity 

dropping  again  as  soon  as  fertile  females  are  gone,  with  no  noticeable  rebound.  The  same 

dissociation can be observed in an insect. A male  Drosophila housed with a female is virtually 

sleepless (1% of the time against 40% in controls) and the cellular markers of sleep pressure rise in 

his  brain  as  they  do  after  mechanical  deprivation.  Then  the  rebound  does  not  come63,64.  It  is 

eliminated  rather  than  postponed,  and  female  pheromones  alone  abolish  it,  through  a  defined 

neuronal circuit64. A bird and a fly, six hundred million years apart, forgo sleep because something 

better is on offer reminding us that sleep does not occupy a privileged seat in the hierarchy of 

ecological priorities.

This goes beyond sex: starve an animal and it stops sleeping and starts searching, through a genetic 

programme separable from the general stress response65; feed it, and sleep returns66. The decisive 

experiment combines the two. A well-fed male paired with a female suppresses almost all of his 

sleep  to  court  her;  a  male  deprived  of  dietary  protein  courts  her  just  as  much,  but  sleeps 

considerably more67. His courtship drive is untouched; what has changed is the price in wakefulness 

he will pay to pursue it. Flies selected for starvation resistance over many generations sleep more,  

not  less68,  reversing the acute effect of hunger. A lineage adapted to chronic scarcity, for which 

searching no longer pays, does best to remain inactive and conserve energy.

The pattern needs no manipulation to be seen.  Captive animals sleep far more than wild ones. 

Between species,  with phylogeny and recording conditions controlled, sleep is not predicted by 

brain mass and correlates negatively with metabolic rate; what survives is a trade-off with foraging 

time,  herbivores  sleeping  least69.  Wild  elephants  (Loxodonta  africana)  sleep  about  two hours70 

because sixteen to eighteen are spent eating.

The last cost often invoked is lost productive time, but an opportunity cost is only a cost where an  

opportunity exists. Foraging returns diminish, night foraging is often unprofitable or dangerous, and 

an animal that is awake is frequently producing nothing either. The Hadza of northern Tanzania, 

among the best available models of how humans lived before agriculture, spend roughly ten hours 

of the day non-ambulatory, resting and mostly squatting71; and when sleep is measured objectively, 

three such pre-industrial populations average between five and a half and seven hours a night72, 

which is not the profile of a hoarded resource. Nor are their nights wasted: staggered chronotypes 

leave almost no moment of a Hadza night unattended, so individual sleep and collective vigilance 

are traded against one another73. For most organisms most of the time, extra waking hours would be 
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idle hours, into which sleep expands. Give an animal or a human a magic sleepless pill, and they 

would not know what to do with that extra time.

Sleep carries a price, but one that varies with circumstance, and animals shed it the moment that 

price rises. A cost borne cheerfully while it is cheap and shed the instant it begins to bite is, in the  

language of economics, met at the margin, where an optimum requires only that marginal benefit 

match marginal cost, not that either be large. A quantity that answers to its price in this way is, in 

the same language, elastic74.

(3) The absence of sleepless animals

The third pillar holding the wager is the strongest, and the only one that is close to straightforwardly 

true: no sleepless animal species has ever been found and even when animals reduce sleep for 

ecological reasons, they never reduce to nought. The inference drawn from that, that sleep must 

therefore be vital, is nonetheless a non sequitur.

Circadian rhythms are more deeply and more universally conserved than sleep, and they confer a 

clear and pervasive fitness advantage. Yet they are not vital in the physiological sense at stake:  

many animals with a genetically disabled clock survive, reproduce and live out a normal lifespan in 

the laboratory75,76.

The instructive part is what happens when clockless animals are returned to the world. Free-living 

chipmunks (Tamias striatus) and antelope ground squirrels (Ammospermophilus leucurus) whose 

circadian pacemaker has been ablated are killed by predators at markedly higher rates than intact 

controls, because an arrhythmic animal is active at the wrong hours and betrays itself to weasels and 

cats77,78.  Cyanobacteria  strains  whose free-running period resonates  with the  ambient  light–dark 

cycle  competitively  displace  strains  whose  period  does  not,  though  each  grows  perfectly  well 

cultured alone79,80. Plants show it too, clock-matched genotypes fixing more carbon, growing faster 

and out-competing mismatched ones81. A clock's fitness value may be invisible in the incubator and 

decisive in the world, which warns against  reading "non-vital" as "unimportant":  a trait  can be 

under intense selection, and its loss can reliably kill, without either fact revealing a vital cellular 

transaction. If ubiquity proved indispensability, the clock would be the first example, and it is not  

one.

The datum that most needs explaining and that we hid for too long is not that all animals sleep, but 

that they sleep in such radically different amounts. Half a century of phylogenetic and ecological  

analysis shows it tracking constitutional and ecological variables (body size, diet, metabolic rate, 

predation risk, infection, parasite exposure) in the manner of an adaptive trait,  not a conserved 
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physiological constant9,12,69,82,83. Any account of sleep function that cannot explain this variation has 

not explained sleep.

Before these differences can carry such weight, the numbers must be examined: the most quoted do 

not survive scrutiny. The two highest mammalian values are heterotherms in warm laboratories:  

twenty hours in the little brown bat (Myotis lucifugus) falls to eleven at 26°C rather than 33°C, and 

is  inseparable  from  torpor84.  The  20.4  hours  of  the  armadillo  (Chaetophractus  villosus),  the 

database’s  highest,  come  from five  animals  recorded  once  each,  in  a  study  of  penile  erection 

reporting sleep as an aside85. Not every long value is an artefact: in the pocket mouse (Perognathus 

longimembris), slow-wave sleep grades into shallow torpor86,87, yet its tabulated twenty hours are 

genuine euthermic sleep. What survives, method held constant, is a roughly sevenfold range, from 

some nineteen hours in the opossum (Didelphis marsupialis), by EEG across full 24-hour cycles88, 

to under three in the horse (Equus caballus): still far too large for any account treating sleep as the 

repayment of a conserved physiological debt.

The variation is  not only large but  dynamic.  Some animals down-regulate sleep drastically,  for 

weeks,  whenever  ecology demands,  without  the  deterioration  a  vital-function  account  predicts: 

migrating white-crowned sparrows (Zonotrichia leucophrys) and pectoral sandpipers cut sleep to a 

fraction of baseline, and in the sandpiper the least-sleeping males sire the most offspring, making 

the loss a reproductive strategy rather than a pathology50,89; frigatebirds (Fregata minor) sleep in 

seconds-long  snatches  on  the  wing  for  days  at  a  time90,  and  marine  mammals  all  but  abolish 

particular  sleep  states  at  sea  for  weeks  without  repaying  them91–93.  A state  shed  at  ecological 

convenience for weeks and then not recovered is hard to construe as intrinsically lethal.

There are two ways to reconcile a universal vital function with this variability. Either evolution 

knows a trick to pack into two hours what other species need twenty (in which case, given a real 

cost of sleep, the long sleepers should all have evolved to two hours), or sleep does different things 

in different lineages, abandoning the premise of a single conserved function. The second must be 

correct.

III. THE SLEEP ELASTICITY HYPOTHESIS

Rechtschaffen was right to insist that sleep be understood through evolution, but wrong to phrase 

the demand in terms of function: evolution does not optimise functions, it optimises fitness, which 

need not be vital, only, on balance, advantageous. Tinbergen94 distinguished four questions of any 

trait (mechanism, ontogeny, function and phylogeny) that do not substitute for one another; Mayr95 

drew the parallel between proximate and ultimate causation, still neglected across the behavioural 
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sciences96,97. The sleep-function literature often conflates them, reading evidence about mechanism, 

or about the laboratory consequences of sleep loss, as evidence about why sleep evolved. A trait can 

be strongly conserved because it is useful, without any single component being indispensable. The 

question should never have been "what is  the function of sleep?" but  "what fitness  does sleep 

confer, and to whom?" Posed that way it stops demanding one answer: different advantages can 

accrue to different lineages, layered, of different evolutionary vintage.

The sleep elasticity hypothesis states that sleep is a layered adaptation of three components that 

arose  at  different  times,  answer  to  different  pressures  and  are  held  to  different  standards  of 

necessity.  An  accessory  component  (i),  the  largest  in  most  species,  is  adaptive  inactivity:  an 

ecological buffer keeping an animal safely and economically out of the way during the hours in 

which  activity  would  not  repay  itself.  A useful  component  (ii)  comprises  the  species-specific  

processes that came, over evolutionary time, to be discharged during that pre-existing state. A vital 

component (iii) would be whatever, if anything, is physiologically indispensable in the strict sense 

defined in Section I. Any instance of an animal’s sleep mixes the three, in proportions varying by 

species, individual and circumstance. Most of the field’s paradoxes dissipate once that mixture is 

resolved into  its  parts  (Figure  1).  I  borrow elasticity  from economics,  where  it  measures  how 

strongly one quantity responds to a change in another: sleep is elastic in that its duration responds to 

the opportunity cost of being awake, most of it stretching and contracting with ecology instead of 

meeting a fixed quota. The tripartite decomposition is the architecture that elasticity implies, and the 

vital layer is the part I hold most loosely: if it proves empty, the hypothesis stands with two layers.

Figure  1. Sleep  elasticity  and  the  tripartite  decomposition.  (a)  Sleep  as  three  superimposed 

components of distinct evolutionary origin (defined in the text): the accessory buffer of adaptive 

inactivity  (tan),  the  useful,  largely  lineage-specific  processes  exapted  onto  it  (teal),  and  the 

hypothesised vital core (navy). Areas are illustrative. (b) The framework’s central prediction: the 

sevenfold interspecific variation in total sleep duration is carried overwhelmingly by the accessory 
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buffer, while the useful and vital components stay small and stable across species. Approximate 

daily sleep is shown for an opossum, a pocket mouse, an elephant, a cavefish, a human and a bird, 

and the arrow marks the collapse of sleep during migration, when the buffer is shed and little but  

the core retained. The bat and the armadillo, conventional occupants of the long-sleeping end, are 

omitted  as  heterotherms  (see  text).  The  partitioning  within  each  bar  is  schematic,  not  a 

measurement.

(1) Accessory sleep: the primordial buffer

The first component of the trine is what has been previously coined adaptive inactivity11,98,99: sleep 

as a state that keeps an animal safe,  economically inactive when there is nothing more fitness-

enhancing to do. On this view sleep evolved as a scheduling device to keep visually dependent 

animals out of the dangerous dark, desert insects out of the lethal afternoon, to conserve energy 

when foraging would not repay itself, and to synchronise activity so that feeding and mating happen 

when others are active. Its evolutionary value is genuine and often large, but it has no dedicated  

consequence at the level of the cell, tissue, or organ.

In 1975, Meddis98 first proposed that sleep is an immobiliser, a state that preserves an animal’s 

inactivity and "does not supply any unique physiological benefit"; that the time a species spends  

asleep  "is  limited  by  the  time  normally  available  after  these  essential  activities  have  been 

completed", which is the residual account of sleep duration defended here. Horne100 later divided 

sleep into an obligatory core and a dispensable remainder; Rial and colleagues101 argued that sleep 

in  mammals  and  birds  may  be  "trivial",  with  any  genuine  functions  "secondarily  added";  and 

Siegel11 recast the intuition as adaptive inactivity and assembled the modern comparative evidence 

for it.

That view is eliminativist: from the fact that sleep need not restore anything it concludes that sleep 

restores nothing, an unnecessary last step that has made the account easy to dismiss. I treat the  

useful functions instead as a genuine evolutionary stratum, keep the vital component as a testable 

hypothesis with a defined place in the stack, and state the account so that the relative size of the  

three  components  becomes  an  empirical  question.  The  sleep  elasticity  hypothesis  builds  on 

evidence  Meddis  did  not  have:  sleep  measured  in  the  wild,  the  phylogenetic  lability  of  its  

regulation,  and a  molecular  dissection of  sleep pressure.  Reading sleep through phylogeny and 

ecology, rather than mammalian physiology alone, is now a substantial literature13,14,102 and can no 

longer be ignored.
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The accessory component is easily misread as a null category, a residue left once the real functions  

are subtracted. It is nothing of the kind. Adaptive inactivity is a positive adaptation: a solution, 

under strong and continuous selection, to the problem of what an animal should do with the hours in 

which activity is  unprofitable  or  dangerous.  It  has  a  fitness  rationale,  a  mechanism (the raised 

arousal threshold that makes inactivity stable, discussed below), a regulatory system that defends it, 

and observable comparative signatures. To call  it  accessory is to say it  discharges no dedicated 

cellular transaction, not that it does nothing.

Untied to  a  fixed physiological  debt,  the  buffer  can expand to fill  most  of  the day in  a  small 

insectivore with a cheap, calorie-dense diet and a brief window in which being awake pays9, and 

contract to minutes in a migrating bird90, or in cave-adapted Astyanax mexicanus that evolved away 

most  of  their  ancestral  sleep  once  perpetual  darkness  removed  the  ecological  rationale  for 

quiescence103.  This  fits  the  long-noted  correlation  between  sleep  amount,  body  size  and  diet69, 

whereby large herbivores that must forage continuously sleep little while small carnivores taking 

their calories in brief meals can afford to sleep most of the day. Much of what has been measured as  

an  animal’s  "sleep  need"  is  better  described  as  an  economical  way  to  sit  out  the  unprofitable 

hours58,59,104 than as the repayment of a cellular debt105,106.

Total sleep duration should therefore not be treated as the amount of an indispensable process. If 

much of an animal’s sleep is elastic ballast, the hours on the clock are a compound: amount shaped 

by ecology and opportunity, timing by circadian organisation, depth by physiological operations and 

threat  trade-offs,  and  a  residue  that  bounds  any  indispensable  core.  Reading  the  total  as  one 

quantity, then asking what it is for, is the error beneath most of the field’s paradoxes.

The strongest evidence for this buffering role comes from the recent turn towards measuring sleep 

in the wild107. Almost the entire comparative database on which vital-function arguments rest came 

from captive animals12,108, and captivity distorts the measurement in the direction sleep elasticity 

predicts109,110.  The first  EEG recordings of  a  wild mammal found free-ranging three-toed sloths 

(Bradypus variegatus) sleeping 9.6 hours a day, more than six hours less than the ~15.9 recorded for 

the same species in captivity111;  the result  has been replicated in fifteen wild sloths across two 

species109. Removed from the demands of foraging and the risk of predation, the captive animal 

expands its accessory buffer to fill time that in the wild would be spent alert and alive; no fixed vital 

requirement could nearly double when an animal is moved into a cage.
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(2) Useful sleep: species-specific exaptations

The accessory component is primordial: the ground state onto which the useful and vital layers were 

later added. Onto it evolution layered functions, and these are the processes most sleep research has 

actually studied: energy conservation, changes in extracellular transport and metabolite clearance, 

prefrontal restitution, mood regulation, memory-consolidation, synaptic and network maintenance, 

and immune support, among others112. What they share matters more than which of them is correct: 

all are exaptations of a pre-existing state, in the sense of Gould and Vrba113: a character that arose 

for one reason, or for none, and was later co-opted to another use. Accessory sleep supplies a long,  

reliable, sensorily disengaged window, and any process that benefits from one is under selection to 

migrate  into  it.  Memory  consolidation,  synaptic  renormalisation,  clearance,  and  immune 

signalling4,114,115 are,  on this reading, exaptations of the sleep state,  not the reasons it  exists.  As 

Williams116 insisted, showing a trait to be useful does not show it to be an adaptation for that use.

Dreaming illustrates the relationship most clearly, because the direction of dependence is not in 

question. A dream is state-dependent: it can occur only during sleep, and no one has proposed that 

sleep evolved so that animals might dream. Whatever dreams do, they do because sleep already 

exists. Yet the case that they do something is not negligible. Dreaming has been argued to rehearse 

the recognition and avoidance of threat117, to process and defuse emotional memory118, to participate 

in the consolidation and reorganisation of experience119, and, on a recent account, to protect the 

brain from overfitting to its own training data by injecting noise into its models of the world120.

Flanagan121,122 proposed that dreams are the spandrels of sleep, borrowing from Gould and Lewontin 

the term for a structure that arises as a by-product and is later put to use, and concluded that dreams 

have no function of their own; Revonsuo117 replied with an explicitly adaptationist account. This 

reading  declines  both  extremes  as  it  declines  them for  sleep  as  a  whole:  dreams  need  not  be 

functionless to be non-vital, and need not be indispensable to be useful.

That sleep’s functions are layered, and were multiplied over phylogeny, is not itself new. Krueger 

and colleagues123 proposed sleep as  a  fundamental  property of  neuronal  assemblies  onto which 

higher functions accrued, and Bódizs112 frames sleep as a multilevel system with older and newer 

functions and "no really ultimate function." Their base layer is still a function (energy homeostasis, 

timing); the accessory base I propose has no cellular function at all, only the ecological value that 

lets it serve as the elastic buffer explaining interspecific variability, the problem the multilevel view 

leaves untouched.

The useful layer should also show itself in development. Mammalian neonates sleep two thirds of 

the day, disproportionately in REM; an eight-week-old human infant may spend more than eight 
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hours  a  day  in  REM,  several  times  the  adult  figure,  a  profile  classically  proposed  to  supply  

endogenous stimulation to a nervous system whose sensory experience is still limited124,125. Whether 

that mechanism survives modern scrutiny is beside the point: a function active in particular clades 

at particular ages, layered on the same buffer adults occupy more modestly, is what the useful layer 

predicts.

The crucial  corollary is  that,  because these functions  did not  create  sleep and do not  drive  its 

conservation, they need not be shared across lineages: what is useful to a large-brained mammal 

may be irrelevant  to  a  fly  or  a  jellyfish whose fitness  never  depended on it.  This  is  what  the  

divergent,  species-specific  homeostatic  regulation  across  Drosophila species  implies126:  the 

defended, useful layer of sleep is evolutionarily labile, not conserved. Treating any one of these 

functions (synaptic homeostasis, clearance, proteostasis, etc.) as the function of sleep is the category 

error the field has repeatedly made. Each is a genuine benefit in the species where it obtains and 

none is the universal engine of sleep’s conservation.

(3) Vital sleep: a hypothesis held open

The third component is the one the field assumed at the outset, and the verdict is unproven but not 

refuted. Is there a genuinely indispensable component,  a "sleep calorie" that must occur during 

sleep and can occur nowhere else? The evidence is thin, and what keeps the question open is the  

observation  that,  pushed  to  the  limit,  animals  compress  sleep  but  never  take  it  to  zero.  It  is 

partitioned across hemispheres in cetaceans and many birds127,128, fragmented into bouts of a few 

seconds in chinstrap penguins (Pygoscelis antarcticus)129, or driven into wakefulness itself as local 

OFF  periods  in  sleep-deprived  rats130,  and  microsleeps  in  drowsy  humans131.  The  migrating 

sandpiper compresses sleep to minutes but keeps them. Why maintain a residue at all, sometimes at 

the cost of specialised machinery such as unihemispheric sleep127, if the residue bought nothing? 

The temptation is to read it as the vital core showing through. But a useful function under strong 

selection would defend a residue just as fiercely: the sandpiper may keep its minutes because a 

navigator that lets its brain blur mid-ocean loses the path, and with it the race. That is a useful  

function as defined above, cognitive and fitness-critical, without being a sleep calorie.

The vital hypothesis has also protected itself by shrinking: each time a smaller residue is found, the 

vital function is quietly redefined to fit inside it. The claim survives every observation by rescaling 

the thing claimed, converging on a tautology: a vital function defined as whatever survives in the 

smallest residue can never be disproven, and an undisprovable claim does no scientific work. The 

remedy is a commitment the programme has never made: to state the floor in advance. How much  
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sleep does the transaction need, in what state, and what fails without it? Until that number is on the 

table the hypothesis is being accommodated, not tested. And even discharged in seconds of local 

cortical silence, a vital function could not explain why animals spend a third of their lives asleep.

IV. HOMEOSTATIC REGULATION AND SLEEP PRESSURE

One recurring confusion props up the vital-function assumption. A homeostatic control system is 

routinely  offered as  evidence that  sleep discharges  a  vital  function:  we feel  strong pressure  to 

recover  lost  sleep,  so  that  sleep  must  have  been  doing  something  essential.  That  sleep  is 

homeostatically regulated is not in dispute. Slow-wave activity rises with time awake and dissipates 

with time asleep, and the two-process model of a homeostatic process and a circadian pacemaker is 

among  the  most  successful  descriptive  frameworks  in  the  field132–134,  with  the  set-point  under 

demonstrable genetic control135. But regulation should not be conflated with function: a beneficial 

side effect is not thereby a function, any more than the mood lift from a good meal is the function of 

eating112. Any quantity held at a species-specific set-point needs a controller, but the controller states 

how much is maintained, not why. A homeostatic sleep controller likewise tells us that a set amount 

is defended and that falling short is punished with sleepiness, and says nothing about what that 

amount  is  for.  The  sleepiness  that  enforces  it  is  a  signal  strong  enough  not  to  be  ignored,  a  

mechanism keeping an animal at its adaptive amount of accessory inactivity, felt as a need whether 

or not any vital transaction is pending.

There is also an observation the debt intuition cannot accommodate: animals do not repay most of  

the sleep they lose. Acute total deprivation is rarely followed by a rebound compensating the lost 

time in full136; rats given unlimited recovery after chronic restriction reclaim only a small fraction of 

what they lost137;  and the most celebrated human case recovered from 264 hours of continuous 

wakefulness in a single night of under fifteen hours138. A deficit of some eighty hours was, in effect, 

written off. The very same is true in flies36, and in the wild: free-ranging baboons that lose sleep in 

unfamiliar or crowded roosts do not compensate the following day139.

The standard reply is that the debt is settled in intensity, not duration: recovery sleep is deeper, and 

slow-wave activity is the true currency of sleep pressure. This is the observation from which the 

two-process model was built132,140, but it relocates the debt without rescuing it, and two difficulties 

follow.  Firstly,  intensity  is  not  reliably  defended:  after  chronic  restriction  rats  show  no 

compensatory rise in sleep intensity, despite a substantial accumulated loss137.  And secondly, no 

exchange rate between hours and intensity has ever been specified. Without one, any shortfall in 

duration can be absorbed by a postulated increase in depth, and the claim that the debt is always 
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repaid becomes unfalsifiable. The elasticity framework predicts this. Its useful and vital components 

form a small, protected core, discharged in deep, early, high-intensity sleep whilst its accessory 

component is a large, dispensable buffer filling the lighter remainder. If deprivation removes both, 

recovery should then restore the core and abandon the buffer: intensity defended, duration shed. 

That is what is observed.

The founding observation of the two-process model is therefore its clearest empirical signature, not 

an  objection  to  an  elastic  framework,  and  the  same  signature  appears  in  the  architecture  of 

undisturbed sleep, where the deep, early portion is protected and the light, late portion shed.

The same reading answers an objection raised almost every time this argument is presented aloud. If 

most sleep is only accessory, why does losing a little feel so bad, the grogginess, the flattened 

mood, the blunted attention after a short night? Because sleepiness is a controller output, not a  

damage readout, and the two need not be proportional. Its proximate substrate is well understood: 

extracellular  adenosine  accumulates  in  the  basal  forebrain  across  waking and dissipates  during 

sleep, and is sufficient to induce sleepiness independently of any damage it might index141,142.

Consider what would happen without the aversive signal. If accessory sleep were a large, non-vital 

buffer  carrying  no  penalty  for  skipping,  an  animal  would  rationally  trade  it  away  at  the  first 

competing incentive (forage a little longer, play a little more) and, night after night, grind down 

through the buffer to the useful and vital minima beneath. Natural selection cannot leave a defended 

set-point to voluntary cost–benefit accounting, because the incentives to skip sleep are immediate 

and chronic while the costs are deferred and probabilistic. So it installs a drive that makes falling 

short  feel  bad  at  once,  whether  or  not  anything  vital  was  pending.  The  unpleasantness  is  the 

mechanism that stops the loss from being chosen, not the report of one. Being tired is how the set-

point defends itself, and it is not the same thing as sleep deprivation. The logic is the one Nesse 143 

named “the smoke detector principle”: when a protective response is cheap relative to the harm of  

failing to respond, the optimal system is tuned to fire readily, generating false alarms. A drive that  

switched on only when something vital was at stake would let the animal run its buffer to the bone 

every night before complaining. This is a general principle, not special pleading for sleep. Hunger is 

agonising long before starvation, and the neurons that signal it transmit an explicitly aversive signal 

whose  relief,  rather  than  any nutritional  state,  is  what  the  animal  learns  to  seek144;  air  hunger 

becomes unbearable at carbon-dioxide levels nowhere near lethal145. In each case the discomfort is 

engineered to force a behaviour reliably, and its severity reflects how badly that behaviour must be 

defended, not how close the body is to damage. Sleepiness is a motivational drive of this kind146, 

one that, when it rises, actively suppresses the motivation to do anything else.
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There is  also a  mechanistic  reason to  separate  signal  from damage.  In sleep-deprived humans,  

cognitive lapses are immediately preceded by local sleep-like silencing of neurons in task-relevant 

cortex, so that the failure is a state intrusion rather than a depletion of any substrate147–149. Much of 

the "cognitive decline" of mild loss is plausibly the enforcement signal itself, sleepiness degrading 

attention and mood to make waking costly and sleep attractive146. The felt decline may, in large part, 

be the whip rather than the wound.

If the impairment is the signal, feeling tired and having lost sleep can be driven apart, which is what 

the  fragmentation  literature  finds.  Sleep  broken  by  brief,  repeated  arousals  produces  next-day 

sleepiness and cognitive impairment comparable to outright sleep loss even when total sleep time is  

barely reduced, and when the disturbances are too slight to register as visible awakenings in the 

EEG150–152.  The  clinical  counterpart  is  obstructive  sleep  apnoea,  where  the  defining  insult  is 

fragmentation  and  daytime  impairment  tracks  the  arousal  index152.  The  controller  defends  a 

consolidated quantity,  not  merely a quantity:  even in the fly,  minimal disturbance that removes 

hardly any sleep elicits a significant rebound36.

This must not be pushed too far. If the felt impairment were only the signal, it should climb and fall  

with how sleepy people feel, and under chronic partial restriction it does not. Night after night,  

objective vigilance degrades, through an accumulating instability of the waking state rather than a 

uniform slowing153,154, while the felt sleepiness levels off: people grow steadily more impaired while 

reporting themselves only moderately tired, and are strikingly poor judges of their own decline155,156. 

Signal and deficit are therefore distinct, dissociable both ways: the acute tiredness of a broken night  

is the controller demanding its set-point back, while the slow decline under chronic restriction is the  

useful layer degrading, impaired but not abolished. Both the whip and the wound are real; my claim 

is only that the field has often read the first as evidence of the second.

V. SHORT SLEEP IN HUMAN EPIDEMIOLOGY

Short  sleep  is  associated,  in  populations  numbering  in  the  millions,  with  all-cause  mortality, 

cardiovascular disease and dementia157–159. The associations are real, but less direct than they are 

made to seem, and the most telling results abandon duration altogether. Measured objectively across 

the  UK  Biobank,  by  accelerometry  rather  than  questionnaire,  what  predicts  survival  is  how 

regularly people sleep, not how much: the most regular sleepers die at some 30% lower all-cause 

and  40%  lower  cardiometabolic  rates  than  the  most  irregular,  the  Sleep  Regularity  Index 

outpredicting duration outright160, and the same holding for major cardiovascular events161.
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Human epidemiology carries the confound this paper has already met in the animal literature, where 

subjects lose sleep and are stressed at once and the two are hardly ever separated. Most human short  

sleep is imposed rather than chosen, by insecure work, money, illness, caring for someone, a failing 

marriage.  Psychosocial  stress  is  a  replicated  prospective  cause  of  disturbed  sleep162,  and  it 

independently causes coronary disease at nearly the magnitude of the association it confounds: job 

strain raises coronary risk by about a quarter163, and in INTERHEART psychosocial factors carried 

a population-attributable risk of 32%, behind only lipids and smoking164,165.  Yet only two of the 

fifteen cohorts  pooled  in  the  principal  cardiovascular-sleep meta-analysis  adjusted  for  anything 

resembling stress158 and where anyone has looked, the result is strong. In a thirty-year follow-up of 

five thousand Danish men, short sleep predicted death from ischaemic heart disease only among 

those taking tranquillisers or hypnotics, and neither short sleep nor medication was a risk factor  

alone, only their interaction166. In Whitehall II, short sleep raised coronary risk only in those also 

reporting disturbed rest167, measured with a psychological-distress questionnaire. When Kivimäki’s 

own group asked whether sleep is the pathway by which job insecurity reaches the heart, the effect 

ran instead through psychological distress, with none through sleep168. The most direct test dates 

from 2004. The JACC cohort followed 104,010 Japanese adults for a decade and set out, unusually, 

to  examine  sleep  and  mortality  "after  adjusting  for  several  covariates,  mental  condition  in 

particular"169. In that cohort, high mental stress falls monotonically with sleep duration, from 36% 

of  men sleeping  four  hours  or  less  to  14% of  those  sleeping  ten  or  more.  Adjusting  for  age, 

perceived mental stress and depressive symptoms (and nothing else) cuts the excess mortality of the 

shortest-sleeping men from 1.62 (1.26–2.09) to 1.29 (0.86–1.93). Adding the remaining covariates 

cuts  it  to  0.88.  A single  question about  how stressful  daily  life  feels  is  enough to  abolish  the 

association. Two qualifications: in women the association survived, and the non-mental covariates 

did as much work as the mental ones, so stress cannot be isolated as the culprit. Long sleep survived 

every model in both sexes, and the authors’ own conclusion is this section’s: that sleep duration 

"could be influenced by unknown physical and psychological conditions", in which case changing it 

"would not necessarily" reduce mortality.  The second such test points the same way: Heslop and 

colleagues followed six thousand Scottish workers for twenty-five years170. Higher perceived stress 

predicted shorter sleep; short sleepers smoked and drank more, exercised less, were poorer and less 

often married; and once those correlates entered the model, the association between persistent short 

sleep and mortality lost significance in both sexes, as did that with cardiovascular death.

Adjustment can always be accused of missing something, which is why Mendelian randomisation is 

offered as the escape: alleles are dealt at conception and cannot be confounded by a hard life. But  
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the genetic instrument for short sleep is correlated with insomnia at rg = 0.73, and significantly with  

neuroticism and with depressive symptoms171. To a first approximation it is an instrument for stress-

reactivity,  and no study has conditioned on those traits,  so pleiotropy through the stress axis is 

unexamined, not excluded. Applied across fifteen hundred phenotypes at once, the genetic evidence 

suggests instead that changes in sleep are predominantly the consequence of other conditions rather 

than their cause172.

One observation is hardest of all to reconcile with the vital view. The first-line treatment for chronic 

insomnia,  cognitive behavioural  therapy,  targets what the field’s own validated instrument calls 

dysfunctional  beliefs about sleep.  Two of the beliefs it  scores as dysfunctional,  and directs  the 

clinician to correct — (i) that one needs eight hours to function, and (ii) that poor sleep will damage 

one’s health173 , are almost verbatim the two propositions sleep science broadcasts to the public. Yet 

the therapy works without restoring sleep, producing a large fall in insomnia severity while adding, 

on average, eight minutes a night174,175, and its most effective component does so by deliberately 

imposing a sleep debt of fifteen to twenty hours over four weeks176. Conversely, telling a person 

they slept badly, when they did not, measurably impairs their cognition the following day177,178 and 

the canonical cognitive model of insomnia has held since 2002 that worry about the consequences 

of poor sleep is itself sufficient to produce a real deficit179.

VI. THE STABILITY OF INACTIVITY

If  the  point  is  to  keep an animal  safely  inactive,  why go offline,  why not  rest  quietly  awake,  

conscious and responsive and get the best of both worlds, i.e. the safety that comes from refuge and 

the alertness that comes from wakefulness? Because quiet wakefulness is only metastable: stable 

enough to rest  in,  but easily broken. Keeping the sensory and motor systems online leaves the 

animal  liable  to  be  tipped  into  full  wakefulness  by  the  next  salient  stimulus.  Sleep’s  defining 

feature,  the  elevated  arousal  threshold180,181 exists  to  hold  inactivity  in  place.  Withdrawing 

responsiveness is  not  a  side effect  of  the accessory state;  it  is  what makes sustained inactivity 

possible. Rial and colleagues put the same intuition in words, arguing that sleep is an upgrade of 

wakeful rest because rest can be abandoned the moment something intrudes, whereas sleep enforces 

immobility182.

This  can  be  made  precise  and  tested  on  real  data.  Figure  2  models  rest  as  a  state  leaking  to 

wakefulness at random, at a rate (its hazard, λ) fixed by the arousal threshold (θ): the higher the  

threshold, the slower the leak and the longer a bout survives. A quietly awake animal cannot hold 

inactivity for more than a few minutes; a sleeping one, exposed to the same stimuli with a raised  
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threshold, holds it for tens of minutes, keeping nearly all of the inactive window (Figure 2a,b).  

Scored by hidden Markov model across seven Drosophila species (close to a million bouts – new 

analysis on data from126), quiet wakefulness averages 2.2 minutes and never exceeds twenty-one, 

while deep sleep averages 27 and runs to twelve hours (Figure 2f). Quiet wakefulness cannot be 

sustained. Two further findings were not assumed by the model. First, a fly knocked out of rest 

takes about half an hour to settle again (not the few minutes the model grants), so resting while 

awake preserves even less of the night than estimated. Second, deep sleep, once entered, is not shed 

at random. No bout is shorter than twelve minutes, and a bout grows likelier to end only as it ages,  

the committed pattern seen in mammalian sleep, now in an insect. Sleep therefore holds inactivity 

more firmly than the bare model assumes, and quiet wakefulness less. In the fly, quiet wakefulness  

slips into sleep eleven times for every once it wakes: left to itself, rest rolls downhill into sleep.

Why not raise the threshold without limit? Because the same gate that filters benign stimuli filters  

genuine ones: raising the threshold suppresses false alarms but also lowers the chance of waking to 

a real one. Since a looming predator is more salient than a rustling leaf — the sleeping brain rouses 

far more readily to one’s own name than to matched neutral sound183–185, thalamic circuits gating the 

transition186 — a band of raised thresholds suppresses false alarms while preserving threat detection. 

That band is sleep: staying quietly awake is always the worse choice, and so is bottomless sleep; the 

optimum sits between them (Figure 2c).

The  same  threshold  predicts  how  sleep  depth  varies  with  ecology:  the  more  dangerous  the 

environment, the lighter the sleep (Figure 2d). Mallards (Anas platyrhynchos) at a group’s exposed 

edge sleep one-eyed, that eye outward, more so when risk is higher187; rats restructure sleep under 

predator  cues55;  and  sleep  architecture  now  reads  as  a  risk-sensitive  trait  rather  than  a  fixed 

requirement188.  What  Rattenborg  and  colleagues  read  as  proof  of  an  essential  function  (the 

vulnerability of a sleeping animal) is on this account where selection settles the trade-off between 

sleeping deeply and staying alert: as deep as ecology allows, and no deeper. The metastability is not  

a modelling convenience: the sleep–wake switch is built  from mutually inhibitory circuitry that 

makes the two states bistable, each self-reinforcing once entered189,190,  with the threshold setting 

how deeply the resting state sits. And both rates can be measured directly: in Drosophila by arousal-

threshold probing126,185,191 and in mammals by classical acoustics180,181.

Energy saving is not the alternative: metabolic rate in human sleep falls only modestly below quiet 

waking192. To whatever extent full disconnection buys something inactivity cannot, that is the upper 

layers at work: accessory sleep sets how much and when, while the useful and vital components set 

how deep. That difference may be the framework’s best hope of telling them apart. That division 
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predicts the architecture within an episode: the hard-to-skip components should be discharged first, 

so sleep should begin deep and lighten. It does: across Drosophila, sleep depth, scored by the model 

and checked against a robotically measured arousal threshold, peaks early in the night and then 

declines126 (Figure  2e),  as  slow-wave  activity  does  in  mammals114,140,  the  lightening  being  the 

threshold falling as the night wears on, the same signature the homeostat shows after deprivation, 

when it defends intensity and lets duration go.
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Figure 2. Why sleep rather than quiet wakefulness: a metastability model of the accessory state. 

Rest decays to active wakefulness as a Poisson process with hazard λ set by the arousal threshold θ 

(deeper sleep = higher θ = lower λ). (a) Measured bout survival across the  Drosophila datasets 

(Kaplan–Meier over 516,543 Viterbi-decoded HMM bouts; provenance, exclusions and censoring 

in the Supporting Information), with the exponential of the same mean dotted. Quiet wakefulness 

lasts 2.2 min on average and never exceeded 21 min; deep sleep lasts 27 min, is never shorter than 

Gilestro, sleep elasticity Page 22



12, and runs to 12 h. Its hazard rises with time, so deep sleep is not memoryless and holds inactivity 

better than the model assumes. (b) Fraction of the rest window spent inactive, the accessory benefit,  

against mean bout length, using the measured resettling time after an ejection (37 min, the mean 

full-awake bout): quiet wakefulness banks 6% of the window, deep sleep 42%. (c) Expected cost, 

decomposed into an instability term (false-alarm arousals, decreasing in θ) and a predation term 

(missed threats, increasing in θ). Because genuine threats are more salient, the total has an interior  

optimum in the sleep range and quiet wakefulness is strictly dominated. (d) Optimal sleep depth 

titrates to ecological risk.  (e) Deep-sleep prevalence across the night,  the ordinate effectively θ 

(state scoring and depth validation from Joyce et al., 2024). Thin lines are the eight datasets: five 

front-load deep sleep (teal, mean ± SEM in navy, fitted bounded exponential dashed), while three 

(rust; D. virilis, D. willistoni, D. yakuba) place it in the second half of the night. (f) The ladder holds 

in every dataset. Cost parameters in (c) and (d) are illustrative.

VII. COMPARATIVE EVIDENCE FOR A LAYERED ACCOUNT

A framework earns its place by explaining what its rivals cannot. If sleep serves one vital function, 

that function must be present and defended wherever sleep is found; if sleep is a layered, exapted, 

elastic  state,  we  should  instead  find  different  loads  on  the  same cart.  The  comparative  record 

answers  at  every  scale  the  comparison  can  be  controlled.  Within  a  genus,  the  rebound  after 

deprivation is  present  in  Drosophila melanogaster and absent in six close relatives126.  Within a 

clade,  two lizards as different  as the bearded dragon (Pogona vitticeps)  and the tegu (Salvator 

merianae) have sleep architectures that cannot be reconciled193. Within a single skull, the northern 

fur seal (Callorhinus ursinus) at sea suppresses REM by 96% for a fortnight and never repays it, 

while  slow-wave  sleep  is  defended  and  rebounds  sharply92:  one  state  written  off,  the  other 

reclaimed. The clincher is a double dissociation: cavefish lose most of their sleep but keep the 

homeostat  that  would  defend it194,  while  flies  keep the  sleep  and lose  the  homeostat.  What  is 

conserved is general machinery. The LKB1–SIK3–HDAC cassette sets sleep need across mice, flies 

and worms195,196, but it is a repurposed nutrient-sensing module of the AMPK family, not a sleep-

dedicated organ; even adenosine, the mammalian somnogen, is dispensable in the fly197,198. The cart 

is conserved, not its load, which is the reading the comparative data have supported for fifty years. 

Others glimpsed it: Anafi, Kayser and Raizen, that what is conserved may be "a temporal structure 

and organizational principle" rather than a gene14; Joiner, that sleep’s functions were co-opted onto 

"the inactive state that lies at the core of sleep"102. What was missing was the architecture. A field 
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that keeps discovering new functions for sleep is not closing in on the function of sleep, but finding 

that different animals have loaded different things onto the same cart.

VIII. PREDICTIONS AND POTENTIAL REFUTATIONS

Table 1 sets out the principal claims of the sleep elasticity hypothesis with the evidence for each, the 

leading alternative reading, the confidence each warrants, and the observation that would decide it. 

Two points deserve more than a table entry. The first is the kind of evidence that could settle any of  

this. Most of the case made here, and almost all of the case made by the field, rests on comparisons 

between species, which are exposed to phylogenetic non-independence, allometry, and the fact that 

sleep is measured by different methods, in different conditions, in different clades. The decisive 

tests are within-species manipulations: varying foraging demand, predation cues, thermal stress, 

refuge quality, mating opportunity and social environment in one species, while measuring depth, 

architecture, rebound, duration, and subsequent performance, survival and reproductive output. The 

framework predicts that sleep amount will move substantially and reversibly with these variables 

while some residue proves refractory to all of them, and that the useful and vital functions will track 

that residue, not the total.  Drosophila suits the programme, since every one of those variables is 

manipulable and sleep can be measured at scale and at depth by high-throughput video tracking 

with  closed-loop stimulus  delivery35,126;  the  design  generalises,  and miniaturised  biologgers  and 

remote EEG now make versions of it  feasible in free-living animals107,199.  Field studies of wild 

populations, long marginal to a discipline organised around laboratory models and human health, 

will have to carry much of this.

The second is that the framework's central quantities are not yet measurable, which is its principal  

weakness.  No method exists for decomposing an animal's sleep into accessory, useful and vital 

components. The most promising handle is depth, taken as the arousal threshold. This may be why 

the search has failed. For decades the field has hunted the function of NREM, transfixed by the 

slow-wave signature and forced to explain why so striking a feature appears in only some species. 

But the slow wave is the electrophysiological correlate of a brain at a high arousal threshold, and it  

is the threshold, not the signature, that is conserved. Arousal threshold is the tree and the EEG its 

shadow. Asking instead what fitness deep sleep confers dissolves the evolutionary paradox, since 

every animal  has  been shown to  have  gradations  of  arousal.  Since  every increment  of  arousal 

threshold is paid for in vigilance, the depth an animal reaches measures what the sleep at that depth 

is worth to it: the shallow end, costing least, holds the accessory buffer, and the deep, defended end 

is  where  any  useful  or  vital  load  must  be  discharged.  The  prediction  is  sharp  enough to  fail: 
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manipulate the ecology, and the depth that shifts is accessory, while any that holds is not. Devising 

such a method, through selective ablation of each layer, the ecological manipulations above, or the 

depth-resolved arousal measurements that high-throughput tracking now makes possible126,181, is the 

framework's most important experimental challenge. Until then the proportions in Figure 1 remain a 

hypothesis, not a result.

One  quantity,  at  least,  is  already  well  defined.  Economists  estimate  an  elasticity  as  a  ratio  of 

proportional changes, and sleep elasticity can be estimated the same way: the proportional change 

in sleep duration over the proportional change in the return to being awake. The within-species 

manipulations  proposed  above  supply  both  terms,  since  each  varies  that  return  while  sleep  is 

measured. A component whose elasticity is near zero is one ecology cannot move; a large elasticity 

marks the accessory buffer. Economics has a century of technique for estimating elasticities when 

the driving variable cannot be set directly, and sleep science would do better to borrow those tools 

than to derive them again.
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Claim Principal evidence Main alternative reading Confidence Crucial test

Sleep contains an 
ecologically elastic 

component

wild/captive contrasts; 
migratory and breeding 
compression; predation-

linked architecture

measurement artefact; state 
misclassification in the 

wild

strong controlled within-
species ecological 

release and imposition

That component is 
large — often most of 

sleep

extreme compressions 
tolerated without collapse

compressed sleep becomes 
more intense or efficient 

rather than shorter

moderate decomposition of 
sleep into 

components; intensity-
corrected accounting

The accessory layer is 
evolutionarily 

primordial

conserved circadian 
organisation with labile 

homeostasis across 
Drosophila; quiescence in 

basal metazoans

stabilising selection; 
secondary divergence; 

basal "sleep" may not be 
homologous 

weak broad ancestral-state 
reconstruction; 

functional assays in 
basal metazoans

Known functions of 
sleep are lineage-

specific exaptations

divergent architecture and 
homeostatic regulation 
across related species

one conserved function 
with different 

implementations

moderate homologous 
functional assays 

across species

Quiet wakefulness is 
metastable, and sleep 
depth titrates to risk

the arousal threshold is the 
control parameter of a 

bistable switch; ecological 
titration of sleep depth

quiet rest is as stable as 
sleep; depth is set by 

physiology alone

moderate measure the quiet-
wake-to-wake and 

sleep-to-wake hazards 
for matched stimuli; 
manipulate predation 

cues

Sleep architecture 
follows the order of 

importance

deep sleep front-loaded 
and dissipating (Figure 
2e); recovery restores 
intensity, not duration

slow-wave dissipation 
reflects a single unitary 

process

moderate curtail sleep and ask 
which portion is shed; 
deprive and ask which 

portion returns

Sleepiness is a set-
point enforcer, not a 

damage readout

motivational-drive data; 
fragmentation costs; 

rebound after minimal 
perturbation

impairment is direct 
disruption of useful sleep

moderate dissociation of signal 
from deficit

A physiologically 
indispensable core 

exists

irreducible residue in 
extreme sleep-reducers

the residue discharges a 
rapid useful process; 

micro-sleep

unresolved clean, stress-free 
deprivation below the 

residue

Table 1. The framework’s claims, and the confidence they warrant.
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IX. SYNTHESIS

The search for the function of sleep has been shaped, for fifty years, by a question that presupposed 

its  own answer.  Begin by assuming sleep must  be vital,  and variability becomes a  nuisance to 

explain  away,  extreme  sleepers  become  errors  to  dismiss,  and  every  newly  discovered  benefit 

becomes a candidate for the function. Begin instead by asking what fitness sleep confers, and the  

picture  reorganises  itself.  Sleep  looks  less  like  a  single  indispensable  process  than  a  layered 

adaptation:  an  ancient,  flexible  buffer  of  adaptive  inactivity;  a  set  of  useful,  species-specific 

functions exapted onto it; and perhaps a small vital core whose existence remains an open question, 

not a foundational assumption. This reorders the functions already on the table into an arrangement 

that accommodates the comparative data as they are.

If the reader takes one claim from this paper, let it be the narrowest and best supported: total sleep  

duration  is  not  a  direct  measure  of  one  universal  physiological  necessity.  Everything else  is  a 

gradient  of  decreasing  confidence  built  on  that  foundation:  that  the  elastic  component  is  large 

(credible),  that  it  came first  (suggestive),  and that  no physiologically  indispensable  core  exists 

(unresolved, and not asserted). A reader who believes a vital core will eventually be found is not 

refuting the framework but locating themselves within it. Whether such a core sits at the bottom of  

the stack is worth pursuing, and I would be glad to see it answered either way. But it should be 

pursued as a hypothesis,  tested at  last  against  the variability that  has always been sleep's most 

important and most ignored fact, instead of assumed as the price of admission to the field.

X. CONCLUSIONS

(1)  The  three  observations  conventionally  taken  to  establish  that  sleep  is  physiologically 

indispensable do not carry that weight. The lethality literature is confounded by stress throughout, 

in invertebrates and mammals alike, and the same confound runs through the human epidemiology.

(2) Sleep is costly only intermittently. Predation and exposure are largely met by the refuge an 

inactive  animal  needs  in  any  case,  and  the  reproductive  cost  is  paid  only  where  breeding 

opportunity is continuous.

(3) The ubiquity of sleep does not establish its indispensability. Circadian rhythms are more widely 

conserved and confer large fitness advantages, yet many animals with a disabled clock live and 

breed normally in the laboratory.

(4) Total sleep duration should not be treated as the amount of any indispensable process.
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(5) Sleep is better read as a layered adaptation of three components: an accessory buffer of adaptive 

inactivity, useful lineage-specific processes exapted onto that pre-existing state, and a vital core 

whose existence remains an open question.

(6) The accessory component carries most of the sevenfold interspecific variation in sleep duration, 

and expands in captivity once foraging demand and predation risk are removed.

(7) Homeostatic regulation establishes that an amount is defended, not what that amount is for. 

Sleepiness is a controller output calibrated to the behavioural control problem rather than a readout 

of damage.

(8) Quiet wakefulness cannot substitute for sleep because it is only metastable. The elevated arousal  

threshold is what makes sustained inactivity possible, and the threshold, not the slow wave, is the 

conserved quantity.

(9) The framework's central quantities are not yet measurable. No method exists for decomposing 

an animal's sleep into accessory, useful and vital components, and devising one is its most important 

experimental challenge.
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Appendix S1. Data and code reproducing Figure 2: the metastability model script, the Viterbi-

decoded bout durations, the fitted hidden Markov models and the hourly sleep-state 

summaries, with a README describing each file.
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