

[image: image1]
The Accumulating Costs Hypothesis—to Better Understand Delayed “Hidden” Costs of Seemingly Mild Disease and Other Moderate Stressors












	 
	HYPOTHESIS AND THEORY
published: 23 July 2021
doi: 10.3389/fevo.2021.685057





[image: image]

The Accumulating Costs Hypothesis—to Better Understand Delayed “Hidden” Costs of Seemingly Mild Disease and Other Moderate Stressors

Dennis Hasselquist* and Michael Tobler

Department of Biology, Molecular Ecology & Evolution Lab (MEEL), Lund University, Lund, Sweden

Edited by:
Andrew James Jonathan MacIntosh, Kyoto University, Japan

Reviewed by:
Steve Smith, University of Veterinary Medicine Vienna, Austria
Michaël Beaulieu, German Oceanographic Museum, Germany

*Correspondence: Dennis Hasselquist, Dennis.hasselquist@biol.lu.se

Specialty section: This article was submitted to Behavioral and Evolutionary Ecology, a section of the journal Frontiers in Ecology and Evolution

Received: 24 March 2021
Accepted: 05 July 2021
Published: 23 July 2021

Citation: Hasselquist D and Tobler M (2021) The Accumulating Costs Hypothesis—to Better Understand Delayed “Hidden” Costs of Seemingly Mild Disease and Other Moderate Stressors. Front. Ecol. Evol. 9:685057. doi: 10.3389/fevo.2021.685057

Mild diseases and moderate stressors are seemingly harmless and are therefore often assumed to have negligible impact on Darwinian fitness. Here we argue that the effects of “benign” parasites and other moderate stressors may have a greater impact on lifespan and other fitness traits than generally thought. We outline the “accumulating costs” hypothesis which proposes that moderate strains on the body caused by mild diseases and other moderate stressors that occur throughout life will result in small irreversible “somatic lesions” that initially are invisible (i.e., induce “hidden” costs). However, over time these somatic lesions accumulate until their summed effect reaches a critical point when cell senescence and malfunction begin to affect organ functionality and lead to the onset of degenerative diseases and aging. We briefly discuss three potential mechanisms through which the effects of moderate strains (e.g., mild diseases) could accumulate: Accelerated telomere shortening, loss of repetitious cell compartments and other uncorrected DNA damage in the genome. We suggest that telomere shortening may be a key candidate for further research with respect to the accumulating costs hypothesis. Telomeres can acquire lesions from moderate strains without immediate negative effects, lesions can be accumulated over time and lead to a critically short telomere length, which may eventually cause severe somatic malfunctioning, including aging. If effects of mild diseases, benign parasites and moderate stressors accrued throughout life can have severe delayed consequences, this might contribute to our understanding of life history strategies and trade-offs, and have important implications for medicine, including consideration of treatment therapies for mild (chronic) infections such as malaria.
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INTRODUCTION

Severe stressors and diseases, which directly affect behavior and performance as well as threaten survival (e.g., malign diseases), entail considerable (Darwinian fitness) costs. Moreover, there is good support for a link between severe (chronic) stressors, and accelerated aging and increased mortality (Sapolsky, 1999; Epel et al., 2004; Öhlin et al., 2004; Aldwin et al., 2011; Steptoe and Kivimäki, 2012). Such severe stressors can be contrasted with moderate (and mild) stressors and diseases that have no immediately apparent effects (i.e., the organism performs in more or less the same way as without the stressor). It is well established that stressors during early life can have constitutive effects with long-lasting consequences for fitness (e.g., Gluckman et al., 2007; Monaghan, 2008). However, how moderate stress episodes that occur later in life (e.g., short periods of heat or cold stress, sleep deprivation, heavy physical workload), and seemingly mild diseases (e.g., short episodes of severe illness due to infection that are cleared by the immune system, or “benign” parasites with low virulence that persist as mild chronic infections) may have impact on aging, life span and lifetime reproductive success is less clear. The predominant view has been that mild diseases (“benign parasites”) and moderate (short-term) stress episodes in the adult life stages have negligible costs in terms of survival and Darwinian fitness (Bensch et al., 2007; LaPointe et al., 2012; Asghar et al., 2015; although this view has sometimes been challenged; e.g., Hamilton and Zuk, 1982). It has been argued that wild animals are generally resilient and able to cope with repeated (but limited) short-term stressors without experiencing any substantial remaining effects (e.g., Boonstra, 2013). Similarly, organisms that get infected with a benign parasite may become sick, mount immune responses to combat the pathogen and then recover to, in most instances, apparently become fully healthy again, without any directly measurable negative effects on performance or survival. However, there is increasing evidence that even mild diseases and moderate short-term stress episodes can have long-term consequences for the Darwinian fitness of individuals, in terms of accelerated aging and increased mortality (e.g., Hanssen et al., 2003; Asghar et al., 2015; Froy et al., 2019). We therefore believe that the somatic effects of mild diseases and other moderate stressors that may appear almost negligible in fact deserve more attention, both in terms of theory and empirical studies. A particularly challenging question is how presumably small effects of short, repeated stress episodes and mild diseases are translated into long-term effects on reproduction, aging and lifespan (i.e., impairing Darwinian fitness). Using some examples from the eco-immunology literature, we emphasize the point that small (physiological) costs induced by moderate strains, such as short disease episodes or benign (chronic) parasite infection accrued throughout life, over time can translate into Darwinian fitness costs. We then outline a hypothesis that proposes an explanation for how such, seemingly limited and benign, short-term costs can translate into more severe costs acting over the longer term. We also discuss possible somatic agents that have the ability to translate seemingly negligible short-term costs into more severe long-term costs, as well as some potential mechanisms (i.e., cost currencies) that can be involved in this process.


Mild Diseases and Darwinian Fitness

Our argument that mild diseases might have considerable effects on Darwinian fitness originates from studies conducted in the field of eco-immunology. In a set of studies using vaccination to induce an immune response that mimic an infection in the body (of wild birds), to us unexpected effects were found. The paradigm at the time was that an energetic (or nutritional) trade-off between heavy workload and immune system activation, both assumed to be energetically costly/nutrition demanding, would directly limit immune responses if other energetically costly/nutrition demanding activities were conducted simultaneously (Sheldon and Verhulst, 1996; Lochmiller and Deerenberg, 2000). However, in vaccination studies on songbirds, in which parents were working hard to feed their nestlings (Ilmonen et al., 2000; Råberg et al., 2000), the surprising finding was that the songbirds decreased their feeding workload to such a high extent that it saved seven times more energy than needed to equal out the energetic cost induced by mounting the immune response to the vaccine antigens (Svensson et al., 1998; Hasselquist and Nilsson, 2012). And at the same time this reduction in workload resulted in significantly decreased number and/or quality of their offspring (Ilmonen et al., 2000; Råberg et al., 2000). Thus, a seemingly moderate stressor induced an unexpectedly high (apparently over-compensatory prudent) response.

Moreover, in a study on wild female eider ducks (Somateria mollissima) that were vaccinated during incubation (a period when these birds are fasting and rely entirely on accumulated fat stores for their energy consumption; Parker and Holm, 1990; Hanssen et al., 2003), there were no differences in body mass loss (i.e., a close proxy of energy consumption in incubating eiders; Hanssen et al., 2003) over the 1 month long incubation period, with respect to whether the females produced antibodies or not against the antigens (Hanssen et al., 2004). Thus, there were no short-term costs indicating an energetic or nutritional trade-off in relation to immune system activation. However, in the subset of females that had mounted humoral immune responses against more than one vaccine antigen, severe long-term costs were found. These females had a substantially reduced return rate to the next breeding season indicating reduced survival in this species that generally has very high (≥80%) between-year return rates (Yoccoz et al., 2002; Hanssen et al., 2004).

Along the same lines, in great reed warblers (Acrocephalus arundinaceus), it has been shown that chronic low-level infections with malaria parasites did not have any apparent effects on song production, feeding effort, annual reproductive success or survival to the next year (Bensch et al., 2007; Asghar et al., 2015). However, when this was investigated over the longer term, it was found that malaria-infected individuals in fact experienced long-term costs in terms of shorter life span and lower lifetime fledgling success (Asghar et al., 2015).

The above studies illustrate how different moderate stressors experienced during adulthood (temporary immune system activation, malaria infection) can be latent and, thus, not immediately apparent. That even short-term disease episodes and mild chronic infections have long-term fitness costs may not be entirely surprising, but hitherto it has been difficult to show such effects. Moreover, it is not clear how such “micro-costs” can be stored and become apparent later in life. The findings above have made us start to think along the lines of some mechanistic model for how relatively modest costs could remain invisible in the short-term, but still accumulate over time to become visible as deterioration of the soma and negative Darwinian fitness consequences at a later stage in life.



The Accumulating Costs Hypothesis

We argue that even moderate strains, i.e., seemingly mild diseases and other moderate stressors accrued at any time in life, can induce physiological costs that ultimately will affect Darwinian fitness. We propose the accumulating costs hypothesis, which describes the processes through which delayed (or “hidden” sensu Asghar et al., 2015) costs can come about and ultimately cause somatic malfunction and senescence. The accumulating costs hypothesis proposes that even moderate stress and seemingly harmless diseases, with no direct visible effects, will leave small “somatic lesions” in the body (López-Otín et al., 2013; see also Selye, 1956; Geronimus et al., 2015; Bateson, 2016). The “invisible costs” of these relatively small somatic lesions will then accumulate over time and eventually result in more severe consequences for somatic maintenance and physiological functions. When these small somatic lesions have accumulated to reach a certain critical threshold, they become “visible.” This may be in the form of “ordinary” senescence in old age individuals with relatively slow accumulation of costs (exposure to relatively low frequency and magnitude of moderate stress and diseases; Figures 1, 2). However, these long-term costs could also become visible as malfunctioning organs and uncorrected DNA damage anywhere in the genome (e.g., cancers and malign mutations) in young or middle-aged individuals with more rapid accumulation of costs, for example, due to exposure to higher frequency or magnitude of (moderate) stress and diseases (Figures 1, 2). Under both these scenarios, the important implication is that there may be “hidden” delayed costs associated also with relatively mild diseases and moderate stressors that accumulate up to a certain “tipping point.” We think of this as an “ättestupa” effect (or “falling off the cliff” effect sensu Monaghan, 2014). “Ättestupa” comes from the Nordic Vikings where the legend says that it was the custom when a person of the clan (“ätt” in Nordic languages) reached a (biological) age where the body would no longer function properly, he/she would go to a culturally assigned cliff (“stup” in Nordic languages) and jump off to avoid being a problem for the youngsters of the clan. The somatic costs are hard to directly observe when they are induced. Instead, they act on the long-term only to become clearly visible at a (often much) later stage of life. It should be noted that, although we in this paper emphasize the potential importance of mild diseases and other moderate stressors as inducers of somatic lesions and potential agents of aging, costs of more severe stressors and diseases may accumulate through the same mechanisms. Depending on the severity and the duration of the disease or stress episodes, somatic lesions may be larger and accumulate faster. Thus, in general we envision that somatic lesions will accumulate over time at different paces in different individuals (Figures 1, 2). The pace depends both on the number and length of moderate stress and disease events, but also on the number of more severe disease and stress episodes accrued throughout life.
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FIGURE 1. Schematic illustration of how lesions accumulate in different individuals. The accumulating costs hypothesis proposes that lesions accumulate “silently” (i.e., they are “hidden”) until a critical point is reached after which the costs of the accumulated lesions become visible. Individuals that experience more moderate stress/disease events (Ind 2) or have a lower capacity to accumulate lesions (Ind 3) reach the critical point more rapidly than an individual exposed to fewer stress/disease events and a higher capacity to accumulate lesions (Ind 1). Note that for the purpose of illustration we only visualize a few periods during which lesions are accumulated over life for each individual.
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FIGURE 2. Hypothetical example of accumulation of somatic lesions up to a critical threshold (the “critical point”) when (previously hidden) costs become “visible,” as envisioned by the accumulating costs hypothesis. With low effects of diseases and stressors, lesions accumulate slowly over time (blue dashed line). With increasing severity of diseases/stressors (yellow, orange and dark red solid lines) lesions accumulate more rapidly. Note that even though individuals can have different starting points (individual 2 and 3), which may affect their capacity to absorb lesions without any visible effects, individual 2 (with a “better” starting point in early life) may accumulate lesions at a higher rate during adult life and in fact cross-over the trajectory of individual 3 and thus experience a shorter life span due to differences in the magnitudes and frequencies of stress episodes these individuals experience during adult life. Note also that cellular repair mechanisms (e.g., telomerase activity, base or nucleotide excision repair, homologous recombination) might even temporally reverse the slope of accumulating lesions (e.g., third period with no stressor for individual 1).




Potential Processes and Mechanistic Agents Able to Induce Somatic Lesions

Which cellular processes could be affected by mild diseases or moderate stress and leave somatic lesions that can accumulate in the body and eventually cause delayed long-term effects? There are many different physiological processes that could induce strain on the body, and thus result in somatic lesions. We list some rather obvious processes in Table 1. Note that these processes are not independent from each other and, hence, not mutually exclusive. For example, excessive inflammatory response may be a result of immune system over-activation (i.e., immunopathology) and may, in turn, lead to ROS (i.e., reactive oxygen species) damage (von Schantz et al., 1999; Zglinicki, 2000). Similarly, ROS damage may increase the mutation rate (Sakai et al., 2006; Ragu et al., 2007), which in turn could alter performance of cellular functions, e.g., result in less efficient or even malfunctioning mitochondrial processes (López-Otín et al., 2013; Hahn and Zuryn, 2019).


TABLE 1. Possible cellular processes that could cause the small “somatic lesions” generating small (“hidden”) physiological costs that underlie the cost accumulation process as envisioned in the accumulating costs hypothesis.
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Mechanisms Through Which Small Short-Term Costs May Be Translated Into Delayed (Long-Term) Costs

If moderate stressors can induce somatic lesions, for example through the processes listed in Table 1, then the obvious question is “what is the mechanistic basis through which these lesions may accumulate over time and translate into long-term costs”? Or, to put it a bit differently, in what form are the effects of moderate stressors stored in somatic tissue and how can they be converted into more severe syndromes that can be hazardous for the whole soma and, thus, the health and well-being of the entire organism? Here, we briefly discuss three mechanisms through which moderate stress and disease episodes could induce somatic lesions that are stored in somatic tissue and, thus, allow for accumulation of short-term costs and their transfer into severe long-term consequences. We describe these below.

(1) Accelerated telomere shortening. Somatic lesions are manifested as successive telomere shortening (which has been shown to be accelerated through disease and severe stress; e.g., Effros et al., 1996; Epel et al., 2004; Kotrschal et al., 2007; Ilmonen et al., 2008; Asghar et al., 2015). This is consistent with the idea proposed by Bateson (2016) that telomere length is sensitive to the cumulative effects of stress factors in a dose-dependent manner, more negative stress factors being associated with greater loss of telomere repeats, and telomeres then being a biological marker of exposure to stress accrued over time (see also Kotrschal et al., 2007). Here, we take this one step further, arguing that the cumulative loss of telomere repeats may be a key process that has causative negative functional consequences for the organism. Over time, loss of telomere repeats leads to an increasing number of stem cells with too short telomeres (and thus also lower average telomere length), resulting in cell dysfunction, ceased stem cell division, and eventually cell death due to apoptosis (Blackburn, 2005; Shay and Wright, 2019). When cell death increases and stem cell activity decreases, this eventually result in organ dysfunction and physiological impairment.

The above idea contrasts with the hypothesis proposed by Aviv et al. (2015) which suggests that telomeres shorten at more or less similar rates between individuals in somatic tissues after birth. According to Aviv et al. (2015), telomere length after birth essentially reflects early life/birth differences in somatic cell reserves and the ability of stem cells to maintain tissue repair. Hence, in clear contrast to our Accumulating costs hypothesis, Aviv et al. (2015) propose that individuals with shorter early life telomere length will (inevitably) reach the critical threshold at an earlier age, and therefore risk earlier onset of age-related diseases and premature death independent of what happens during the individuals’ adult life stages.

(2) Loss of “repetitous cell compartments.” Gavrilov and Gavrilova (2001) proposed the concept that each cell type compartment contains a (large) set of redundant cells with equal function—more cells of similar function than what is needed for the organism to function properly at any given time point before severe senescence sets in. Moderate stress and diseases will result in cell damage and subsequent cell death. Death of single cells has, however, no measurable negative effects on body organs and physiological performance—not until too many of the redundant cells within a compartment have become dysfunctional or died. At this stage, which may be much later than when most of the cell damage took place, organ failure will set in leading to degenerative disease and lowered physiological capacity/condition (Gavrilov and Gavrilova, 2001; Boonekamp et al., 2013). The hypothesis, as originally proposed, assumes that redundancy elements have a constant failure rate over time and with more elements more are lost per unit of time (Gavrilov and Gavrilova, 2001). Here, however, we assume that the rate of loss of repetitious cell compartments is dependent on the frequency and duration of the disease and stress factors.

(3) Increased uncorrected DNA damage throughout the genome. Accumulation of genetic damage over time is one of the hallmarks of aging (López-Otín et al., 2013; Moskalev et al., 2013). Accumulated uncorrected DNA damage in terms of somatic mutations in nuclear and mitochondrial DNA (sensu López-Otín et al., 2013), is a process that might be equivalent to the accumulation of somatic lesions over time. It has been shown that mutations increase in response to stressors (e.g., ultraviolet radiation, oxidative stress; Hoeijmakers, 2009) and with age across multiple tissues (Martincorena et al., 2018), including stem cells (Rossi et al., 2007, 2008). Hence, accumulation of mutations has been suggested as a potentially important factor driving aging (Freitas and de Magalhães, 2011; López-Otín et al., 2013). Although many mutations do not alter cell function, accumulation of mutations and deletions in the nuclear and mitochondrial genome may lead to progressive loss of functional cells and induce organ dysfunction (López-Otín et al., 2013; Aviv et al., 2015). However, severe mutations can arise at any point during an organism’s lifetime which, in turn, can result in a more erratic pattern of induction of severe costs, such as cancer that can be induced at any chronological age, and therefore not necessarily mirror the processes typical for aging. Instead, if accumulation of mutations is a process underlying the accumulating costs hypothesis, as we envision it, it has to build on the accumulation of “less severe” mutations in a gradual and less punctuated way, in which each somatic lesion only slightly reduces the organism’s ability to be resilient to additional stress and disease factors without any immediately visible effects on organ function. Hence, reduction in cellular function due to accumulated mutations should progress relatively slowly, although with different speed in different individuals, until the soma of an organism is failing in several tissues and organ systems, resulting in senescence pathologies and eventually death.

The three mechanisms described above are not mutually exclusive but may instead act in concert. For example, telomeric repeats that protect coding DNA may accumulate damage (e.g., due to effects of oxidative stress; Reichert et al., 2014; Chatelain et al., 2020), which in turn may result in a less protective cap structure that makes coding DNA vulnerable to degradation. Damage and changes to coding DNA may then lead to a lowered functional performance of cells and, ultimately, cell death. One could also envision a “vicious” loop so that short telomeres in some cells of a redundancy element leads to cell malfunction, which may then send out cell stress signals to neighboring cells thus starting a cascade of cell stress (López-Otín et al., 2013). Stressed cells will experience an accelerated rate of telomere shortening causing more cells to reach a critically short telomere length, inducing even more severe bursts of cell senescence and apoptosis (Nelson et al., 2012). This could result in a “chain reaction” of cell malfunction and apoptosis in the repetitive cell compartment, leading to exhaustion of the repetitive cells, which may result in organ dysfunction, aging and even premature death.

The mechanisms described above illustrate how even relatively minor costs resulting from exposure to mild diseases and moderate stressor could be “stored” and how these may affect organismal fitness at a later stage in life. However, whether for example relatively minor disease episodes or chronic exposure to seemingly benign parasites result in (somatic) lesions will also depend on the cellular repair mechanisms, which in turn, can differ between cell lineages or tissue. As we outline above, we would not expect mild diseases or moderate stressors to induce excessive damage and therefore cell lineages or tissues with limited repair capacity should be most susceptible. The soma, for example, is more likely to accumulate lesions resulting from moderate stressors than the germline given that the latter is known to have a more efficient repair system (Vijg, 2007), a fact that has also given raise to the disposable soma theory (Kirkwood, 1977). Similarly, in mammals mitochondrial DNA repair mechanisms are limited compared to repair mechanisms for nuclear DNA (Druzhyna et al., 2008) and might, thus, be more susceptible to moderate insults. Finally, the literature on humans and other mammalian species also shows that telomeres have restricted DNA repair to avoid exposure of linear telomeric DNA, which would result in telomere repair and chromosome fusion (Fumagalli et al., 2012; Hewitt et al., 2012). Thus, telomeres might be particularly likely as “storage structure” of cumulative micro-costs resulting from mild disease and moderate stressors (see below).

In humans, the consequences of cell and tissue degeneration can become manifested as degenerative diseases (Edkert, 2002). In short-lived and wild animals, however, cell and tissue degeneration may instead rather be manifested in the form of reduced physiological capacity/”condition” (Palacios et al., 2007; Cote et al., 2010; Nussey et al., 2012; Elliott et al., 2015). In wild animals, the latter effects may result in increased predation rate (Murray, 2002; Genovart et al., 2010), reduced competitive ability (Briffa and Sneddon, 2007), impaired attractiveness in mate choice (von Schantz et al., 1999), and lowered immunocompetence (Palacios et al., 2007; Froy et al., 2019), all of which can ultimately reduce survival and reproductive success (e.g., Hanssen et al., 2004; Asghar et al., 2015).

Of the three mechanisms described above, we argue that telomere shortening is a strong candidate for how seemingly negligible (“hidden”) costs are translated into delayed costs with more severe effects on the soma (see also Giraudeau et al., 2019). Telomere shortening is known to be affected by adverse conditions and stressors (Bateson, 2016; Chatelain et al., 2020) and somatic lesions may, thus, be measured as the loss of telomere repeats. It has also been suggested that there is a telomeric brink beyond which senescence will progress rapidly (Aviv et al., 2015). Under this scenario, (severe) telomere shortening would be the causative process behind the need for having repetitious cell compartments in the body, and, thus, be the underlying cause in the repetitious cell compartment mechanism. The observation that the process of telomere shortening in a wild vertebrate behaves the same way as predicted from a model of redundancy element loss (Boonekamp et al., 2013) lends some support to this idea. Note, however, that the time it will take for an organism to reach the critical point in telomere length is also affected by the initial, early life telomere length, which typically shows rather large variation between individuals of a species (Heidinger et al., 2012; Asghar et al., 2015; Aviv et al., 2015; Watson et al., 2015; Lieshout et al., 2019). This large initial difference in early life telomere length will make it harder to predict the time it will take to reach the critical point in telomere length based on an individual’s exposure to disease and stress factors (Figures 1, 2). The same is true if telomerase (a reverse transcriptase, an enzyme that adds telomere repeat sequences at the end of telomeres during cell division; Blackburn, 2005) is being activated in adult individuals of a species, as it allows for elongation and restoring of telomere length thus prolonging the time it would take to reach the critical point in telomere length.



Does Telomere Length and Shortening Rate Reflect Tolerance to Diseases and Stressors?

It has recently been suggested that the ability to limit damage caused by a given parasite burden (tolerance) should be negatively associated with telomere shortening (Giraudeau et al., 2019). Under the accumulating costs hypothesis, tolerant phenotypes might then be those that accumulate somatic lesions at a slower pace than less tolerant ones, because the latter pay the costs of inducing immune responses. However, another possibility is that tolerant phenotypes can cope with higher levels of somatic lesions before experiencing significant Darwinian fitness costs. In this case, higher levels of telomere shortening might also reflect higher tolerance, and somatic maintenance is then traded-off with other traits such as reproductive performance. We can also envision that being tolerant with respect to certain parasites means becoming chronically infected which, in turn, could lead to repeated induction of somatic lesions over time. In this case, the host accepts somatic lesions induced by the parasites that it tolerates and therefore now reside in its body. Somatic lesions may accumulate and become manifested as accelerated telomere shortening with the consequence that tolerant phenotypes are exposed to a faster pace of telomere shortening and thus potentially premature aging. An apparent case of parasitic tolerance was recently reported in the African buffalo (Syncerus caffer) where infection with the gastrointestinal worm Cooperia fuelleborni was positively correlated with condition and possibly reproduction (Budischak et al., 2016). In this case, we can imagine a scenario in which the costs of the “tolerated” infection might be “hidden” as in the great reed warbler example mentioned earlier, and if so, we expect to find an increase in telomere shortening with increased parasite burden.





DISCUSSION

One aim of this paper was to highlight that moderate stressors and so-called mild diseases might have a greater impact on Darwinian fitness than generally thought. This proposition is based on the idea that there might be mechanisms through which seemingly negligible short-term costs can be translated into more severe delayed costs affecting lifespan and lifetime reproductive success. The accumulating costs hypothesis proposed here, suggests that moderate costs accumulate gradually as somatic lesions throughout life until they eventually trigger cellular and organism dysfunction. One of the major challenges for testing the hypothesis is to find the mechanistic pathway through which accumulation of (not directly visible) somatic lesions can occur and be translated into delayed severe long-term costs. We suggest that telomere shortening might be a key mechanism. It reflects the loss of telomeric repeats which can be equaled with accumulation of small somatic lesions that carry no immediate (outwardly observable) costs, but it has the potential to induce negative effects later in life when a critically short telomere length is reached (rather than just being a biomarker). However, other mechanisms may also contribute to accumulation of lesions. If it is possible to measure whether accumulation of somatic lesions vary over time and in association with different types of mild diseases and other moderate stressors, for example through measurement of telomere shortening, this would give us a better idea of whether the accumulating costs hypothesis is valid. The hypothesis predicts that somatic lesions accumulate in a dynamic way because the severity and occurrence of stress episodes and infections are unpredictable. For telomeres, however, it is currently not clear whether telomeres shorten in a dynamic way or at a constant rate over time (Nettle and Bateson, 2017). The best way to address this issue would be to perform longitudinal experimental studies in which organisms are exposed to repeated moderate stressors, mild disease and/or immune challenges. One could then measure how changes in telomere dynamics are associated with the episodes of disease, immune responses and stress. This could be tested, for example, with a 2 × 2 experimental design in which the repair mechanisms for somatic lesions (e.g., manipulation of telomerase activity through supplementation of the root extract TA-65; see Criscuolo et al., 2018) and a moderate stressor (e.g., a parasite of low virulence or one that induces chronic low-level infections) are manipulated concomitantly. If possible, such an experiment should cover a significant part of the organism’s lifetime. This would make it possible to evaluate whether the stressor has a cumulative effect in terms of acquired lesions and whether this effect could be mitigated through repair of the accumulating agent. We also believe that purely observational data can be illuminating as circumstantial evidence, for example for assessing the critical threshold. It might be useful to look for a (lower) critical threshold in telomere length at the population level. An obvious problem with this approach is that telomere length is not measured when the organism dies, but instead at an earlier time point, and that the time period between the last measurement point and the date of death is highly variable (and unknown) between individuals. One way of partly overcoming this problem is to use mean population telomere shortening rate over successive life stages prior to disappearance, to predict the telomere lengths of those individuals which have disappeared from the population.

Another interesting avenue for research would be to study more host-parasite systems in which parasites have no apparent negative effects on host physiology and behavior including mild chronic infections (Brown et al., 2006; Budischak et al., 2016; Bergstrom et al., 2019). Based on the accumulating costs hypothesis, one might expect that even apparently mild parasitic infections are not cost-free. Somatic lesions (e.g., telomere shortening, mutations) may increase with intensity and duration of infection even in these systems and measurable negative effects on physiology and Darwinian fitness factors may only become visible in the long-term (similar to the study by Asghar et al., 2015).

Finally, another aspect that is relevant when testing the importance of telomere dynamics for the accumulating costs hypothesis that could be approached by experimental and observational long-term longitudinal studies is to compare the relative importance of early life telomere length, telomere loss rate and critical point values between individuals with different life spans within a species. Is the critical point value similar for individuals that differ in life span, and if so, is the time it takes to reach the critical point mainly determined by early life telomere length or by telomere loss rate in adult life? In terms of the accumulating costs hypothesis, we predict that the critical point values are similar and that the time it takes to reach the critical point is largely dependent on the telomere loss rate at adult age when comparing individuals with different life spans within a species. In contrast, in between-species studies, we envision that critical points values may differ between species, due to natural selection inflicting very different pressures leading to different evolutionary trajectories of the lower limit of telomere length inducing malfunctioning cells (i.e., critical point values) in different species, e.g., depending on differences in life history strategies.

If the accumulating costs hypothesis can be tested and proven true, this should have important implications for various research fields. In ecology, it is likely to have implications for research fields such as ecoimmunology, ecophysiology and life history theory. For example, in life history theory, it would provide us with a new mechanism for understanding the trade-offs between current and future reproduction, and between reproduction and (somatic) maintenance. These trade-offs are not always easily reconciled based on the current paradigm of energy being the decisive limiting factor underlying them, because even when energy is readily available trade-offs are sometimes found. Moreover, energetic costs are often rather small and, thus, seemingly insufficient to explain the often quite high reproductive success losses taken on by organisms that are exposed to moderate energetic constraints (Hasselquist and Nilsson, 2012). If such unexpectedly prudent outcomes of these trade-offs are the response to accumulating costs that later will accelerate (organ) senescence, shorten lifespan and decrease lifetime reproductive success, the prudency reactions of the organisms to avoid paying the potentially severe delayed costs, are, at least in our view, more matching in scale. In medicine, it would imply that also seemingly harmless diseases and immune responses may entail small costs than will have impact on the rate of aging and degenerative diseases, a surging problem in modern human societies where life span successively increases and thus an increasing proportion of the populations are made up of people of old age. Moreover, it would also influence decisions on strategies and efforts to prevent and cure seemingly benign and low-level chronic diseases and immune reactions, e.g., human malaria in malaria endemic regions (cf. Asghar et al., 2018).
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damage in the host.
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