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Abstract

:

Why the rate of metabolism varies (scales) in regular, but diverse ways with body size is a perennial, incompletely resolved question in biology. In this article, I discuss several examples of the recent rediscovery and (or) revival of specific metabolic scaling relationships and explanations for them previously published during the nearly 200-year history of allometric studies. I carry out this discussion in the context of the four major modal mechanisms highlighted by the contextual multimodal theory (CMT) that I published in this journal four years ago. These mechanisms include metabolically important processes and their effects that relate to surface area, resource transport, system (body) composition, and resource demand. In so doing, I show that no one mechanism can completely explain the broad diversity of metabolic scaling relationships that exists. Multi-mechanistic models are required, several of which I discuss. Successfully developing a truly general theory of biological scaling requires the consideration of multiple hypotheses, causal mechanisms and scaling relationships, and their integration in a context-dependent way. A full awareness of the rich history of allometric studies, an openness to multiple perspectives, and incisive experimental and comparative tests can help this important quest.
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1. Introduction


Discovery is the driver of science. Less appreciated is that rediscovery is also an important “jump-starter” in science. By rediscovery, I mean that the original description of a specific phenomenon, or an explanation of it, is reported again by an investigator (or set of investigators), who are unaware of the original discovery. Rediscoveries may occur independently at the same time or different times. A classic example is Mendel’s laws of heredity, proposed in 1866 largely unnoticed (including by Charles Darwin [1]), and then rediscovered independently, at least in part, by De Vries, Correns and Von Tschermak in 1900 [2,3,4]. This rediscovery was especially momentous as it stimulated the birth of modern genetics and became part of a new synthetic theory of evolution [5]. Many rediscoveries have occurred in all of the major fields of science (e.g., [6,7,8,9,10,11,12,13,14]). Revival of old, dormant ideas has also been common. These “sleeping beauties” involve a proposal of a scientific idea “ahead of its time”, and thus with little immediate fanfare, only to be “rediscovered” and revived many years later [15,16].



Why the rediscovery and revival of “new” knowledge has occurred so commonly in science, despite the careful archiving of discoveries in scientific journals, remains little understood and deserves more attention, especially by experts in the history and sociology of science [7,12]. Although I am no such expert, I suggest that rediscovery in science is probably the result of one or more of the following six major influences: (1) publication of an innovative idea or observation in an obscure place, thus causing it to go unnoticed for a long time, (2) a discovery is so novel and (or) discordant with current thought, that it is not appreciated at the time of its origin, sometimes even by the originator him(her)self, and only later is fully recognized and assimilated when the scientific culture becomes more receptive, (3) an idea is prematurely rejected, thus causing it to be forgotten or ignored until it is rediscovered and revived, (4) a tendency of investigators to focus on recent literature that is readily found on the Internet, resulting in the neglect of older, less accessible literature that eventually becomes unappreciated and often forgotten, (5) the exponential growth of the scientific literature, which has made it difficult for investigators to be aware of all relevant literature in their field, and (6) limits on space in scientific journals, thus curtailing citations of the older literature (e.g., for this reason, editors may encourage the selective citation of recent articles).



The purpose of this article is to discuss several key examples of rediscovery in allometry or biological scaling, a field that relates the relative magnitudes of various biological structures and processes to the size of a living system. I believe that this topic is timely and important because the rediscovery and revival of ideas and observations appear to have been especially common in allometric studies [17,18], and in particular those dealing with the scaling of the rate of metabolism (i.e., the transformation of energy and materials in support of various biological processes) in organisms [19], the focus of this article. Several recent papers in the field of metabolic scaling illustrate the phenomenon of scientific rediscovery or revival, including some unpublished papers recently submitted to scientific journals that I have seen as a reviewer. I hope that my discussion of these rediscoveries will help advance the study of biological scaling by encouraging careful scholarship, by providing a useful historical and conceptual foundation for this research (also see [20]), by acquainting investigators (especially beginners) with some of the old literature on metabolic scaling, which contains a treasure trove of potentially useful, but inadequately appreciated data and hypotheses, and by outlining a potentially useful perspective for resolving some of the controversies in this field. I believe that to move forward effectively, we must know (and learn from) where we have been. As Gayon (p. 757 [18]) wrote with regard to the innovative allometric research of Steven J. Gould [21]: “I take it as a good example of the close connection that can sometimes relate inventive scientific work to historical awareness.” My discussion also allows me to place many discoveries and rediscoveries (especially recent ones) in the context of a synthetic, multi-mechanistic theory of metabolic scaling recently proposed in this journal [20]. Furthermore, I hope that my article will attract readers interested in not only biological scaling and the history of science, but also more generally the nature of living systems, a major subject area of this journal.




2. Rediscovery in Metabolic Scaling


2.1. Empirical Patterns


I focus on five major empirical patterns. I discuss four in this section and a fifth in Section 3.5.



2.1.1. The 2/3-Power Scaling of Metabolic Rate


Several investigators during the 1800s and early 1900s claimed that metabolic rate is proportional to body surface area, and thus scales with body mass to the 2/3-power. However, belief in this view declined during the mid- to late-1900s, when instead most investigators assumed that metabolic rate typically (if not universally) scales with body mass to the 3/4-power (reviewed in [19]). More recently, a belief in a universal 3/4-power law of metabolic scaling has also diminished, and several investigators have revived the view that metabolic rate may scale to the 2/3 power, or nearly so, in some taxa (e.g., endotherms) and under some conditions (e.g., when the intensity of resting metabolism is high) (as reviewed in [19,20]). I explain and document this history in more detail in Section 2.1.3, Section 2.2.1 and Section 3.1.2. The context-dependency of metabolic scaling is a major theme of this article.




2.1.2. Nonlinear (Curvilinear) Scaling of Metabolic Rate


Typically, biologists use linear regression to examine empirical relationships between the size of a specific trait and the total size of a living system in log-log space. Therefore, when curvilinear interspecific scaling was reported for mammalian metabolic rate in the journal Nature in 2010 [22], it was widely regarded as a novel discovery. However, it was actually a rediscovery because curvilinear (quadratic) scaling had already been reported for mammals in three previous studies that received little notice in this regard [23,24,25], as well as independently in two other mammalian studies [26,27] and two plant studies [28,29] published in 2010. As far back as 1978, investigators had reported that interspecific metabolic scaling in mammals is nonlinear with steeper slopes occurring in large versus small mammals ([30,31] and other references cited in [19]). In 1953, Zeuthen [32] had also reported nonlinear interspecific metabolic scaling in crustaceans. Nevertheless, the rediscovery of nonlinear (curvilinear) metabolic scaling has stimulated a search for additional examples, not only for resting metabolic rate [33], but also for field metabolic rate [34,35] and other biological traits in various taxa [36,37,38]. Why nonlinear interspecific metabolic scaling occurs is unknown, but several hypotheses have been proposed (e.g., [22,25,26,27,28,29,33,34,35,39,40,41,42,43,44,45,46]). Interestingly, nonlinear metabolic scaling appears to be rare for interspecific analyses [34,43,44], but quite common for intraspecific, ontogenetic analyses (e.g., [19,47,48,49]). Nonlinear ontogenetic metabolic scaling relates to developmental changes in energetically demanding processes, such as growth, locomotion and thermoregulation (reviewed in [19,20]).




2.1.3. Relationships between Metabolic Scaling Slopes and Elevations


A recent study reported a strong negative correlation between the slopes and intercepts (normalization constants) for the scaling of basal metabolic rate, as compared among various orders of mammals [50]. This apparent discovery is actually a rediscovery. Several previous studies reported inverse relationships between the slope and intercept of metabolic scaling relationships (e.g., [19,39,51,52,53,54,55,56,57]). Although these patterns have been considered statistical or mathematical autocorrelations or epiphenomena by some investigators [21,50,51,52,53], many of them appear to be biologically meaningful, as predicted by the ‘metabolic-level boundaries hypothesis’ (MLBH) [19,39,54,55,56,57]. Inverse relationships occur between scaling slopes and elevations, even when one calculates the latter as the mass-specific metabolic rate at the midpoint of a scaling relationship, a measure not mathematically linked to the slope, thus removing the autocorrelation effect [54,55,56,57]. Moreover, the elevations of scaling relationships (and by association the slopes) often relate to various intrinsic and extrinsic factors affecting metabolic level (e.g., lifestyle, activity level, and temperature [54,55,56,57,58,59,60,61]). According to the MLBH, at high levels of resting metabolism, the scaling slope should be chiefly influenced by surface-area-related resource uptake and (or) metabolic waste (including heat) loss (thus approaching 2/3, assuming isomorphic body shapes). However, at low metabolic levels, the scaling slope should be chiefly influenced by volume-related resource demand (thus approaching 1, assuming homogeneous scaling of resource demand by various tissues or organs with different metabolic activity) ([19,39,46,56]; also see Section 3.1.2).



Other observations show that relationships between metabolic scaling slopes and elevations are not merely statistical artifacts [46,56]. For example, the slopes for active metabolic rate tend to be positively related to elevation (metabolic level), contrary to the artifact hypothesis, which predicts negative relationships (provided that the intercept is to the left of the midpoint of each body-mass range), but consistent with the MLBH [19,39,46,56,60]. The MLBH successfully predicts that as activity level (and thus metabolic level) increases, volume-related resource demand by metabolizing muscles should increasingly influence the metabolic scaling slope, thus causing it to approach 1 [39,46,56,60]. Furthermore, the MLBH predicts that over all metabolic levels for both inactive and active metabolic rates the scaling slope should exhibit a concave upward relationship with metabolic level, as observed in mammals [39,46], birds [39,46], insects [46] and chitons [58]. However, investigators should use caution when attempting to explain relationships between metabolic scaling slopes and elevations, especially when the regression lines being compared cross one another or do not overlap in body-mass range (also see [46,55]).



This example of a rediscovery shows how better knowledge of the history of a scientific field may prevent or correct mistakes of interpretation. Relationships between metabolic scaling slopes and elevations need not be statistical artifacts, but may be biologically significant. Even the analysis of [50] supports this view, because it showed that controlling for body temperature caused the negative correlation between the metabolic scaling slopes and intercepts among various mammalian orders to disappear. Body temperature may relate to metabolic level, and in turn various other biological and ecological features of a species. Elevated body temperatures in endotherms are chiefly a result of, not a driver of metabolic rate. Therefore, it is problematic to control for body temperature, when examining variation in metabolic rate in mammals (also see [62]). Correcting for effects of body temperature on metabolic rate is more appropriate for most ectotherms, which rely chiefly on external, non-metabolically generated heat.




2.1.4. Multivariate Effects of Body Size and Temperature (and Other Variables) on Metabolic Rate


For over 100 years, biologists have known that both body size and temperature importantly influence metabolic rate. In a much-cited Science article published in 2001, these effects were combined into a single multivariate equation [63], which later became the ‘master equation’ of the influential ‘metabolic theory of ecology’ (MTE) [64,65]. Soon after, a science news writer even suggested that this central equation of the MTE represents a natural law with similar significance to that of Newton’s laws of physics [66]. However, this ‘discovery’ was essentially a rediscovery (also see [67]). Eighteen years earlier, three Canadian biologists used a similar multiplicative equation (with a different formula for the exponential effect of temperature) to explain interspecific variation in resting metabolic rate in various organisms [68]. Moreover, since at least as far back as 1972, numerous investigators have used multiplicative and additive multivariate equations to explain intraspecific variation in metabolic rate in relation to not only body size and temperature [69], but also other biological and environmental factors (reviewed in [20]). Making body-size adjustments before examining temperature effects on metabolic rate and vice versa, a major method used by proponents of the MTE, has also been used for decades (e.g., [51,70,71,72]).



These earlier studies are not merely of historical interest. For example, a study of the catfish Silurus meridionalis showed that body size and temperature do not have independent effects on metabolic rate, as assumed by the MTE, but rather have significant interactive effects [73]. This study supported extensive past and recent work showing that the metabolic scaling slope in ectothermic organisms often varies with ambient temperature ([19,20,54,56,57,59,72,73,74,75,76]; also see Section 3.4), which has been ignored by proponents of the MTE. Therefore, multivariate models incorporating the effects of body size and temperature on metabolic rate should include an interactive term (e.g., [73,74]).





2.2. Theoretical Explanations


Numerous explanations of metabolic scaling have been proposed and later rediscovered and (or) revived. These include models or hypotheses invoking the effects of four-dimensional geometry, sometimes including biological time as the fourth dimension [17,77,78,79,80,81,82,83,84], the relative effects of resource supply versus demand (e.g., [19,20,46,70,85,86,87,88,89,90]), the biological regulation of metabolic rate (e.g., [20,87,90,91,92,93,94,95,96,97,98]), and various adaptive effects resulting from interactions with ecological factors (e.g., [19,20,46,99,100,101,102,103,104,105,106,107]). Here I focus on four major, much-discussed theoretical approaches encompassed by the ‘contextual multimodal theory’ (CMT) of metabolic scaling (Figure 1) recently proposed in this journal [20].



2.2.1. Surface-Area Models


The earliest known explanation of metabolic scaling (proposed in 1839) posited that maintenance of a constant body temperature in many kinds of birds and mammals requires that thermoregulatory heat production exactly balance heat loss, which is proportional to body surface area. Since surface area should scale with body volume or mass to the 2/3-power in isomorphic animals, heat loss and compensatory metabolic heat production should also scale to the 2/3-power [108]. During the late 1800s and early 1900s, multiple studies of intraspecific metabolic scaling in various species of birds and mammals supported this simple model [109,110,111], which came to be called the “surface law” [91,92]. However, in the 1930s, interspecific comparisons of various birds and mammals with a broad range of body sizes indicated that the metabolic scaling slope was closer to 3/4 than 2/3 [91,112]. Hemmingsen (1960) later reported metabolic scaling exponents near 3/4 in not only endothermic animals, but also ectothermic animals, and even unicellular organisms [70]. As a result, the 3/4-power (Kleiber’s) law was canonized as the predominant (if not universal) pattern of metabolic scaling [17,51,63,64,65,66,70,80,84,92,113,114,115,116]. Many investigators (but surprisingly not Kleiber himself, a founder of the 3/4-power law) rejected the thermoregulatory surface-area model of metabolic scaling, because it seemed incapable of explaining 3/4-power scaling, especially in ectothermic organisms that do not actively maintain constant body temperatures (see also [20]). Furthermore, the metabolic scaling slope does not necessarily approximate the theoretical values of 2/3 or 3/4, but may vary extensively between ~0 and >1, in association with differences in taxonomic affiliation, lifestyle, developmental stage, physiological status, and various ecological factors (e.g., [19,20,23,24,26,27,32,34,39,44,45,46,47,48,49,54,55,56,57,58,59,60,61,72,73,74,75,76,99,100,101,102,103,104,105,106,107,117,118,119,120,121]).



Although thermoregulatory surface-area (SA) models are not applicable to all metabolic scaling relationships, they may still apply in specific cases, e.g., in endotherms that maintain nearly constant, high body temperatures. In this context, during the last two decades, several investigators have revived the previously rejected thermal approach ([19,20,27,39,41,46,56,85,97,122,123,124], but see [125,126]). In particular, metabolic heat production compensating for surface-area-related heat loss figures importantly in various heat-flow models [41,122,124], the metabolic-level boundaries hypothesis (MLBH) [19,39,46,56], and the heat dissipation model [123], as applied specifically to endotherms. Multiple observations support thermoregulatory SA models, including the close similarity between the body-mass scaling of body surface-area, heat loss and metabolic heat production in resting birds and mammals and those exposed to cold in a He-O2 atmosphere with high thermal conductivity [20,39,41,46,56,127,128], the close similarity between the scaling of basal metabolism in huddled mammals and that of the exposed surface area of a huddle [20], and the similar scaling of metabolic heat production and thermal conductance in birds and mammals at low ambient temperatures (e.g., 0 °C) [129].



Although the effects of heat exchange on metabolic scaling are clearly important in endotherms, some investigators have suggested that they apply to organisms generally, including ectotherms [122,130]. However, one of these models [122] makes predictions that are not supported by available data (i.e., it incorrectly predicts lower scaling slopes in ectotherms vs. endotherms: see data in [19,39,46,117]). The other model [130] predicts paradoxically opposing results under different conditions (i.e., that higher heat dissipation should be associated with lower scaling exponents in resting animals, but higher scaling exponents in active animals). This model also assumes that heat dissipates outward from the body to the environment, and ignores reverse heat flow. Although thermoregulation in endotherms typically involves net outward flow of heat to the environment, the opposite often happens in ectotherms (e.g., during basking), which can significantly alter body temperature and metabolic rate.



Another class of SA models that focuses on surface-area-related resource uptake and metabolic waste excretion shows more promise for explaining metabolic scaling in ectotherms, at least in part. These models have been discussed since the 1930s ([131] and other references cited in [19]). Recent studies of pelagic invertebrates have revived these models. In pelagic animals that have integuments permeable to respiratory gases, nutrients and wastes, the scaling of the rates of metabolism (oxygen consumption) and excretion of metabolic wastes matches that for estimated body surface area ([132,133,134]; but see [135]). However, it is still unknown whether surface-area-related material exchange rates constrain metabolic rate in skin-breathing pelagic invertebrates. The opposite may also have occurred. Body shape and associated surface area may have evolved to match metabolic demand [133]. This reverse causation likely explains parallel scaling of gill surface area and metabolic (oxygen consumption) rate in amphipod crustaceans [136] and perhaps fishes, as well [137,138] (also see Section 3.3).



In any case, the effects of surface-area-related resource uptake and metabolic waste excretion on metabolic scaling are likely contingent on specific biological and ecological conditions. For example, matches between the scaling of metabolic rate and body surface area should occur in skin-breathing animals, but not in arthropods or other animals with impervious exoskeletons, as was observed [132]. In addition, the MLBH predicts that surface-area-related resource uptake and metabolic waste excretion (or heat loss) should most influence the scaling of resting metabolic rate when the metabolic intensity of an animal is high. This hypothesis predicts that the scaling exponent should decrease (approaching 2/3) with increasing resting metabolic level, as has been frequently observed both within and among species with respect to differences in lifestyle, physiological status and ambient temperature [19,39,54,55,56,57,59,72,73,74,75,76].



SA models may also inform metabolic scaling relationships at multiple hierarchical levels, including the cell, tissue, individual and social group. Above I have already described some applications of SA models to metabolic scaling at the levels of individuals and social groups (also see [20]). As for the cellular level, in the 1950s, Davison [139,140] postulated that metabolic scaling depends on whether body size increases by increasing cell size, cell number or both. He assumed that larger cells should have lower mass-specific metabolic rates because they have less metabolically active cell membrane (surface area) per cell volume for transport of ions and metabolites. Therefore, if body size increases by cell enlargement, the metabolic scaling exponent should be 2/3; if by cell multiplication, the exponent should be 1; and if by both, the exponent should be between 2/3 and 1. However, this model received little attention (but see [21,141]) until it was rediscovered nearly 50 years later [142]. Since that time, many investigators have discussed the cell-size model, including providing additional theoretical formulations, conceptual justifications, and empirical tests [19,20,56,97,105,106,130,143,144,145,146,147,148]. However, so far the model has received mixed empirical support [19,20,97,105,106,139,140,141,142,143,145,149,150,151,152,153,154,155].



The surface-area approach may also be relevant at the tissue level. According to a recent version of Dynamic Energy Budget (DEB) theory, the surface area of internal storage depots affects the flow of nutrients to somatic cells, and consequently the relationship of metabolic rate to body size [156]. This storage-dynamics model predicts that larger animals should have proportionately more storage material with low metabolic activity, and proportionately less structural tissue with high metabolic activity, thus causing a negative allometry of metabolic rate (log-log slope < 1). However, although mammals show positive allometry of fat (lipid) mass [17], as predicted, insects exhibit isometry of lipid mass (slope ~ 1) [157], contrary to this model. Therefore, the negative allometry of metabolic rate in both of these taxa [39,92,115,116,119,127,143] does not appear to relate consistently to the scaling of storage mass. Other evidence also indicates that the scaling of metabolic rate and storage mass need not relate (see Section 2.2.3). In addition, although DEB theory predicts steeper scaling of metabolic rate in small versus large mammals [156], the opposite actually occurs (see Section 2.1.2).




2.2.2. Resource-Transport Models


A highly cited model of metabolic scaling published in the journal Science in 1997 invoked resource-supply limits resulting from the geometry and physics of internal resource-transport networks [158]. According to this model and others like it ([80,84,159,160,161,162]; and other references cited in [19,20]), as body size increases, the average travel distance and energetic/structural costs for resource distribution to metabolizing cells increases, which reduces the rate at which cells receive oxygen and nutrients, thus decreasing mass-specific metabolic rate. However, these resource-transport network (RTN) models are not entirely novel, but represent partial rediscoveries and reformulations of explanations already proposed as early as the 1800s [108,163]. Sarrus and Rameaux (1839) noted that metabolic rate should be proportional to blood flow [108]; and Hoesslin (1889) proposed a physical model to explain the 2/3-power surface law as being the result of geometric and physical limits on blood flow, thus resulting in oxygen limitation to metabolizing cells [163]. Kleiber (1961) also argued that metabolic rate and the rate of circulation of oxygen- and nutrient-laden blood should be co-adjusted. In doing so, he specified many of the same assumptions as those used in the 1997 RTN model [158], including that capillary size, blood pressure and blood velocity are body-size independent constants, that blood volume is directly proportional to body mass, and that metabolic rate is related to the efficiency of oxygen transport. Notably, both Hoesslin and Kleiber used the principles of geometric similarity, as have recent RTN models. Further studies anticipated modern RTN models, including those that proposed that the fractal-like nature of circulatory systems affects metabolic scaling [164,165].



Again, this discussion is not merely of historical interest, because several early workers, including Kleiber, realized that oxygen supply via the circulatory system unlikely causes the scaling of basal (resting) metabolic rate in birds and mammals, but has become adjusted to the metabolic demand required (see also [20]). For example, over 150 years ago, Regnault and Reiset [166] observed that the metabolic rates of rabbits and dogs are unchanged by exposure to atmospheric oxygen levels 2–3 times above normal [167]. In the mid-1900s, several investigators also discounted the effects of oxygen supply limits on metabolic scaling because excised tissues continue to show allometric metabolic scaling in the presence of high oxygen levels (e.g., [168,169]). In addition, Kleiber [92] discussed several lines of evidence (based largely on the work of Krogh [170]) indicating that the anatomy and functioning of circulatory systems, and thus the delivery of oxygen and other resources to metabolizing cells, are more a response to metabolic demand, than a constraint on it (as also corroborated by several recent studies reviewed in [20]). For example, capillary number and use vary markedly with activity level and associated metabolic demand of muscle tissue ([92,170] and references cited in [20]). Furthermore, Bertalanffy [94] noted that hemodynamic resource transport (RT) models do not apply to many kinds of organisms without closed circulatory systems or with no circulatory systems at all. For these reasons, RT models were not widely accepted explanations for metabolic scaling during most of the 1900s. However, apparently many modern workers have been unaware of this history, and during the last two decades, RT models were again proposed and became widely regarded as fundamental, universal explanations of metabolic scaling. In response, some biologists have recently rediscovered or revived the argument that oxygen-supply limits cannot be a universal explanation for metabolic scaling, thus undermining RTN models. For example, Harrison [106] recently assembled extensive evidence (some of it new) contradicting oxygen limitation as a general mechanism, including that oxygen availability to cells is not lower in large versus small animals, contrary to that predicted. Other workers have also discussed additional lines of evidence contradicting the predictions of RTN models (e.g., [19,20,46,97,98,132,133,134]). For instance, cells extracted from homogeneous tissues and cultured in vitro in oxygen- and nutrient-rich media often exhibit lower, rather than higher metabolic rates than those in vivo [reviewed in [97]), contrary to that predicted by RTN models [171,172]. In addition, studies of several kinds of animals show that aerobic capacity need not limit the rates of growth and metabolism ([98]. Furthermore, although RTN models predict that the metabolic scaling exponent should be lower in organisms that grow primarily in two rather than three dimensions, the opposite occurs in diverse pelagic invertebrates [132,133].



Nevertheless, RTN models continue to enjoy wide acceptance and application, despite having the least amount of direct (mechanistic) empirical support compared to the three other major theoretical approaches discussed here (see [20] and also Section 3.2). New RTN-based models (e.g., [84,173,174,175,176]) or applications (e.g., [22,172,177]) continue to appear that have not sufficiently heeded the history of accumulating negative evidence against the assumptions, logic and predictions of previous RTN models.



A new approach has even invoked costs of resource transport at the cellular level rather than at the systemic, whole-body level [130]. Like previous cell-size models [139,140,142], this RT model predicts that if body size increases by increasing cell size, the metabolic scaling slope should be 2/3, whereas if it increases by cell number the slope should be 1, and if body size increases by increasing both cell size and number, the slope should be between 2/3 and 1. However, according to this RT model, increased transport distances and costs within larger cells cause these patterns, rather than decreased mass-specific metabolic activities related to cross-membrane transport of ions, nutrients and metabolic wastes that are associated with decreased cell membrane surface area per cell volume, as postulated by SA models [139,140,142]. Currently, data are not available to distinguish between these possibilities, which are not mutually exclusive. In any case, tests of the identical predictions of the SA and RT versions of the cell-size model have produced mixed support (see Section 2.2.1). Most support comes from scaling analyses at the intraspecific (ontogenetic) level (the focal level of the RT model [130]; but see [152,155]), whereas support at the interspecific level is weaker. For example, although cell-size models correctly predict the hypometric (negatively allometric) scaling (slope ~ 0.75) among species of insects [145], they do not for mammals. These models predict that interspecific metabolic scaling in mammals should be nearly isometric (log-log slope ~ 0.98–0.99, calculated as b = 1 − a/3 [138], where a = the scaling slope for cell mass in relation to body mass ~0.03–0.05 [17,141]), but actually mammalian basal metabolic rate scales with a much lower slope (≤0.75) [39,92,115,119,127] (cf. [113,178]). The RT model of [130] attempts to account for this disparity by also invoking additional effects of heat dissipation, which are especially important in endotherms (see also [56,85], and Section 2.2.1). However, the RT cell-size model (as well as SA cell-size models) cannot explain allometric metabolic scaling observed in vitro for freshly excised homogeneous tissue cells of similar size taken from donor animals encompassing diverse body sizes ([179] and other references cited in [19,20,92,144]). Nor can it explain isometric or near isometric metabolic scaling observed in some unicellular eukaryotes (e.g., [54,180,181,182,183]), or isometric or hypermetric (positively allometric) scaling (slopes ≥ 1) observed in prokaryotic cells [54,182,184,185].




2.2.3. System-Composition Models


During the last four decades, several investigators have rediscovered or revived system-composition (SC) models of metabolic scaling (e.g., [25,28,29,85,89,99,106,156,167,186,187,188,189,190]; and other references cited in [19,20]). These models focus on how body-size-related changes in the relative proportions of system components (e.g., tissues and organs) with different metabolic activities affect the scaling of metabolic rate. For example, DEB theory postulates that the hypometric (negatively allometric) scaling of metabolic rate (slope < 1) observed among species within specific taxa is the result of increased proportions of storage mass with low metabolic activity in species with larger body sizes [85,156]. In addition, Wang and colleagues reported that changes in the relative proportions of tissues (organs) with high versus low metabolic activity could explain the hypometric scaling of basal metabolic rate in mammals [189,191]. Similarly, Harrison [106] recently suggested that the negative allometry of metabolic rate in animals is in part the result of decreased proportions of neurosensory tissues (including the brain and various sensory organs) with high metabolic activity in larger species. However, largely forgotten investigators in the 1930s first developed the SC approach (reviewed in [20]). For example, Kestner (1936) claimed that the hypometry of metabolic rate in mammals results entirely from decreases in the relative masses of highly metabolically active tissues and organs, including the brain and central nervous system, heart, liver, kidneys and other viscera [192]. However, in the mid-1900s, influential workers (e.g., [92,93,94]) rejected SC models as general explanations for metabolic scaling, which led to their temporary dormancy until the 1980s.



In the wake of revived interest, recent studies have provided mixed support for SC models (also see [20]). At the intraspecific level, the hypometry of metabolic rate of various fish species relates, at least in part, to increases in the relative masses of tissues with low metabolic activity (e.g., fat and skeletal tissues), and decreases in the relative masses of tissues with high metabolic activity (e.g., brain, heart, kidney, hepatopancreas, and digestive tract) during growth (e.g., [152,186,187]. Supportive results also exist for plants [190,193], humans [194] and cladocerans [195], but not for amphipods [105,196] and insects [49]. In the freshwater amphipod Gammarus minus, the inter-population variation in the scaling of resting metabolic rate is unrelated to the scaling of relatively metabolically inert fat and skeletal materials [105].



At the interspecific level, whole body scaling analyses of the metabolic activity of multiple tissues and organs in mammals support SC models [189,191], but analyses of specific tissues or organs have yielded mixed results (also see [113]), possibly in part because they have not considered the metabolic effects of all tissues and organs, which may interact in various ways. For example, SC models, including DEB theory [85,156] are supported by the positive allometry of fat mass in mammals [17], and of ‘dead wood’ in plants [28,29], but they are contradicted by the isometry of fat and skeletal tissues in insects [157,197] (see also Section 2.2.1). Furthermore, a study designed to test SC effects showed that hypometric metabolic scaling is not caused by a positive allometry of either fat or exoskeletal materials in 15 species of carabid beetles [198]. In fact, both fat and exoskeletal masses showed negative allometry, the opposite of that predicted. In addition, three major lines of evidence contradict or limit the applicability of the neurosensory SC component of the models of [106,192]. First, the concave upward scaling of basal metabolic rate in mammals is opposite of the scaling of brain mass, which is concave downward [34]. Second, several mammal studies have shown that basal metabolic rate is weakly or non-significantly correlated with brain size, after controlling for the effect of body size and other relevant factors (e.g., [199,200,201,202,203,204]). If a functional link exists between brain mass and metabolic rate, it may only occur in eutherian mammals, which have long periods of placental nutrient provisioning of offspring [202]. Furthermore, this possible link may involve an effect of maternal metabolic rate (and thus rate of energy provisioning) on neonatal brain growth ([205,206,207]; but see [208]), rather than a direct effect of the high-energy use of the adult brain on metabolic rate, as suggested by some investigators (e.g., [106,192,200,209]. This hypothesis is consistent with a lack of a positive correlation between body-size adjusted metabolic rate and adult brain mass in animal taxa without prolonged intrauterine development, including birds [210], marsupials [202,211] and teleost fishes [212,213], which also contradicts the models of [106,192]. However, future research should examine whether these non-significant relationships arise from compensatory effects of other metabolically active organs. Third, the neurosensory SC component of the models of [106,192] obviously does not apply to organisms without brains, including plants and some simple sedentary animals [214].



The above results suggest that although SC models may be useful in specific cases, they do not constitute a complete and universal explanation of metabolic scaling (also see [20]). In further support of this point, they obviously cannot explain hypometric metabolic scaling observed in homogeneous tissues [92,93,97,113,168,179]. In any case, investigators should not ignore SC models when attempting to explain metabolic scaling (also see [89,167]). They may even have value at multiple levels of biological organization, including cells and social groups (see [20]). For example, recent work on ant colonies suggests that their frequently observed hypometric metabolic scaling may be the result of decreases in the relative frequencies of active versus inactive ants in larger colonies ([215,216], but see [217]). This constitutes a SC effect at the colony level.




2.2.4. Resource-Demand Models


During the last four decades, several investigators have rediscovered or revived resource-demand (RD) models of metabolic scaling (e.g., [46,56,85,87,89,90,98,103,105,106,167]; and other references cited in [19,20]). These models consider how the resource demand of various whole body processes, such as growth, locomotion and thermoregulation, affect the scaling of metabolic rate [19,20,46,56]. Here I focus on explanations involving the metabolic demand of growth and development, which are especially relevant to body-size scaling [19,85,98,103,105,106,136,193,218,219,220,221]. Most of these explanations (including DEB theory) consider how changes in growth rate during ontogeny affect the scaling of metabolic rate [19,85,98,103,105,136,193,218,219,220,221]. As with SC models, growth-based RD explanations of metabolic scaling originated in the 1930s and 1940s ([222,223,224]; reviewed in [20]), but most modern investigators appear to be unaware of this work.



Strong empirical support for growth-based RD models exists at the intraspecific level. Several studies in diverse species of plants [193], invertebrates [103,105,136,219,220,222] and vertebrates [218,221,223,224] have shown that increased growth rate is associated with steeper ontogenetic scaling of metabolic rate (slopes often approaching 1) (also see 19,20,98]. This support involves not only numerous correlative analyses, but also multiple experimental manipulations. For example, Teissier (1931) showed that nutrition-enhanced growth rate resulted in steeper scaling of metabolic rate in mealworm larvae (Tenebrio molitor) [222]. A similar outcome occurred in brown garden snails (Cornu asperum, formerly Helix aspersa), whose growth rate had been increased by artificial selection for increased body size [220]. A natural experiment involving varying natural selection on growth rate in amphipod populations living in springs with versus without visually hunting fish predators also revealed a close match between the ontogenetic scaling of the rates of growth and metabolism [105,136].



However, few investigators have considered how ontogenetic growth and development may affect interspecific metabolic scaling [19,106,225]. As one possible explanation, Glazier [19] speculated that ectothermic vertebrate animals exhibit steeper metabolic scaling than endothermic vertebrates because of differences in their post-maturational growth. Growth has a high energy cost [226], and thus post-maturational growth may elevate metabolic rate more in large versus small ectotherms, because the former grow more (though also longer) to reach larger sizes. The optimal evolutionary strategy may be for large, long-lived ectothermic vertebrates to expend relatively more energy on growth throughout their lifetimes, compared to small, short-lived species selected to divert more resources to reproduction. By contrast, growth should not significantly affect the metabolic scaling slope of adult endotherms, which exhibit little or no post-maturational growth [226]. However, this and related hypotheses discussed in [19,225] remain to be tested. More recently, Harrison [106] suggested that small animals have higher mass-specific metabolic rates than larger animals in part because they expend more energy for metabolically expensive growth. However, two major lines of evidence contradict this hypothesis, at least as a universal explanation. First, it cannot explain why basal metabolic rate estimated in adult birds and mammals scales hypometrically with body mass, because these animals show little or no post-maturational growth [214,226]. Second, rates of growth and metabolism are unrelated across species of birds [227] and mammals [228], and vertebrates generally [38,229], after controlling for body-size differences. By contrast, recent studies on birds report significant associations between rates of whole body growth and cell metabolism in tissue cultures [230,231]. In any case, interspecific associations between growth and metabolism are more likely to occur in growing juvenile animals, as observed in nestling songbirds at three different latitudes [232]. Empirical support for growth-based RD models at the interspecific level is presently weak for adult multicellular organisms. These models may best apply to immature multicellular organisms and to unicellular organisms, whose growth and metabolism interrelate inextricably (cf. [19,54,85]). For example, the hypermetric scaling of growth rate among species of unicellular prokaryotes may help explain their similarly steep scaling of metabolic rate (as suggested by [20] based on data in [182,233]).



Several recent studies have also rediscovered or revived the view that metabolic scaling results from resource demand intrinsically controlled at the cellular level. Kleiber [91,92,169] and Glazier [20] reviewed the early history of this viewpoint. Recent investigators have implicated membrane composition and function [89,167,179,234], mitochondrial activity and number [97,179,235,236,237], intracellular transport costs [130], DNA content [182,190], and other biochemical factors [238], as importantly involved in the intrinsic cellular control of metabolic scaling. Evidence for and against various specific aspects of this approach can be found in [19,20,89,91,92,93,94,130,167,169,235,236,237,238,239,240,241,242,243]. A major limitation of the cell-based RD approach is that it cannot explain by itself why the hypometric scaling of cellular metabolic rate is lost in cells cultured in vivo (reviewed in [20,97]). Nor can it explain by itself why the metabolic scaling slope varies in relation to body shape, developmental stage, physiological condition, and various ecological factors (e.g., [19,20,46,56,103,105,107,132,133]). The cell-based RD approach focuses on proximate causes at the cellular level, but ignores proximate systemic causes and ultimate (evolutionary) causes of metabolic scaling relationships (also see [20]).






3. Outlook


At this point, it should be clear that no one mechanism can fully explain the diversity of metabolic scaling relationships that have been observed within and among species. Consequently, many investigators now appreciate that a truly comprehensive theory of metabolic scaling must include multiple mechanisms (e.g., [19,20,27,46,56,85,87,89,90,130,147,156,167,176,179,182,214,244]).



3.1. Multi-Mechanistic Approaches


Here I briefly discuss several recent models or hypotheses that contain multiple mechanisms. I categorize several of these multi-mechanistic models according to their use of four possible component mechanisms or theoretical approaches represented by the contextual multimodal theory (CMT) of metabolic scaling [20]. All of these multi-mechanistic models include at least two modal mechanisms (Section 3.1.1) (Figure 2), whereas only three of them comprise three or four modal mechanisms (Section 3.1.2) (Figure 1, Figure 3 and Figure 4).



3.1.1. Models with Two Major Mechanisms


Collectively, the multi-mechanistic models so far proposed include all possible binary combinations of the four modal mechanisms (SA and RT, SA and SC, SA and RD, RT and SC, RT and RD, and SC and RD: see Figure 2). SA-RT models include those that combine the effects of resource transport inside the body and across internal body surfaces [80], the effects of heat flow inside the body and across external body surfaces [122], the effects of SA-related heat dissipation in small mammals and RT effects in large mammals [27], and the effects of intracellular RT and body-SA-related heat dissipation [130]. The SA-SC model of [148] combines the effects of surface-area related processes of cells with variation in the body composition of cells of different size. The metabolic-level boundaries hypothesis (MLBH) is primarily a SA-RD model (but see Section 3.1.2) that postulates that the relative effects of SA-related and volume (RD)-related processes on metabolic scaling vary with metabolic level [19,39,46,56]. RT-SC models combine the effects of resource-transport networks with effects of unequal tissue metabolic rates [176,245]. The RT-RD model of [86] considers the balance between RT-related resource supply and resource demand. SC-RD models focus on the combined effects of unequal tissue metabolic rates with resource demands at the cellular [25,89,167,246] or organismal levels [106].



Other kinds of mechanistic combinations are possible, as well. For example, integration of the MLBH with the cell-size model helps explain why the cell-size model by itself is unsuccessful in explaining specific metabolic scaling relationships (e.g., of resting endotherms, as compared to dormant, hibernating or strenuously active animals [56]). This integration also deepens our understanding of why the scaling slope for resting metabolic rate decreases with increasing metabolic level: it may be the result of increased effects of SA-related processes at not only the organismal level, but also the cellular level [56,147]. Furthermore, when metabolic level is controlled, an increase in cell size (entailing a decrease in cellular SA/volume) should cause the metabolic scaling slope to decrease toward 2/3, as shown by a comparison of four cyprinid fish species [147].




3.1.2. Models with Three or Four Major Mechanisms


I know of only three theories of metabolic scaling that embrace three or four of the possible modal mechanisms: DEB theory (Figure 3), the MLBH (Figure 4) and the CMT (Figure 1). DEB theory includes SA, SC and RD effects. According to this theory, SA and SC mechanisms are involved in how storage material supposedly affects interspecific metabolic scaling in a universal way ([85,156]; also see Section 2.2.1 and Section 2.2.3). DEB theory also invokes SA-related heat-dissipation effects to explain why the scaling slope of basal metabolic rate in endotherms is near 2/3, a special case [85]. In addition, this theory posits that intraspecific metabolic scaling relates to changing resource demands for growth during ontogeny ([85]; also see Section 2.2.4).



Although the MLBH is primarily a SA-RD model (see Section 3.1.1; Figure 2), as originally proposed, it also included the possibility of RT effects at high metabolic levels (Figure 4 [19,46]). However, recent applications of this model have ignored RT effects (based on the theory of [158,159,160,161,162]) because they apply only to a small subset of all living species (e.g., vertebrate animals with closed circulatory systems) (also see Section 3.2). The MLBH successfully predicts covariation between metabolic scaling slopes and elevations even in organisms with open circulatory systems or none at all [19,46,54,56,58,59].



The CMT includes all four modal mechanisms (Figure 1). According to the CMT, each of these mechanisms only applies under specific biological and ecological conditions. This ‘meta-mechanistic’ approach encompasses both DEB theory and the MLBH, and helps to explain their limits of application. All three approaches include the contingent effects of SA-related heat dissipation in endotherms. SC effects may not always explain interspecific metabolic scaling, as claimed by DEB theory (see Section 2.2.3), because other SA and RD effects (as postulated by the MLBH) may be more important in specific cases. The CMT also allows for SC effects on intraspecific metabolic scaling, which current DEB theory ignores (see [20]). In addition, the CMT explains why the MLBH does not always make accurate predictions. For example, the MLBH predicts that the metabolic scaling exponent should approach 1, as the level of resting metabolism decreases. However, SC effects may cause the scaling exponent to be significantly <1, even when metabolic level is low, as observed in trees and ticks, which accumulate large amounts of metabolically inert structural material as they grow (Figure 4; also see [20]). In these cases, isometric metabolic scaling should occur only when the masses of metabolically active tissues are considered.





3.2. Mechanistic Approaches with Most Empirical Support


Four years ago, Glazier [20] assessed the relative empirical support for each of the four modal mechanisms of the CMT. Surprisingly, he claimed that the most widely known and applied mechanism (based on resource-transport network theory [80,86,158,159,160,161,162]) had the least amount of empirical support. This remains true today. Direct empirical support (rather than indirect correlative evidence) for RT effects on metabolic scaling has yet to appear, even though the much-acclaimed RTN theory of West and colleagues [158] is now over 20 years old. Moreover, several lines of evidence contradict predictions of RTN models (see Section 2.2.2 and reviews of [19,20,46,98,106]). Only the SA and RD mechanisms, which figure importantly in DEB theory and the MLBH, have direct empirical support, including corroborative experimental evidence (reviewed in [20]). Obviously, further tests of all four modal mechanisms are required.




3.3. Causal Interrelationships among Multiple Mechanisms


Another incompletely resolved issue is how the four modal mechanisms relate causally. Some theoretical approaches emphasize effects of resource supply, which then constrain resource demand, whereas others emphasize effects of resource demand, to which resource supply must adjust to maintain a positive energy balance. Others argue that resource supply and demand reciprocally influence each other, and thereby have become co-adjusted (see reviews in [19,20,98,106]).



For example, RTN models assume that resource supply, constrained by RT networks, dictates resource (metabolic) demand [80,86,158,159,160,161,162]. However, evidence against resource-supply limits (see Section 2.2.2) suggests that reverse causation may be operating, i.e., that resource demand may often dictate metabolic rate and the resource supply required. Primary effects of RD mechanisms are supported by shifts in metabolic scaling related to changes in various demand processes, including growth, locomotion, heat production, and food processing [20,46,56,98]. In addition, the anatomy and functioning of RT networks are malleable and change significantly in response to increased resource demand (e.g., as caused by energy-expensive exercise and milk production, reviewed in [20]). Furthermore, numerous biochemical kinetic studies show that the rates of several kinds of metabolic reactions are controlled by ATP demand, rather than by substrate supply, contrary to common belief (reviewed in [19,98]). Accordingly, Harrison [106] has recently argued that resource-demand processes, including both SC and RD effects, primarily cause metabolic scaling (Figure 2 and Figure 5). Consequently, resource supply, as controlled by SA and RT mechanisms, secondarily responds to match and thereby support resource demand (Figure 5).



Although SC and RD mechanisms may often be primary drivers of metabolic scaling, SA mechanisms may also be critical in specific cases [214]. For example, thermoregulatory SA models posit that SA-related heat dissipation requires compensatory metabolic heat production to maintain constant body temperatures in endotherms. Both experimental and comparative work support this view (see [20,97] and Section 2.2.1). In addition, high metabolic activity in resting organisms (as related to energetic lifestyles or high temperatures) may often cause SA (and possibly RT) mechanisms to influence metabolic scaling more than RD mechanisms (Figure 4). This view is supported by frequently observed inverse correlations between the slopes and elevations of metabolic scaling relationships, both within and among species, as predicted by the MLBH [19,20,46,56,129]. Experimental manipulations of environmental temperature and oxygen concentrations, as well as of respiratory surface areas, also support primary effects of SA mechanisms on metabolic scaling in specific contexts (see reviews in [19,20]). For example, lunged salamanders permitted to breath both air and water exhibit steeper metabolic scaling than those allowed to breathe only water [247]. Similarly, lunged salamanders exhibit steeper metabolic scaling than lungless salamanders [248,249]. Pulmonate snails that breathe relatively high-oxygen air also exhibit significantly higher metabolic rates than prosobranch snails of equivalent size that breathe relatively low-oxygen water [250]. In addition, close associations between the scaling of metabolic rate and the SA of respiratory structures or of the body in skin-breathing animals (e.g., [132,133,136,251,252,253,254]) suggest that SA mechanisms are often importantly involved in metabolic scaling, if not as primary drivers, at least as necessary providers of required resources. Metabolic scaling may often involve a regulatory co-adjustment between resource supply and demand [20]. Although workers in the mid-1900s argued that biological regulation is important in metabolic scaling (e.g., [92,93,94]), this view has been largely dormant and I predict will be revived (cf. [20,90,95,96,97,98]), as is occurring in studies of morphological scaling (e.g., [255]).




3.4. Relative Effects of Intrinsic and Extrinsic Factors


Consideration of the causal (mechanistic) basis of metabolic scaling raises critical questions about the relative roles of intrinsic and extrinsic factors in these relationships. Traditionally, metabolic scaling theory has focused on intrinsic properties of organisms and their cells, including body shape and structure, tissue metabolic requirements, and cell size, structure and function. This approach has tended to emphasize proximate (functional) causes, rather than ultimate (evolutionary) causes. RTN models exemplify this intrinsic approach [80,84,86,158,159,160,161,162]. Even though RTN models use evolutionary optimization arguments, their proponents typically regard these models as universally applicable, or nearly so, regardless of organism or environment. The primary causal mechanism involves internal constraints of RT networks that limit resource supply to metabolizing cells, and thus collectively whole-body metabolic rate, which in turn energizes various other biological processes. The metabolic theory of ecology (MTE), which is based on RTN models, extends this flow of causation to include effects of metabolism on the rates of various ecological and evolutionary processes [64,65]. In short, the MTE emphasizes the primary intrinsic control of metabolic rate, which then acts as a ‘pacemaker’ for all other biological and ecological processes (cf. [98]). According to the MTE, temperature (an extrinsic factor) also affects metabolism, but does so independently of body size, thus altering the elevation, but not slope of metabolic scaling relationships (also see Section 2.1.4). According to this view, intrinsic factors primarily cause the scaling slopes of metabolism and other associated processes. Ecological factors are only of secondary importance and chiefly affect the elevation, rather than slope of metabolic scaling relationships.



However, three major lines of evidence indicate that metabolic scaling slopes are not solely the result of intrinsic factors (i.e., “engineering” [62]), but also strongly respond to extrinsic (environmental) factors. First, changes in temperature can affect not only the elevation, but also the slope of metabolic scaling relationships, both within and among species (see Section 2.1.4), as predicted by the MLBH [19,46,54,56,57,59,129] and the viscosity hypothesis of Verberk and Atkinson [256]. Second, several other kinds of abiotic and biotic factors may influence metabolic scaling slopes (reviewed in [19,20,56,103,121]). Third, evidence is growing that RTN-constrained supply of oxygen and nutrients does not universally, or even typically control metabolic rate and its scaling with body size (see Section 2.2.2 and Section 3.3). In many cases, metabolic rate is affected by various resource-demand processes that are in turn influenced by diverse physiological, behavioral and ecological factors [19,20,46,56,57,58,60,98,99,103,105,106,212,257]. Contrary to the MTE view, metabolic rate may not always be a pacemaker for other biological and ecological processes (reviewed in [98]; also see [51,244,257,258]). Recognition of demand-side effects on metabolic scaling opens up numerous possibilities for how extrinsic (ecological) factors may affect these relationships [20]. For example, Glazier and colleagues [105] have shown how visually hunting fish predators significantly alter the ontogenetic scaling of energy-expensive growth (a RD process), and in turn the scaling of metabolic rate in the freshwater amphipod G. minus. Daan and colleagues [99] also argued that increased adult mortality risk in small, short-lived versus large, long-lived birds selected for higher parental energy expenditure and an associated larger metabolic machinery (including proportionately larger brains, hearts, and other visceral organs) in smaller birds, thus causing a hypometric scaling of basal metabolic rate. Harrison [106] later rediscovered and elaborated on this ecological SC explanation [214]. In addition, ecological factors may influence the role of SA-related processes in metabolic scaling. For example, in G. minus, the presence of fish predators has not only affected the scaling of metabolic rate, but also the scaling of gill surface area, and thus the capacity to uptake oxygen needed for metabolism [136]. High temperatures may also increase the influence of SA-related processes on metabolic scaling, as postulated by the MLBH [19,46,56,57,59]. In addition, significant parallel shifts in the scaling of body SA and metabolic rate occur in association with major ontogenetic habitat shifts (e.g., from pelagic larvae to benthic adults) in many aquatic invertebrates [133]. The influence of adaptive evolution, as mediated by various ecological factors, on SA, SC and RD mechanisms of metabolic scaling, is schematically depicted in Figure 6 (also see Figure 4 and Figure 5 in [20]).



In short, extrinsic (ecological) factors may have primary effects on metabolic scaling [20,98,99,100,101,102,103,104,105,106,107], rather than merely secondary effects, as postulated by models based on intrinsic physical and biological properties [63,64,158,159,160,161,162]. Glazier and colleagues [105] have recommended the development of an “ecological theory of metabolism” (ETM), as an alternative (or complement) to the MTE (cf. [20,45,46,98,106,121,195]). According to the MTE, metabolic rate and its scaling with body mass affect various ecological phenomena, whereas in opposite fashion, the ETM considers how various ecological factors affect metabolic rate and how it scales with body mass. An ETM offers more promise for explaining the broad diversity of metabolic scaling relationships and their associations with various ecological factors than does the MTE, which invokes an ideal 3/4-power law for the body-size scaling of metabolic rate that is unaffected by ecology. Incisive experimental and comparative studies are now much needed to distinguish the relative effects of resource supply versus demand, and of intrinsic versus extrinsic factors on metabolic scaling [19,20,106,121].




3.5. The Diversity of Metabolic Scaling


I recommend that future theoretical work on metabolic scaling should break free of an alluring fixation on a specific idealized metabolic scaling exponent (e.g., 2/3 or 3/4), and embrace the full diversity of exponents that exists that is not merely the result of statistical error. Over 100 years ago, Krogh [259] published the first power functions for metabolic rate in a variety of ectothermic and endothermic animals, and showed that no one scaling exponent could describe them all (also see [260]). In keeping with the overall theme of my article, this discovery of metabolic scaling diversity was rediscovered many times during the 1900s (e.g., [23,32,261,262,263]), but largely ignored in favor of a 3/4-power law. Only during the last two decades, has a true appreciation of the broad diversity of metabolic scaling relationships been spreading widely (see e.g., [19,20,24,26,27,33,34,39,44,46,50,54,55,56,57,58,103,105,106,107,117,118,121,132,142,143,147,149,153,182,193,219,225,260,264,265]), thus helping to stimulate the development of multi-mechanistic explanatory models (see Section 3.1). The recognition of diversity is not necessarily a hindrance to the development of general theory, as sometimes thought (cf. [19,20]).





4. Conclusions


Most biological scaling studies have examined single kinds of allometric relations, and specific theoretical explanations for them, in isolation from others [19,51], thus creating a problem epitomized by John G. Saxe’s poem about the blind men attempting to understand an elephant by separately and independently examining its individual body parts [17] (Figure 7). When striving for a general theory of biological scaling, investigators should fully consider multiple hypotheses, mechanisms and kinds of scaling relationships, and their possible integration [17,20]. The frequently forgotten or underappreciated work of their predecessors can help light the way.
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Figure 1. Schematic representation of the four modal theories included in the contextual multimodal theory (CMT) of metabolic scaling. Reproduced with permission from [20]. 
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Figure 2. Schematic representation of theoretical models of metabolic scaling that embrace various binary combinations of four possible modal mechanisms or theories included in the contextual multimodal theory (CMT) of metabolic scaling [20]. SA = surface-area theory; RT = resource-transport theory; SC = system-composition theory; RD = resource-demand theory. (A) [27,80,122,130], (B) [148], (C) [19,39,46,56], (D) [176,245]. (E) [86], (F) [25,89,106,167,246]. 
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Figure 3. Schematic representation of the modal mechanisms used by Dynamic Energy Budget (DEB) theory to explain metabolic scaling [85,156]. Hypometric interspecific metabolic scaling (log-log slope < 1) is explained by surface area (SA) effects on resource supply from storage pools (or in endotherms by heat dissipation effects) and system composition (SC) effects involving disproportionate increases in metabolically inert storage materials with increasing body size. Intraspecific metabolic scaling results from ontogenetic changes in the resource demand (RD) of growth. DEB theory emphasizes SC and RD mechanisms, as indicated by larger code letters and thicker circular lines. 
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Figure 4. Schematic representation of the modal mechanisms used by the metabolic-level boundaries hypothesis (MLBH) to explain metabolic scaling both within and among species [19,46,56]. The relative influence of the component mechanisms depends on metabolic level. At high levels of resting metabolism, surface-area (SA) or resource-transport (RT) related effects on resource supply and waste (including heat) loss cause the metabolic scaling exponent to approach 2/3 or 3/4 in isomorphic organisms. However, at low levels of resting metabolism or high levels of active metabolism, volume-related tissue maintenance or muscular power production (RD effects) causes the exponent to approach 1 (assuming no heterogeneous scaling of tissue metabolic rates). If RT effects occur, they are restricted to organisms with closed circulatory systems (e.g., vertebrate animals). The MLBH emphasizes SA and RD mechanisms, as indicated by larger code letters and thicker circular lines. 
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Figure 5. Schematic representation of Harrison’s demand-side model of metabolic scaling [106] within the framework of the CMT [20]. Thick arrows and outlined circles denote Harrison’s emphasis on the adaptive evolution of two modal mechanisms affecting resource demand. This model posits that the two modal mechanisms affecting resource supply evolve in response to changes in resource demand. SA = surface-area theory; RT = resource-transport theory; SC = system-composition theory; RD = resource-demand theory. 
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Figure 6. Schematic representation of the relative importance of four modal mechanisms, and their interactions within the framework of the CMT [20] (cf. Figure 1). Thick arrows and outlined circles denote the modal mechanisms and their interactions that are most supported by current evidence, according to [20]. This model posits that metabolic scaling may evolve in relation to changes, not only in both resource supply and demand, but also in surface-area related loss of wastes (including heat). Source [20] provides further details about how metabolic scaling may respond to co-adjusted changes in both resource supply and demand, and to various physiological, developmental and ecological factors, both functionally and evolutionarily. SA = surface-area theory; RT = resource-transport theory; SC = system-composition theory; RD = resource-demand theory. 
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Figure 7. Metabolic scaling represented by an elephant with many different complex parts. Through history, scientists (like blind men) have focused on specific aspects of metabolic scaling (shown in part as the four modal mechanisms of the CMT [20]) and argued for their pre-eminent importance, but in the process failed to see the whole elephant and the environment in which it lives. One must inspect all parts of the ‘elephant’ and its ecological interactions to understand metabolic scaling fully. Based on John G. Saxe’s poem (picture of elephant and blind men, and the last lines of the poem from [266]). 
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