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Abstract: The world’s human population is reaching record longevities. Consequently, our societies 

are experiencing the impacts of prolonged longevity, such as increased retirement age. A major hy-

pothesised influence on ageing patterns is resource limitation, formalised under calorie restriction 

theory. This theory predicts extended organismal longevity due to reduced calorie intake without 

malnutrition. However, several challenges face current calorie restriction (CR) research and, alt-

hough several attempts have been made to overcome these challenges, there is still a lack of holistic 

understanding of how CR shapes organismal vitality. Here, we conduct a literature review of 222 

CR peer-reviewed publications to summarise the state-of-the-art in the field. We use this summary 

to highlight challenges of CR research in our understanding of its impacts on longevity. Our review 

demonstrates that experimental research in this field is biased towards short-lived species (98.2% of 

studies examine species with <5 years of mean life expectancy) and lacks realism in key areas, such 

as stochastic environments or interactions with other environmental drivers such as temperature. 

We argue that only by considering a range of short- and long-lived species and by taking more 

realistic approaches can the impacts of CR on longevity be examined and validated in natural set-

tings. We conclude by proposing experimental designs and study species that will allow the disci-

pline to gain a much-needed understanding of how restricting caloric intake affects long-lived spe-

cies in realistic settings. Through incorporating more experimental realism, we anticipate crucial 

insights that will ultimately shape the myriad of socio-bio-economic impacts of senescence in hu-

mans and other species across the Tree of Life. 
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1. Calorie restriction and senescence 

Senescence is at the forefront of social, economic, and biological research (1–4). This 

biological phenomenon is characterised by the physiological decline of an organism’s vi-

tality with age after reaching maturity. Ultimately, senescence results in reduced repro-

ductive output and increased mortality risk with age. Exploring the implications of senes-

cence is urgent because the world’s population of older adults, aged 65 and above, is pro-

jected to increase from the current 12% to 16% by 2050, doubling the old-age dependency 

ratio (5). Indeed, some human societies are reaching record longevities, including Japan 

and Sweden, where the number of women aged 100 and above has increased over six-fold 

in only 25 years (6). Human societies are already experiencing the tangible impacts of 

prolonged longevity, such as increasing age at retirement and economic consequent poli-

cies seeking to increase employment among people in their late 50’s and early 60’s (6,7). 

Perhaps less widely appreciated is the fact that our societies depend directly on the 

productivity accrued throughout the longevity of non-human species. This dependence is 
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materialised via nature’s crucial ecosystem services (8,9). Key examples include carbon 

sequestration, which is a function of the vitality and survival of forest trees (8), or crop 

production, which is sustained via reproduction (9). Thus, beyond focusing only on hu-

mans, investigating why some species senesce but others do not (2) will ultimately pro-

vide a fundamental and translational framework of understanding and predicting perfor-

mance implications of ageing in humans (10) and across the whole Tree of Life. This 

knowledge is glaringly lacking (2). 

Out of the over 300 existing theories on the evolution of senescence (11), resource 

availability has been suggested as a major influence on ageing patterns. This idea was first 

proposed by Aristotle (12) and is currently formalised in the Calorie Restriction (CR) 

model. The CR model predicts that the onset of senescence is delayed and life expectancy 

prolonged due to the ultimate effects of restricted food intake without malnutrition (13). 

The benefits of CR may be mediated at the molecular and cellular level by lowering mo-

lecular oxidative damage (e.g., decreased production of mitochondrial reactive oxygen 

species) (14,15) and reducing free radical-induced cellular damage (i.e., to cellular macro-

molecules such as proteins and lipids) (16,17). Benefits of CR can also be mediated by 

activating pathways that lead to renewal of older/low-functioning cellular components. 

These pathways include autophagy through the modulation of hormonal signals that 

switch metabolic pathways (18). A further mechanism hypothesised for the benefits of CR 

is metabolic stability, whereby calorie restriction is associated with an organism’s ability 

to maintain steady state values of redox couples which are a determinant of longevity (19). 

CR may also result in some species in behavioural changes, such as a shifts in activity 

levels to a state of torpor, which in itself can expand lifespan (20). 

Identifying the benefits of CR has been the focus of researchers since the early 20th 

century. The positive effects of limiting calories by manipulating diet were first observed 

in 1935 in a study on rats by McCay et al. (21). Since then, positive effects of CR have been 

reported in several species, ranging from yeast, to invertebrates, and other mammals 

(13,22–25). However, several challenges exist in CR research: (i) the effects of CR are seem-

ingly inconsistent across species, with some controversy over its positive or negative ef-

fects on organismal performance (26) (Figure 1); (ii) the ongoing variation in protocols and 

limitations of studies confounds the interpretation of the outcomes of CR research within 

and across species (27,28); (iii) CR studies have been conducted mostly under constant 

laboratory conditions (29); and (iv) the range of species studied is still rather limited to 

infer CR general effects (Figure 1). Together, these challenges limit our ability to unequiv-

ocally test predictions of the CR model. Indeed, several reviews highlighting these chal-

lenges discuss ways forward in CR research to understand its role senescence (28,29). 
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Figure 1. Summary results of a literature search of the impact of calorie restriction (CR) on longevity 

across 222 peer-reviewed studies between 1935 and 2021. Top panel: Life histories of examined spe-

cies separated into short-lived (<5 years mean life expectancy) and long-lived (>5 years mean life 

expectancy) to identify differential impacts of CR impact on longevity. Research intensity corre-

sponds to the number of studies focusing on short- and long-lived species. CR only indicates the 

reported effect of CR on longevity of studies where no other factor was investigated; CR×diet quality 

indicates the reported effect of studies including CR and diet quality interactions on longevity; Other 

CR interactions shows the reported effect of CR studies that included factors other than diet (e.g., 

feeding frequency) on longevity. The reported effects are ‘+’ = extends longevity; ‘-’ = shortens lon-

gevity; ‘+/-’ = variable between and within studies (reported effect is unclear); ‘?’ = no studies. Sil-

houettes represent some of the organisms examined in this literature review (top to bottom and left 

to right): mouse (Mus musculus), zebrafish (Danio rerio), yeast (Saccharomyces cerevisiae), rat (Rattus 

norvegicus), nematode (Caenorhabditis elegans), fruit fly (Drosophila melanogaster), redback spider 

(Latrodectus hasselti), grey mouse lemur (Microcebus murinus) and rhesus macaque (Macaca mulatta). 

Bottom panel: Bar graph indicating the total number of studies in the literature review investigating 

the impact of CR on longevity in short- and long-lived species. Different colours in the bar graph 

indicate type of impact on longevity. The percentages of the most represented species in the litera-

ture review are indicated to the right of the bar graph: yeasts, mice, and fruit flies (top to bottom). 
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Discussions on CR research, in light of the challenges mentioned, are carried out 

within the limited context of species that are generally short-lived. Indeed, CR research 

has historically neglected the rich diversity of life histories (i.e., age specific survival and 

reproduction rates) across the Tree of Life (2). The importance of life history cannot be 

underestimated when investigating CR, as the life history strategy of a species dictates 

how it may respond to changing environmental conditions such as resources. The fast-

slow continuum (i.e., species live fast and die young, or live long and develop slowly) is a 

major role in explaining the variation in animal life history strategies (30–32). As such, 

variable life history strategies between short- and long-lived species would not necessarily 

result in similar responses to CR, given that survival and reproduction rates will differ 

among strategies. We propose that aspects of the life history of a species –specifically 

whether it is short-lived or long-lived– is a key component in understanding the impact 

of CR on longevity. Understanding this key component will provide valuable insight into 

addressing the challenges that exist in CR research.  

To examine the current state-of-the-art and generality of CR research, we identified 

and examined peer-reviewed publications that focused on the impact of CR on longevity 

across species. Naturally, it is important to also acknowledge the body of research in die-

tary restriction (DR), which focuses on the effects of dietary manipulations other than cal-

orie intake, such as timing of feeding (e.g., 33) or macro- and micronutrient manipulation 

(e.g., 34), as opposed to CR, which focuses on reducing calorie intake. Thus, DR refers to 

an all-encompassing description for multiple forms of dietary interventions, with CR for-

mally considered as a special case of DR (35). Nonetheless, the terms DR and CR are often 

used interchangeably in the literature (36). In our literature review, we focus on CR re-

search, thus ensuring studies with the aim of specifically manipulating calories. This focus 

is in line with CR predictions, in which changes in longevity are due to the ultimate effects 

of restricted resource intake (13). 

We compiled a literature search of peer-review publications from 1935 until, and in-

cluding, 2021 via ISI Web of Science with the search terms “calori*” AND “restriction” 

AND “longevity”. All publications captured had the search terms in the title, abstract, 

keywords and/or the main text (including references). The search terms used also cap-

tured publications that discussed the concept of calorie restriction, and the benefits 

thereof, but where the authors used the term dietary restriction and not calorie/caloric 

restriction (e.g., 37, excluded after screening; 38, included after screening). As such, where 

the terms calorie/caloric restriction and dietary restriction have been used interchangea-

bly, the term dietary restriction has been captured in our search terms. Of the 3,058 result-

ing publications, we screened and kept a subset of publications according to a set of crite-

ria aimed at identifying studies manipulating calorie intake (Supplementary Material, 

eFigure 1). Initially, we removed publications such as abstracts and meetings from the 

results followed by reviews and books, as the aim was to identify original research stud-

ies. We then excluded studies that did not directly test the impact of restricting calories 

on longevity (i.e., studies only investigating biomarkers of longevity, e.g. (39); studies with 

genetic mutations or insertions, e.g., 40). We also excluded studies only investigating the 

impact of calorie restriction mimetics (e.g., 41), as these works investigate compounds that 

mimic CR effects without actually restricting calorie intake itself. We were left with 222 

original research studies, detailed in Supplementary Material eTable 1. We summarise the 

main findings of these studies, rather than quantitatively analyse their summary statistics, 

because the latter were not frequently reported to allow for a full meta-analysis (42). For 

example, in 36% of the 222 studies on experiments comparing calorie restricted diets to 

non-calorie restricted diets, not enough detail on the study outcomes was provided other 

than mean values in a table or a figure. 

Our first objective was to examine how prevalent short- and long-lived species were 

in studies focusing on the effects of CR on longevity. Indeed, of the 222 CR studies, the 

majority (98.2%) focus on short-lived species (mean life expectancy <5 years), while stud-

ies on longer-lived species remain scarce (1.8%, Figure 1). The overall reported effect of 

CR on the longevity of short-lived species is positive; significantly more studies (75.7%) 
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show a positive effect of CR compared to the number of studies showing negative (4.1%), 

variable (14.7%), or no effect (5.5%) (X21,216 = 58.84, p < 0.0001), with an increase in longevity 

ranging from 4% in the case of Mus musculus to five orders of magnitude in Saccharomyces 

cerevisiae (see Supplementary Material eTable 1). Moreover, when considering the abso-

lute effect size on longevity (positive and negative effects) in short-lived species, there is 

a significant impact of generation time, whereby species with greater generation time have 

a more limited effect of CR on longevity (F1, 209 = 34.685, ê = -0.193, R2 = 0.142, p < 0.001; 

Figure 2). The finding, that in species with a greater generation time the effect of CR is 

more limited, is in contrast to the findings of a meta-analysis on the impact of CR on the 

lifespan of rats and mice (43). In the meta-analysis the author found that in rats, the species 

with the higher generation time, CR had a greater effect on lifespan than in mice. 

 

Figure 2. The effect of caloric restriction on longevity decreases with generation time. Percentage 

effect size relative to generation time (days) on a log scale. Points represent raw data for short-lived 

(blue) and long-lived species (red), solid black line indicates the model estimate for effect size as a 

function of generation time (F1, 209 = 35.074, ê = -0.193, R2 = 0.144, p < 0.001). Shaded grey area indicates 

95% confidence intervals. For calculation of effect sizes, see Supplementary Material. Silhouettes 

represent some of the organisms examined in this literature review (left to right): yeast (Saccharomy-

ces cerevisiae), nematode (Caenorhabditis elegans), fruit fly (Drosophila melanogaster), mouse (Mus mus-

culus), rat (Rattus norvegicus), grey mouse lemur (Microcebus murinus) and rhesus macaque (Macaca 

mulatta). 

The biased focus on short-lived species is unsurprising, as short-lived species are of-

ten used as model species due to their ease of rearing and short generation time. This 

finding is in agreement with a comparative meta-analysis study of dietary restriction and 

its impact on life extension (44). In it, Nakagawa and colleagues assess the life-extending 

effects of CR across 36 species, from filamentous fungus (Podospora anserina) to the rhesus 

macaque (Macaca mulatta), and find the life-extending effect is twice as effective in model 

species (e.g., yeast, Saccharomyces cerevisiae; common fruit fly, Drosophila melanogaster) than 

non-model species (e.g., three-spined stickleback, Gasterosteus aculeatus; rhesus macaque). 

Our findings, and that of Nakagawa and colleagues, highlight the importance of under-

standing CR across diverse taxa as key life history traits (i.e., organismal features of the 

life cycle that impact fitness; e.g., generation time (45)) may play a role in determining the 
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effectiveness of CR on longevity. Furthermore, while three of the four studies on long-

lived species in our literature review align with CR’s predictions on expanded lifespan 

(rhesus macaque, Macaca mulatta (46); grey mouse lemur, Microcebus murinus (47); domes-

tic dog, Canis lupus familiaris (48)), the fourth study does not show a detectable extension 

in lifespan. The findings of the latter study are in direct odds with the results from the 

other CR study on the same species, the rhesus macaque (49) (Figure 1). Likely reasons for 

this discrepancy include the lack of standardised protocols of nutritional demands (27), 

or controls receiving an inadequate diet (50). 

The importance of standardised protocols in CR studies has been raised in the past 

(e.g., (51)) and reiterated in a recent review on experimental design limitations (52). In the 

latter, contradictory findings of the impact of CR on longevity is attributable to methodo-

logical differences in feeding regimes, diet composition, age of onset, genetics, and sex. 

The impact of diet composition and sex is also highlighted in the comparative analysis of 

Nakagawa and colleagues (44). Their analysis is conducted on a combination of calorie 

and protein restriction while accounting for sex differences. In it, the life extending effect 

of dietary restriction is 20% smaller in males than females, however when considering the 

combination of calorie restriction and protein restriction the effect of protein restriction is 

larger than calorie restriction. The role of diet composition is also raised in a perspective 

piece (29), where the authors highlight that contradictory findings of the impact of CR on 

longevity are driven by poor diets in the experimental design. Specifically, over feeding 

and protein:carbohydrate ratios contribute to exaggerated survival costs in animals not 

fed on CR diet (e.g., ad libitum diets). Indeed, the frequent –and still largely unattended– 

call for standardised protocols in CR suggests a need to formalise a framework for CR 

research, subsequent standardised protocols would then allow for comprehensive be-

tween- and within-species comparison of the impact of CR on longevity. 

Our review of the CR literature highlights the lack of biological realism. Indeed, spe-

cies do not live in isolation, and the selection pressures they are exerted to are neither 

single, nor non-interacting (53). Yet, most of the studies in our literature review lacked 

interaction effects in their treatments. Only 15.8% (n=35) of the 222 CR studies examine 

the interaction of CR with other variables such as diet quality (54) or a stressor (e.g. oxi-

dative stress (55)). Interestingly, the overall reported number of studies that show only a 

positive effect of CR and other factors (n=15) on longevity is not significantly different to 

the number of studies that do not report a positive effect or report both positive and neg-

ative effects (n=20) (X21,35 = 1.706, p = 0.304). Indeed, in the instance where studies do not 

report a positive effect or report both positive and negative effects, the studies showing 

both positive and negative impacts are in the majority (n=18) (CR response = ‘variable’, 

Supplementary Material eTable 1). Of the total number of studies that focus on the inter-

action of CR and other variables (n=35), 28.6% (n=10) focus on the interaction of diet qual-

ity with CR (see Supplementary Material eTable 1) and only two of these report positive 

impacts on longevity. Beyond the lack of studies investigating interaction effects in CR, 

our literature review shows no support for universally positive effects of CR on longevity 

in studies with interaction effects, and a skewed focus on the interaction of diet quality 

and CR over other important factors such as feeding frequency or temperature. Recent 

reviews (28,29) provide several suggestions to incorporate interaction effects, for example 

holding wild animals under restricted food intake or exposing food restricted animals to 

injuries and/or pathogens to identify impacts on longevity. These suggestions would in-

deed move CR research in the right direction. However, there are several overlooked, yet 

significant, effects that could interact with CR. In the following, we argue that (1) examin-

ing actuarial (i.e., survival) and reproductive senescence separately (56), (2) the role of 

stochastic environments (57), and (3) the influence of temperature (i.e. independent im-

pacts of temperature on lifespan) will provide key insights on the effects of CR in more 

realistic scenarios and under meaningful evolutionary pressures.  

1.1. Actuarial and reproductive senescence  
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The focus of the majority of the ageing literature has been primarily on actuarial se-

nescence (i.e., mortality risk changes with age after maturity, e.g. (58,59)) and not on re-

productive senescence (but see (60,61)). This is a significant knowledge gap, as classical 

senescence theories predict reproduction to decline as mortality risk increases with age 

(56,62). However, recent work has shown that actuarial and reproductive senescence are 

often decoupled (63), even though they are often assumed not to be (58). A recent study 

(63) suggests that key life history traits (e.g., adult body size (64)) and ecology of the or-

ganism –including resource availability– may be crucial in shaping senescence outcomes. 

Thus, we argue that the impact of CR on senescence can only be satisfactorily identified 

in the context of both actuarial and reproductive senescence due to well-known trade-offs 

between survival and reproduction (64). Of importance here too is the fact that different 

moments in the distribution of reproduction (e.g., frequency, intensity, duration) have re-

cently been shown to be independent of investments in longevity in both animals (30,65) 

and plants (66), and so the mechanisms forcing an increase in mortality risk might be in-

dependent from those shaping age-specific reproduction in some species. The independ-

ence regarding age-based performance of survival and reproduction under calorie re-

striction has been highlighted recently (29), though based on an alternative view. In their 

review, Adler & Bonduriansky (29) assert that the key target of selection in the evolution 

of physiological responses to CR is immediate reproductive output and not survival to 

reproduce later. The view that the key target of selection is immediate reproductive out-

put is because autophagy and apoptosis are up-regulated under CR (29,67), which frees 

up stored nutrients allowing the animal to function more efficiently, and thus allowing 

for immediate reproduction. Extended survival is considered a secondary consequence 

because high rates of autophagy and apoptosis reduce the intrinsic aging rate. These au-

thors argue that there is no trade-off between survival and reproduction. We, however, 

disagree and believe that a trade-off between survival and reproduction plays a pivotal 

role as it is a fundamental component in life history evolution and the variation in life 

history strategies (64). 

The inclusion of life history theory in the study of CR has recently been raised by 

Regan et al. (28), which we echo here. Explicitly incorporating life history theory into CR 

is required disentangle direct and indirect effects of resource availability. Indeed, CR re-

duces energy intake of individuals which, in long-lived species, life history theory pre-

dicts to result in a reduction or halting of reproduction (64). Reduced reproduction, in 

turn, may free up resources for maintenance that then can increase longevity (68). Addi-

tionally, the role of life history in understanding the effect of CR on longevity is explicitly 

considered by Directionality Theory in conjunction with the metabolic stability hypothesis 

(19,69). In this case, the effect of CR on lifespan is predicted to be constrained by life his-

tory; in short-lived species, in contrast, the effect of calorie restriction on lifespan will be 

large, although this effect could potentially be highly variable (Figure 2), while in long-

lived species the effect will be negligible (19,69). However, to disentangle direct and indi-

rect effects of resource availability requires a greater understanding of the interaction of 

CR with other variables. 

1.2. Stochastic environments  

The last decades has witnessed significant progress in our understanding of how in-

dividuals perform and age in stochastic environments (70–72). This body of research has 

shown that optimal age-based strategies under constant environments can differ from 

those under stochastic environments (72). In the latter, the effect of serial correlation on 

fitness (i.e. increase or decrease in fitness through time) can be predicted by the life history 

of the organism (i.e. age specific survival and reproduction rates) (72). Thus, the field of 

CR needs to move beyond constant conditions in experimental approaches, since varia-

tion in environmental quality causes variation in individuals’ life history traits, such as 

age at maturity and longevity (64). For example, some organisms mature earlier as envi-

ronmental conditions become more favourable (64) while others mature earlier when 
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conditions are less favourable (73). The documented vast range of life history responses 

to changes in environmental quality (57,74–76) highlights the importance of interacting 

factors for determining longevity, and that the reported findings of CR in constant envi-

ronments may not be consistent with those in fluctuating environments. 

Variable environments, in turn, play a crucial role in population dynamics by influ-

encing survival and reproduction (77). Furthermore, an increase in the variation in envi-

ronmental quality has profound impacts on species through changes in habitat and struc-

ture of ecosystems (78,79). Examples include the change in synchrony with a species’ food 

and habitat resources due to warm and/or dry years, as in Ediths’ checkerspot butterfly 

(Euphydryas editha) and its host plant, the Torrey’s blue eyed Mary (Collinsia torreyi), which 

results in population crashes and extinctions (78,80). In our literature search, stochastic 

environments are much less represented and only investigated in short-lived species. 

Only two of the 222 studies, one study on Drosophila (81) and another on medfly (23), 

explicitly investigate CR impacts on senescence in stochastic environments. In these spe-

cies, longevity is extended under a stochastic feeding regime when compared to constant 

environments, supporting CR predictions under real-world conditions. However, several 

environmental factors with interacting effects such as temperature and resource quality 

are likely to influence how CR impacts organismal vitality in stochastic environments and 

may therefore be more accurate when examining CR impacts. 

1.3. Temperature  

A key –yet often overlooked– environmental factor to consider in the context of CR 

is temperature. For instance, mammals under CR show reduced body temperature as a 

mediator of CR on longevity (82), and low body temperature can independently increase 

lifespan (82). Likewise, in invertebrates, temperature can play a key role, particularly in 

expanding lifespan under cold conditions (83). Furthermore, temperature can affect nu-

trient assimilation efficiency. Plasman et al. (84) show that temperature differentially af-

fects nutrient use in a lizard, with higher temperatures increasing protein but decreasing 

lipid assimilation. So too can temperature impact the macronutrient requirement of or-

ganisms, with increasing temperatures resulting in the decline in the N and P content of 

whole organisms (85). Consequently, understanding how resource × temperature inter-

actions shape organismal vitality is key for projections of an organism’s environmental 

niche space (86,87), as climatic models predict both factors to change (88). Ultimately, how 

these interactions are impacted with a changing climate will dictate the quality of the full 

environmental niche space that the specific study species may experience. 

2. Moving forward 

We agree with previous reviews (see 28,29) that CR should be investigated in more 

ecologically realistic scenarios than in pristine, constant environments, as commonly done 

to date. We argue, however, that moving forward there are several key factors that should 

be the focus of CR research. Indeed, CR may become an increasing challenge in natural 

systems due to global climate change, given the uncertainty in environmental regimes. 

From a human perspective, the impacts of climate change will not only influence food 

production (quantity) (89,90) but also its quality (90). As such, understanding CR in com-

bination with factors such as diet composition, feeding regimes (i.e. feeding frequency or 

temporal autocorrelation of resource availability, e.g., 91,92), and temperature in short- 

and long-lived species will be key when considering how CR impacts human health and 

well-being. 

Addressing the consequences of CR in more realistic environments and across short- 

and long-lived species is a challenging but necessary prospect to advance ageing research. 

This challenge is especially apparent in species where the experimental logistics of deter-

mining relevant interactions are not feasible. For example, in species such as non-human 

primates and mice the required numbers for replicated designs would not be feasible. 

However, a viable alternative is using study systems that can experimentally 
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accommodate multiple effects to identify key CR interactions that impact senescence. 

Such systems would need to be easily maintained, allow for the necessary replication to 

ensure robust experimental designs, and preferably encompass short- and long-lived spe-

cies. 

Much CR research has focused on short-lived invertebrates like Drosophila (81,93), 

including in the best of cases interaction effects (81). Other promising short-lived systems 

that would allow for experiments investigating multiple interacting effects in high repli-

cation are yeast (Saccharomyces cerevisiae) and Caenorhhabditis elegans; these systems can be 

relatively easily and quickly reared in the lab. In addition, we suggest two candidate sys-

tems to investigate key interactions that play a role in how CR impact senescence in long-

lived species: Planarians and Hydra. Both systems are long-lived invertebrates (up to dec-

ades (94–96) and projections of centuries in Hydra (97)) and can be lab-reared in high 

numbers while occupying little space (98,99). Interestingly, these long-lived systems have 

been studied to understand their regenerative properties and the apparent absence of  

ageing in certain species (100,101). However, fewer studies have turned to Hydra as a 

system to explore the impact of CR and its interactions on longevity (e.g., 102), with pla-

narians yet to be utilised. 

Long-lived invertebrate systems provide the opportunity to utilise predictions from 

life history theory to understand the impact of CR and its interaction effects on longevity. 

For example, selection pressures that increase lifespan result in a low mean and variance 

in adult mortality (103). If factors that interact with CR increase variation in adult mortal-

ity, the increased variation could negate the expected prolonged longevity under CR. Out-

comes from such studies will then provide much needed insight into the role of CR on 

long-lived species and how life-history traits and whole populations respond to rapidly 

changing environmental conditions and resources driven by climate change.  

Crucially, these insights from more realistic CR designs and on a broader range of 

taxa will contribute to the fundamental and translational understanding of human senes-

cence. We also do not expect the mechanistic outcomes from the invertebrate studies to 

perfectly map to higher taxa. However, from a demographic and life history perspective, 

identifying the impacts of CR interaction effects on longevity encompassing short- and 

long-lived species will help us understand why some species senesce, but others do not 

(2). In particular, comparing long-lived and short-lived species within the same taxonomic 

group and of similar adult body mass (e.g., rats live up to 5 years, while the naked mole-

rat (Heterocephalus glaber) live for 30 years (104)) will provide a greater understanding of 

the confounding factors, due to varying evolutionary trajectories, that shape the relation-

ships between CR and longevity. CR has gained prime relevance in ageing research 

(93,105), now more than ever in the light of climate change and its effects on securing 

resources (79). However, only through standardised protocols applied to a wider variety 

of study systems that are not logistically constrained, can we address the heavily debated 

challenges currently facing CR research and finally test whether volunteering as a tribute 

in the Hunger Games does indeed postpone the onset of senescence and extends longev-

ity. 

Author Contributions: J.A.D and R.S.G conceptualised the paper. J.A.D, C.X and C.A carried out 

the literature review and statistical analyses with input from R.S.G. J.A.D and R.S.G structured and 

drafted the article, A.A. contributed with input on CR mechanisms. All authors commented on and 

revised the paper. J.A.D conceived and developed Figure 1, R.S.G. and A.A. contributed to Figure 1. 

Funding: This work was supported by a grant from the John Fell Fund (University of Oxford) 

awarded to R.S.G and A.A. 

Acknowledgments: We thank L. Demetrius, R. Archer, and A. Dussutour for their invaluable feed-

back in earlier versions of this manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 July 2022                   doi:10.20944/preprints202009.0401.v2

https://doi.org/10.20944/preprints202009.0401.v2


 

 

References 

1.  Carone G, Costello D, Diez Guardia N, Mourre G, Przywara B, Salomäki A. The Economic Impact of Ageing Populations in the Eu25 

Member States.; 2005. http://dx.doi.org/10.2139/ssrn.873872 

2.  Jones OR, Scheuerlein A, Salguero-Gómez R, et al. Diversity of ageing across the tree of life. Nature. 2014;505:169. 

3.  Harper S. Economic and social implications of aging societies. Science. 2014;346(6209):587. doi:10.1126/science.1254405 

4.  Ince Yenilmez M. Economic and Social Consequences of Population Aging the Dilemmas and Opportunities in the Twenty-

First Century. Appl Res Qual Life. 2015;10(4):735-752. doi:10.1007/s11482-014-9334-2 

5.  Bloom DE, Canning D, Fink G. Implications of population ageing for economic growth. Oxf Rev Econ Policy. 2010;26(4):583-612. 

6.  Vaupel JW. Biodemography of human ageing. Nature. 2010;464:536-542. doi:10.1038/nature08984 

7.  Sierra F, Hadley E, Suzman R, Hodes R. Prospects for Life Span Extension. Annu Rev Med. 2009;60(1):457-469. 

doi:10.1146/annurev.med.60.061607.220533 

8.  Raffaelli D, White PCL. Chapter One - Ecosystems and Their Services in a Changing World: An Ecological Perspective. In: 

Woodward G, O’Gorman EJ, eds. Advances in Ecological Research. Vol 48. Academic Press; 2013:1-70. doi:10.1016/B978-0-12-

417199-2.00001-X 

9.  Boreux V, Kushalappa CG, Vaast P, Ghazoul J. Interactive effects among ecosystem services and management practices on crop 

production: Pollination in coffee agroforestry systems. Proc Natl Acad Sci. 2013;110(21):8387. doi:10.1073/pnas.1210590110 

10.  Baudisch A, Vaupel JW. Getting to the Root of Aging. Science. 2012;338(6107):618. doi:10.1126/science.1226467 

11.  Medvedev ZA. An attempt at a rational classification of theories of ageing. Biol Rev. 1990;65(3):375-398. doi:10.1111/j.1469-

185X.1990.tb01428.x 

12.  Ross GRT. Translation “Aristotle (350 BC) On Youth and Old Age, on Life and Death, on Breathing.” Published online 2012. 

13.  Weindruch R, Walford RL. The Retardation of Aging and Disease by Dietary Restriction. Charles C Thomas; 1988. 

14.  Sohal RS, Weindruch R. Oxidative Stress, Caloric Restriction, and Aging. Science. 1996;273(5271):59. 

doi:10.1126/science.273.5271.59 

15.  Sanchez-Roman I, Barja G. Regulation of longevity and oxidative stress by nutritional interventions: Role of methionine 

restriction. Calor Restrict Fasting Chall Future Dir Res. 2013;48(10):1030-1042. doi:10.1016/j.exger.2013.02.021 

16.  Fontana L, Klein S. Aging, Adiposity, and Calorie Restriction. JAMA. 2007;297(9):986-994. doi:10.1001/jama.297.9.986 

17.  Barja G. Free radicals and aging. Trends Neurosci. 2004;27(10):595-600. doi:10.1016/j.tins.2004.07.005 

18.  Cai Y, Wei YH. Stress resistance and lifespan are increased in C. elegans but decreased in S. cerevisiae by mafr-1/maf1 deletion. 

Oncotarget. 2016;7(10):10812-10826. doi:10.18632/oncotarget.7769 

19.  Demetrius L. Caloric Restriction, Metabolic Rate, and Entropy. J Gerontol Ser A. 2004;59(9):B902-B915. 

doi:10.1093/gerona/59.9.B902 

20.  Lusseau D, Mitchell SE, Barros C, et al. The effects of graded levels of calorie restriction: IV. Non-linear change in behavioural 

phenotype of mice in response to short-term calorie restriction. Sci Rep. 2015;5(1):13198. doi:10.1038/srep13198 

21.  McCay CM, Crowell MF, Maynard LA. The Effect of Retarded Growth Upon the Length of Life Span and Upon the Ultimate 

Body Size: One Figure. J Nutr. 1935;10(1):63-79. doi:10.1093/jn/10.1.63 

22.  Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev. 2005;126:913-922. doi:10.1016/j.mad.2005.03.012 

23.  Carey JR, Liedo P, Müller HG, Wang JL, Zhang Y, Harshman L. Stochastic dietary restriction using a Markov-chain feeding 

protocol elicits complex, life history response in medflies. Aging Cell. 2005;4(1):31-39. doi:10.1111/j.1474-9728.2004.00140.x 

24.  Colman RJ, Beasley TM, Kemnitz JW, Johnson SC, Weindruch R, Anderson RM. Caloric restriction reduces age-related and all-

cause mortality in rhesus monkeys. Nat Commun. 2014;5:3557. 

25.  Bross TG, Rogina B, Helfand SL. Behavioral, physical, and demographic changes in Drosophila populations through dietary 

restriction. Aging Cell. 2005;4(6):309-317. doi:10.1111/j.1474-9726.2005.00181.x 

26.  Mulvey L, Sinclair A, Selman C. Lifespan Modulation in Mice and the Confounding Effects of Genetic Background. Spec Issue 

Target Ageing. 2014;41(9):497-503. doi:10.1016/j.jgg.2014.06.002 

27.  Cava E, Fontana L. Will calorie restriction work in humans? Aging. 2013;5(7):507-514. doi:10.18632/aging.100581 

28.  Regan JC, Froy H, Walling CA, Moatt JP, Nussey DH. Dietary restriction and insulin-like signalling pathways as adaptive 

plasticity: A synthesis and re-evaluation. Funct Ecol. 2020;34(1):107-128. doi:10.1111/1365-2435.13418 

29.  Adler MI, Bonduriansky R. Why do the well-fed appear to die young? BioEssays. 2014;36(5):439-450. doi:10.1002/bies.201300165 

30.  Healy K, Ezard THG, Jones OR, Salguero-Gómez R, Buckley YM. Animal life history is shaped by the pace of life and the 

distribution of age-specific mortality and reproduction. Nat Ecol Evol. 2019;3(8):1217-1224. doi:10.1038/s41559-019-0938-7 

31.  Bielby J, Mace GM, Bininda-Emonds ORP, et al. The Fast-Slow Continuum in Mammalian Life History: An Empirical 

Reevaluation. Am Nat. 2007;169(6):748-757. doi:10.1086/516847 

32.  Gaillard JM, Pontier D, Allainé D, Lebreton JD, Trouvilliez J, Clobert J. An Analysis of Demographic Tactics in Birds and 

Mammals. Oikos. 1989;56(1):59-76. doi:10.2307/3566088 

33.  Froy O, Miskin R. Effect of feeding regimens on circadian rhythms: implications for aging and longevity. Aging. 2010;2(1):7-27. 

doi:10.18632/aging.100116 

34.  Zimmerman JA, Malloy V, Krajcik R, Orentreich N. Nutritional control of aging. Proc 6th Int Symp Neurobiol Neuroendocrinol 

Aging. 2003;38(1):47-52. doi:10.1016/S0531-5565(02)00149-3 

35.  Moatt JP, Savola E, Regan JC, Nussey DH, Walling CA. Lifespan Extension Via Dietary Restriction: Time to Reconsider the 

Evolutionary Mechanisms? BioEssays. 2020;42(8):1900241. doi:10.1002/bies.201900241 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 July 2022                   doi:10.20944/preprints202009.0401.v2

https://doi.org/10.20944/preprints202009.0401.v2


 

 

36.  Richardson A, Austad SN, Ikeno Y, Unnikrishnan A, McCarter RJ. Significant life extension by ten percent dietary restriction. 

Ann N Y Acad Sci. 2016;1363(1):11-17. doi:10.1111/nyas.12982 

37.  Senior AM, Nakagawa S, Raubenheimer D, Simpson SJ, Noble DWA. Dietary restriction increases variability in longevity. Biol 

Lett. 2017;13(3):20170057. doi:10.1098/rsbl.2017.0057 

38.  Vigne P, Frelin C. Diet dependent longevity and hypoxic tolerance of adult Drosophila melanogaster. Mech Ageing Dev. 

2007;128(5):401-406. doi:10.1016/j.mad.2007.05.008 

39.  Huffman DM, Moellering DR, Grizzle WE, Stockard CR, Johnson MS, Nagy TR. Effect of exercise and calorie restriction on 

biomarkers of aging in mice. Am J Physiol-Regul Integr Comp Physiol. 2008;294(5):R1618-R1627. doi:10.1152/ajpregu.00890.2007 

40.  Stenesen D, Suh JM, Seo J, et al. Adenosine Nucleotide Biosynthesis and AMPK Regulate Adult Life Span and Mediate the 

Longevity Benefit of Caloric Restriction in Flies. Cell Metab. 2013;17(1):101-112. doi:10.1016/j.cmet.2012.12.006 

41.  Calvert S, Tacutu R, Sharifi S, Teixeira R, Ghosh P, de Magalhães JP. A network pharmacology approach reveals new candidate 

caloric restriction mimetics in C. elegans. Aging Cell. 2016;15(2):256-266. doi:10.1111/acel.12432 

42.  Gerstner K, Moreno-Mateos D, Gurevitch J, et al. Will your paper be used in a meta-analysis? Make the reach of your research 

broader and longer lasting. Methods Ecol Evol. 2017;8:777-784. doi:10.1111/2041-210X.12758 

43.  Swindell WR. Dietary restriction in rats and mice: A meta-analysis and review of the evidence for genotype-dependent effects 

on lifespan. Ageing Res Rev. 2012;11(2):254-270. doi:10.1016/j.arr.2011.12.006 

44.  Nakagawa S, Lagisz M, Hector KL, Spencer HG. Comparative and meta-analytic insights into life extension via dietary 

restriction. Aging Cell. 2012;11(3):401-409. doi:10.1111/j.1474-9726.2012.00798.x 

45.  Gaillard J -M., Yoccoz NG, Lebreton J -D., et al. Generation Time: A Reliable Metric to Measure Life-History Variation among 

Mammalian Populations. Am Nat. 2005;166(1):119-123. doi:10.1086/430330 

46.  Colman RJ, Anderson RM, Johnson SC, et al. Caloric Restriction Delays Disease Onset and Mortality in Rhesus Monkeys. Science. 

2009;325(5937):201. doi:10.1126/science.1173635 

47.  Pifferi F, Terrien J, Marchal J, et al. Caloric restriction increases lifespan but affects brain integrity in grey mouse lemur primates. 

Commun Biol. 2018;1(1):1-8. doi:10.1038/s42003-018-0024-8 

48.  Lawler DF, Larson BT, Ballam JM, et al. Diet restriction and ageing in the dog: major observations over two decades. Br J Nutr. 

2008;99(4):793-805. doi:10.1017/S0007114507871686 

49.  Mattison JA, Roth GS, Beasley TM, et al. Impact of caloric restriction on health and survival in rhesus monkeys from the NIA 

study. Nature. 2012;489(7415):318-321. doi:10.1038/nature11432 

50.  Lee KP, Simpson SJ, Clissold FJ, et al. Lifespan and reproduction in Drosophila: New insights from nutritional geometry. Proc 

Natl Acad Sci. 2008;105(7):2498-2503. doi:10.1073/pnas.0710787105 

51.  Troen AM, French EE, Roberts JF, et al. Lifespan modification by glucose and methionine in Drosophila melanogaster fed a 

chemically defined diet. AGE. 2007;29(1):29-39. doi:10.1007/s11357-006-9018-4 

52.  Vaughan KL, Kaiser T, Peaden R, Anson RM, de Cabo R, Mattison JA. Caloric Restriction Study Design Limitations in Rodent 

and Nonhuman Primate Studies. J Gerontol A Biol Sci Med Sci. 2018;73(1):48-53. doi:10.1093/gerona/glx088 

53.  Hendry AP. Eco-Evolutionary Dynamics. Princeton University Press; 2017. Accessed June 9, 2021. 

http://www.jstor.org/stable/j.ctt1q1xr0c 

54.  Jensen K, McClure C, Priest NK, Hunt J. Sex-specific effects of protein and carbohydrate intake on reproduction but not lifespan 

in Drosophila melanogaster. Aging Cell. 2015;14(4):605-615. doi:10.1111/acel.12333 

55.  Kaneko G, Yoshinaga T, Yanagawa Y, Ozaki Y, Tsukamoto K, Watabe S. Calorie restriction-induced maternal longevity is 

transmitted to their daughters in a rotifer. Funct Ecol. 2011;25(1):209-216. 

56.  Medawar PB. An Unsolved Problem of Biology. H. K. Lewis; 1952. 

57.  Becker FS, Tolley KA, Measey GJ, Altwegg R. Extreme Climate-Induced Life-History Plasticity in an Amphibian. Am Nat. 

2018;191(2):250-258. doi:10.1086/695315 

58.  Jones OR, Gaillard JM, Tuljapurkar S, et al. Senescence rates are determined by ranking on the fast-slow life-history continuum. 

Ecol Lett. 2008;11:664-673. doi:10.1111/j.1461-0248.2008.01187.x 

59.  Hayflick L. How and why we age. Exp Gerontol. 1998;33(7):639-653. doi:10.1016/S0531-5565(98)00023-0 

60.  Sukhotin AA, Flyachinskaya LP. Aging reduces reproductive success in mussels Mytilus edulis. Mech Ageing Dev. 2009;130(11-

12):754-761. doi:10.1016/j.mad.2009.09.005 

61.  Baudisch A, Stott I. A pace and shape perspective on fertility. Methods Ecol Evol. 2019;10(11):1941-1951. doi:10.1111/2041-

210X.13289 

62.  Kirkwood TBL. Evolution of ageing. Nature. 1977;270(5635):301-304. doi:10.1038/270301a0 

63.  Roper M, Capdevila P, Salguero-Gómez R. Senescence: Still an Unsolved Problem of Biology. bioRxiv. Published online January 

1, 2019:739730. doi:10.1101/739730 

64.  Stearns SC. The Evolution of Life Histories. Oxford University Press; 1992. 

65.  Paniw M, Ozgul A, Salguero-Gómez R. Interactive life-history traits predict sensitivity of plants and animals to temporal 

autocorrelation. Ecol Lett. 2018;21(2):275-286. doi:10.1111/ele.12892 

66.  Salguero-Gómez R, Jones OR, Jongejans E, et al. Fast–slow continuum and reproductive strategies structure plant life-history 

variation worldwide. Proc Natl Acad Sci. 2016;113(1):230-235. doi:10.1073/pnas.1506215112 

67.  Rubinsztein DC, Mariño G, Kroemer G. Autophagy and Aging. Cell. 2011;146(5):682-695. doi:10.1016/j.cell.2011.07.030 

68.  Ng’oma E, Perinchery AM, King EG. How to get the most bang for your buck: the evolution and physiology of nutrition-

dependent resource allocation strategies. Proc Biol Sci. 2017;284(1857):20170445. doi:10.1098/rspb.2017.0445 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 July 2022                   doi:10.20944/preprints202009.0401.v2

https://doi.org/10.20944/preprints202009.0401.v2


 

 

69.  Braeckman BP, Demetrius L, Vanfleteren JR. The dietary restriction effect in C. elegans and humans: is the worm a one-

millimeter human? Biogerontology. 2006;7(3):127-133. doi:10.1007/s10522-006-9003-4 

70.  Koons DN, Iles DT, Schaub M, Caswell H. A life-history perspective on the demographic drivers of structured population 

dynamics in changing environments. Ecol Lett. 2016;19(9):1023-1031. doi:10.1111/ele.12628 

71.  Benton TG, Cameron TC, Grant A. Population Responses to Perturbations: Predictions and Responses from Laboratory Mite 

Populations. J Anim Ecol. 2004;73(5):983-995. 

72.  Tuljapurkar S, Gaillard JM, Coulson T. From stochastic environments to life histories and back. Philos Trans R Soc Lond B Biol 

Sci. 2009;364(1523):1499-1509. doi:10.1098/rstb.2009.0021 

73.  Reznick D, Bryant M, Holmes D. The Evolution of Senescence and Post-Reproductive Lifespan in Guppies (Poecilia reticulata). 

PLOS Biol. 2006;4(1):e7. doi:10.1371/journal.pbio.0040007 

74.  Coulson T, MacNulty DR, Stahler DR, Vonholdt B, Wayne RK, Smith DW. Modeling Effects of Environmental Change on Wolf 

Population Dynamics, Trait Evolution, and Life History. Science. 2011;334:1275-1278. doi:10.1126/science.1209441 

75.  Smallegange IM. Effects of paternal phenotype and environmental variability on age and size at maturity in a male dimorphic 

mite. Naturwissenschaften. 2011;98:339-346. doi:10.1007/s00114-011-0773-4 

76.  Lindström J. Early development and fitness in birds and mammals. Trends Ecol Evol. 1999;14(9):343-348. doi:10.1016/S0169-

5347(99)01639-0 

77.  Coulson T, Benton TG, Lundberg P, Dall SRX, Kendall BE. Putting evolutionary biology back in the ecological theatre: a 

demographic framework mapping genes to communities. Evol Ecol Res. 2006;8(7):1155-1171. 

78.  Parmesan C. Ecological and evolutionary responses to recent climate change. Annu Rev Ecol Evol Syst. 2006;37:637-669. 

doi:10.1146/annurev.ecolsys.37.091305.110100 

79.  IPCC. Climate Change 2014: Synthesis Report. In: Core Writing Team, Pachauri RK, Meyer LA, eds. Contribution of Working 

Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC; 2014:151. 

80.  Thomas CD, Singer MC, Boughton DA. Catastrophic Extinction of Population Sources in a Butterfly Metapopulation. Am Nat. 

1996;148(6):957-975. 

81.  Mair W, Goymer P, Pletcher SD, Partridge L. Demography of Dietary Restriction and Death in Drosophila. Science. 

2003;301(5640):1731-1733. doi:10.1126/science.1086016 

82.  Carrillo AE, Flouris AD. Caloric restriction and longevity: Effects of reduced body temperature. Ageing Res Rev. 2011;10(1):153-

162. doi:10.1016/j.arr.2010.10.001 

83.  Liu RK, Walford RL. The Effect of Lowered Body Temperature on Lifespan and Immune and Non-Immune Processes. 

Gerontology. 1972;18(5-6):363-388. doi:10.1159/000211944 

84.  Plasman M, McCue MD, Reynoso VH, Terblanche JS, Clusella-Trullas S. Environmental temperature alters the overall digestive 

energetics and differentially affects dietary protein and lipid use in a lizard. J Exp Biol. 2019;222(6):jeb194480. 

doi:10.1242/jeb.194480 

85.  Cross WF, Hood JM, Benstead JP, Huryn AD, Nelson D. Interactions between temperature and nutrients across levels of 

ecological organization. Glob Change Biol. 2015;21(3):1025-1040. doi:10.1111/gcb.12809 

86.  Kearney MR, Simpson SJ, Raubenheimer D, Kooijman SALM. Balancing heat, water and nutrients under environmental change: 

a thermodynamic niche framework. Funct Ecol. 2013;27(4):950-966. doi:10.1111/1365-2435.12020 

87.  Rho MS, Lee KP. Temperature-driven plasticity in nutrient use and preference in an ectotherm. Oecologia. 2017;185(3):401-413. 

doi:10.1007/s00442-017-3959-4 

88.  Durant JM, Hjermann DO, Ottersen G, Stenseth NC. Climate and the match or mismatch between predator requirements and 

resource availability. Clim Res. 2007;33(3):271-283. 

89.  Porter JR, Xie L, Challinor AJ, et al. Food security and food production systems. In: Climate Change 2014: Impacts, Adaptation, and 

Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press; 2014:485-533. 

90.  Scheelbeek PFD, Bird FA, Tuomisto HL, et al. Effect of environmental changes on vegetable and legume yields and nutritional 

quality. Proc Natl Acad Sci. 2018;115(26):6804. doi:10.1073/pnas.1800442115 

91.  Loureiro F, Bissonette JA, Macdonald DW, Santos-Reis M. Temporal Variation in the Availability of Mediterranean Food 

Resources: Do Badgers Meles meles Track Them? Wildl Biol. 2009;15(2):197-206. doi:10.2981/07-046 

92.  Grueter CC, Ndamiyabo F, Plumptre AJ, et al. Long-Term Temporal and Spatial Dynamics of Food Availability for Endangered 

Mountain Gorillas in Volcanoes National Park, Rwanda. Am J Primatol. 2013;75(3):267-280. doi:10.1002/ajp.22102 

93.  Liang Y, Liu C, Lu M, et al. Calorie restriction is the most reasonable anti-ageing intervention: a meta-analysis of survival curves. 

Sci Rep. 2018;8(1):5779. doi:10.1038/s41598-018-24146-z 

94.  Trouvé S, Sasal P, Jourdane J, Renaud F, Morand S. The Evolution of Life-History Traits in Parasitic and Free-Living 

Platyhelminthes: A New Perspective. Oecologia. 1998;115(3):370-378. 

95.  Elliott SA, Sánchez Alvarado A. The history and enduring contributions of planarians to the study of animal regeneration. Wiley 

Interdiscip Rev Dev Biol. 2013;2(3):301-326. doi:10.1002/wdev.82 

96.  Tomczyk S, Fischer K, Austad S, Galliot B. Hydra, a powerful model for aging studies. Invertebr Reprod Dev. 2015;59(sup1):11-

16. doi:10.1080/07924259.2014.927805 

97.  Schaible R, Scheuerlein A, Dańko MJ, Gampe J, Martínez DE, Vaupel JW. Constant mortality and fertility over age in Hydra. 

Proc Natl Acad Sci. 2015;112(51):15701. doi:10.1073/pnas.1521002112 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 July 2022                   doi:10.20944/preprints202009.0401.v2

https://doi.org/10.20944/preprints202009.0401.v2


 

 

98.  Sousa N de, Adell T. Maintenance of Schmidtea mediterranea in the Laboratory. Bio-Protoc. 2018;8(19):e3040. 

doi:10.21769/BioProtoc.3040 

99.  Lenhoff H. Hydra: Research Methods. Springer; 1983. 

100.  Boehm AM, Rosenstiel P, Bosch TCG. Stem cells and aging from a quasi-immortal point of view. BioEssays. 2013;35(11):994-1003. 

doi:10.1002/bies.201300075 

101.  Aboobaker AA. Planarian stem cells: a simple paradigm for regeneration. Trends Cell Biol. 2011;21(5):304-311. 

doi:10.1016/j.tcb.2011.01.005 

102.  Schaible R, Ringelhan F, Kramer BH, Miethe T. Environmental challenges improve resource utilization for asexual reproduction 

and maintenance in hydra. Exp Gerontol. 2011;46(10):794-802. doi:10.1016/j.exger.2011.06.004 

103.  Stearns SC. Life history evolution: successes, limitations, and prospects. Naturwissenschaften. 2000;87(11):476-486. 

doi:10.1007/s001140050763 

104.  Buffenstein R. The Naked Mole-Rat: A New Long-Living Model for Human Aging Research. J Gerontol Ser A. 2005;60(11):1369-

1377. doi:10.1093/gerona/60.11.1369 

105.  Most J, Tosti V, Redman LM, Fontana L. Calorie restriction in humans: An update. Nutr Interv Modul Aging Age-Assoc Dis. 

2017;39:36-45. doi:10.1016/j.arr.2016.08.005 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 July 2022                   doi:10.20944/preprints202009.0401.v2

https://doi.org/10.20944/preprints202009.0401.v2

