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Abstract

Objectives: Life history theory, a branch of evolutionary theory, predicts the exis-

tence of trade-offs in energetic allocation between competing physiological func-

tions. The core metabolic cost of self-maintenance, measured by resting metabolic

rate (RMR), represents a large component of human daily energy expenditure.

Despite strong selective pressures for energetic frugality and high observed inter-

individual variation in RMR, the link between RMR and energetic allocation to life-

history traits remains understudied in humans.

Materials: In a sample of 105 (m = 57, f = 48), we investigated the relationship

between adult RMR and investment in growth quality, as measured by fluctuating

asymmetry (FA).

Results: Measurement of RMR and FA in university rowers revealed a significant posi-

tive correlation amongst males (n = 57, r = 0.344, p = 0.005, 1-tailed; standardized 95%

CI, 0.090 to 0.598). Convincing evidence for a correlation among females was not

found (n = 48, r = 0.142, p = 0.169, 1-tailed, standardized 95% CI, −0.152 to 0.435).

Discussion: The data suggest that low-quality asymmetrical growth is associated with

later-life metabolic inefficiencies in males. Energetic investment in processes (likely

concerning the stress-response) unrelated to growth during childhood may thereby

trade-off against adult metabolic efficiency. We suggest that the presence of a rela-

tionship between RMR and FA in males but not females may be explained by the

additional metabolic strain associated with larger body size and increased male mus-

cularity, which may amplify the inefficiencies arising from low-quality growth.
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1 | INTRODUCTION

1.1 | Life history theory and metabolic rate

Life history theory seeks to characterize the competitive allocation

of limited resources between competing physiological functions

throughout the lifespan (Leonard, 2012; Stearns, 1989, 1992; Zera &

Harshman, 2001). In the absence of increased energy availability, a life

history strategy involving a greater allocation of energy toward one

trait necessitates reduced investment in others (Cody, 1966). The sig-

nificant fitness consequences of such allocation patterns have led to

strong selective pressures encouraging the effective capture and
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appropriate distribution of energy between functions (Leonard &

Ulijaszek, 2002; Ulijaszek, 1995; Wells et al., 2017).

Resting metabolic rate (RMR) describes the sum of the specific

energy expenditures of individual body organs and tissues at rest (Shirley

et al., 2019). RMR represents a significant portion of an individual's daily

energy budget, comprising around 50% of daily energy expenditure on

average in mammals in general, and on average ~60%–70% for humans

living in contemporary Western society (Black et al., 1996; Ravussin

et al., 1986). Given strong selective pressures for energetic efficiency

and frugality (i.e., performing a given physiological process at a lower

metabolic cost), it is perhaps surprising that RMR appears to be highly

variable both between and within populations in vertebrates (Careau

et al., 2008; O'Steen & Janzen, 1999; Steyermark & Spotila, 2001;

White & Seymour, 2004; Wikelski et al., 2010), including humans

(Ferraro & Ravussin, 1992; Ravussin et al., 1986). High interindividual

variation, coupled with low levels of day-to-day intraindividual variability

(Haugen et al., 2003), provides a natural experiment to consider the rela-

tionship between RMR and other life-history traits.

The study of the energetics of life-history strategies has generated

two distinct theories describing the relationship between RMR and life

history variation. The first considers RMR as a cost of maintenance, con-

suming a large portion of an individual's daily energy budget. This theory

stems from the “compensation hypothesis” (or principle of allocation)

and describes negative trade-offs between RMR and traits such as

growth, reproduction, and storage (Cody, 1966; Longman, Prall,

et al., 2017; Reznick et al., 2000; Roff, 1992; Stearns, 1992; Zera &

Harshman, 2001). Allocating less RMR may therefore free energy for use

by other physiological processes (Mitton, 1993). Conversely, the

“increased intake” hypothesis (or biosynthesis theory) (McNab, 1980,

1986) posits RMR to be an indicator of total potential energy turnover,

and is thereby representative of energy input rather than output. Individ-

uals with high RMR may be considered to have a larger metabolic

“engine,” capable of generating higher levels of energy to achieve higher

rates of biosynthesis. The increased intake hypothesis describes positive

relationships between RMR and energetic investment in other physiolog-

ical processes (Martin, 1983b).

Research investigating the relationship between RMR and a range

of fitness-related traits in non-human species has been inconclusive

(Burton et al., 2011). For example, a positive relationship was reported

between RMR and reproductive fitness in bank voles (Myodes

glareolus) (Boraty�nski & Koteja, 2010), while no association was found

with reproductive senescence in great tits (Parus major) (Bouwhuis

et al., 2011). Studies considering survival are similarly inconclusive,

with investigations identifying positive (Jackson et al., 2001), negative

(�Alvarez & Nicieza, 2005; Artacho & Nespolo, 2009; Bochdansky

et al., 2005; Jackson et al., 2001; Larivée et al., 2010), variable

(Boraty�nski et al., 2010; Boraty�nski & Koteja, 2009) and no (Bouwhuis

et al., 2011) associations.

1.2 | Growth quality and fluctuating asymmetry

Looking beyond reproduction, we now consider another life history

function–growth. The energetic cost of growth represents a

significant energy investment in the life history of an individual (Hill &

Kaplan, 1999), and may therefore interact with RMR. Two dimensions

of growth may be considered—growth rate and growth quality.

A positive relationship is evident between metabolic rate and

growth across generations. In humans, maternal basal metabolic rate

(BMR) determines the extent of energetic allocation toward fetal

growth during pregnancy (Wells, 2018). This is consistent with mam-

mals in general, where maternal BMR represents a constraint on fetal

growth, such that mothers with higher BMRs give birth to babies with

larger body size and brain size (Martin, 1983a). However, studies con-

sidering the association between RMR and growth rate within the

life-course of individuals have been inconclusive, although food avail-

ability appears to be an important mediator. In non-human species,

laboratory studies providing food ad libitum tend to report positive

correlations whereby individuals with higher RMR grow faster (thus

supporting the increased intake hypothesis) (Nespolo & Franco, 2007;

Yamamoto et al., 1998). Under such conditions, animals may have

evolved a larger metabolic capacity to process food more quickly, and

generate higher rates of energy output to meet physiological demands

(Biro & Stamps, 2010). In contrast, in their native, food-restricted hab-

itat, brown trout (Salmo trutta) (�Alvarez & Nicieza, 2005) and snapping

turtles (Chelydra serpentina) (Steyermark, 2002) exhibit negative corre-

lations between RMR and growth (thus supporting the compensation

hypothesis). Sea bass with high RMR also loses mass more quickly

when fasting (Killen et al., 2011). This may reflect a strong selection

for energetic frugality arising in habitats with limited energy availabil-

ity (Harshman et al., 1999; Mueller & Diamond, 2001). Consequently,

individuals with more efficient metabolisms and lower RMRs may be

better suited to survive conditions of energetic stress (�Alvarez &

Nicieza, 2005; Wells, 2018).

A second dimension of energetic investment in growth concerns

growth quality. Here, we consider growth quality in terms of the

degree of symmetry. Growth quality can be measured via fluctuating

asymmetry (FA), defined as “random deviation from perfect bilateral

symmetry in a morphological straight for which differences between

the right and left sides have a mean of zero and are normally distrib-

uted” (Watson & Thornhill, 1994). Since the same genetic code is

responsible for both sides of any bilateral trait, the two structures rep-

resent independent replicates of the same developmental events. The

degree of asymmetry is thereby informative of the propensity of an

individual's growth to deviate from the genetically programmed out-

come (Nilsson, 1994). Stressors such as infection by parasites

(Moller, 1992), growth drive (Wells et al., 2006), mutations

(Parsons, 1992), noise (Gest et al., 1986) and high living density

impose competing demands on the energy budget, and act to increase

FA (Møller et al., 1995). FA is of interest to a range of academic disci-

plines because it allows investigation of an individual's ability to

achieve stable development of a genotype into a phenotype under

given environmental conditions (Gangestad et al., 1994;

Klingenberg, 2003; Møller, 1990; Palmer & Strobeck, 1986; Palmer &

Strobeck, 1992; Thornhill & Gangestad, 1993; Thornhill &

Møller, 1997; Van Dongen, 2006).

The extent of human fluctuating asymmetry varies during devel-

opment. FA has been shown to decrease until aged 10 years (Hope
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et al., 2013; Wilson & Manning, 1996), with a possible increase from

11 to 15 years (Wilson & Manning, 1996), before decreasing again

and reaching a steady level around 18 years. Wilson and Man-

ning (1996) suggest that the relationship between FA and age reflects

the influence of growth rate (rapid growth may induce the develop-

ment of FA) on growth quality as described in the equation:

Pg + Pr =A– Rm +Rrð Þ

Where Pg and Pr represent the production of growth and structures

associated with reproduction, A is absorbed energy, Rm is the meta-

bolic cost of maintenance, and Rr is the cost of other activities

(Bayne & Newell, 1983). The imposition of environmental stress may

reduce A or increase Rr, leading to a reduction of Pg and an

increase in FA.

It is worth noting that similar developmental FA patterns were

not observed in Jamaican children, suggesting that differences in envi-

ronmental and ethnicity may play a role (Trivers et al., 1999).

This study sought to investigate the association between RMR

and growth quality, as measured by fluctuating asymmetry. By

employing a larger sample size (an increase from n = 30 to n = 105)

and more modern methods (a metabolic cart as opposed to a Doug-

las bag), we will build upon the work of Manning et al. (1997) who

previously observed a positive relationship between FA and RMR

in human adult males (n = 30, p = 0.035) but not in females

(n = 30, p = 0.19).

The increased intake hypothesis predicts that an increased RMR

allows the diversion of a greater amount of energy toward growth.

This would be evidenced here by a positive association between RMR

and growth quality, which generates a negative correlation between

RMR and FA (Figure 1a below). In contrast, a positive correlation

between RMR and FA could be interpreted in two ways. Firstly, a pos-

itive relationship between RMR and FA could be considered support

for the compensation hypothesis, which predicts that RMR competes

with growth for energetic allocation (Figure 1b below). Alternatively, a

positive association could reflect later-life metabolic inefficiencies

arising from previous low-quality asymmetrical growth (Figure 1c

below). Energetic allocation toward growth may be reduced by, for

example, high-pathogen environments necessitating energetic diver-

sion toward immune function (Urlacher et al., 2018).

F IGURE 1 Conceptual diagram showing (a) the increased intake hypothesis, (b) the compensation hypothesis, with increased RMR potentially
being induced by a genetic stressor, and (c) later-life metabolic inefficiencies arising from previous low-quality asymmetrical growth
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Asymmetry has been linked to energetic efficiency in a range of

species. For example, the introduction of asymmetry to the tail

feathers of barn swallows (Hirundo rustica) increases both the power

required for low-speed flight and the energy cost of straight-line flight

(Barbosa et al., 2003; Møller & Swaddle, 1997; Norberg, 1994;

Thomas, 1993). In humans, it has been suggested that fluctuating

asymmetry in external traits are indicative of internal developmental

instability, which in turn generates energetic inefficiencies (Longman

et al., 2011). The above scenarios can be visually represented in the

conceptual diagram below in Figure 1.

Based on the preponderance of literature describing energetic

trade-offs, including our own previous work (Longman, Prall, et al., 2017;

Longman, Stock, & Wells, 2017), we hypothesized a positive relationship

between RMR and FA in this study. We expect this positive association

to be indicative of later-life metabolic inefficiencies resulting from low-

quality growth during development (Figure 1c).

The energetic costs of growth decrease rapidly during infancy

(Wells & Davies, 1998), and despite a rise during the adolescent

growth spurt (Bogin, 1999a; Bogin, 1999b; Dwyer, 1981), they rarely

exceed 10% of the total daily energy budget (Dwyer, 1981). Although,

as previously mentioned, there is evidence relating environmental

TABLE 1 Sample descriptive characteristics

Male (n = 57) Female (n = 48)

Ln transformed % differenceMean SD Range Mean SD Range

Height (cm) 187.2 9.1 167.1–203.8 172.7 6.2 161.0–186.4 8.0***

Mass (kg) 83.4 8.8 63.8–106.6 68.3 9.4 54.2–87.8 20.3***

Age 23.6 3.9 18–35 24.3 4.4 18–35 2.5

Years rowed 5.1 4.0 0.25–16.0 5.3 3.6 0.5–17.0 18.1

RMR (kJ/day) 8185 1408 5631–11,380 6882 1293 3950–11,165 17.6***

Composite FA 1.95 0.66 0.59–3.48 1.82 0.66 0.77–3.93 6.6

*p < 0.05.

**p < 0.01.

***p < 0.001.

TABLE 2 Male correlation matrix (n = 57)

CFA RMR Height Mass Age

CFA -

RMR 0.344* -

Height −0.042 0.135 -

Mass −0.035 0.208 0.708** -

Age 0.080 −0.048 0.240 −0.138 -

*p < 0.05.

**p < 0.01.

TABLE 3 Female correlation matrix (n = 48)

CFA RMR Height Mass Age

CFA -

RMR 0.142 -

Height 0.019 0.294* -

Mass 0.125 −0.426** 0.559** -

Age −107 0.227 −0.084 −0.101 -

*p < 0.05.

**p < 0.01.

F IGURE 2 Scatter plot of male RMR and CFA

F IGURE 3 Scatter plot of female RMR and CFA
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stressors to increased FA, we propose that it is unlikely that a high

RMR in early life would act to constrain the quality of growth. Fur-

thermore, the adult RMR data collected here do not directly describe

the participant's RMR during childhood growth, which may then act

to influence growth quality. Consequently, we predict that the data

will support the hypothesis that early-life low-quality asymmetrical

growth results in later-life metabolic inefficiencies.

Sex differences in body composition may lead to differential

relationships between RMR and FA in males and females. In contrast

to many animal species, humans exhibit significant sexual dimor-

phism in both height and body composition. Males are ~7% taller

(Gustafsson & Lindenfors, 2004), and tend to have increased bone

mineral content (Maynard et al., 1998) as well as greater lean mass

(Welle et al., 2008) and lower fat mass relative to body weight

(Wells, 2007) relative to women. As well as contributing to differen-

tial thermoregulatory challenges during prolonged physical activity

(Longman et al., 2019, 2020), sex differences in body composition

have energetic implications. Skeletal muscle mass is a metabolically

expensive tissue, accounting for ~20% of human male basal meta-

bolic rate (Elias, 1992), and a larger portion of whole-body energy

expenditure upon activation (McArdle et al., 2001). As resting mus-

cle metabolism has been shown to contribute to interindividual vari-

ation in RMR (Zurlo et al., 1990), males thereby experience greater

constraint acting on the amount of energy available for competing

physiological processes such as growth. We further hypothesize that

the increased metabolic burden associated with greater male lean

mass will lead to a more pronounced relationship between RMR and

FA in male participants.

2 | MATERIALS AND METHODS

The participants were 57 male and 48 female student rowers from the

University of Cambridge, and testing being carried out in Cambridge,

UK. Ethical approval was granted by the University of Cambridge

Human Biology Research Ethics Committee.

RMR was measured in accordance following standard procedure

(Compher et al., 2006) using a Cortex Metalyzer 3b under controlled

conditions (29% humidity and 18�C). The system was calibrated

according to manufacturer specifications. Participants were tested in

the morning under the following conditions: no food for 5 h, no alco-

hol for 2 h, no nicotine for 2 h, no caffeine for 4 h, no moderate exer-

cise for 2 h, and no vigorous exercise for 14 h.

Participants' height and mass were measured using a

stadiometer (Seca, Hamburg, Germany, accurate to the nearest

0.1 cm) and scales (also Seca, accurate to 0.1 kg) (Cameron, 1984,

2004; Gordon et al., 1988). Seven bilaterally symmetrical traits were

selected given their previous use in the literature, high repeatability,

and resistance to the effects of mechanical loading. These traits

were: lengths of all four fingers, wrist width, ankle width, and foot

length. Finger measurements were taken from the center of the

digit crease proximal to the palm to the fingertip using Mitutoyo

Vernier calipers accurate to 0.01 mm (Longman et al., 2011;

Manning & Chamberlain, 1993; Voracek et al., 2007; Wells

et al., 2006). Wrist widths were measured between the medial and

lateral aspects of the ulna styloid (Wilmore et al., 1988). The ankle

width was measured as the maximum distance between the most

medial extension of the medial malleolus and the most lateral exten-

sion of the lateral malleolus was recorded (Wilmore et al., 1988).

Foot length was measured from the most posterior aspect of the

heal to the tip of the big toe (Wells et al., 2006).

All symmetry measurements were taken blind (i.e., the measurer

was unable to see the caliper digital display) twice, with the mean

average of the two being used for analysis. The relative FA for each

trait was calculated per participant by subtracting the mean of the left

from the mean of the right measurement and dividing this value by

the mean of the left and right measurements (Palmer &

Strobeck, 1992). The modulus of this value was then used to obtain a

composite FA score for each participant, found by summing the rela-

tive FA values for each trait and dividing by seven as follows (Trivers

et al., 1999):

Composite FA= fΣ j Ri – Li j =½ð0:5 Ri – Lið Þ�g=7

This composite FA (CFA) value was then used in analysis with RMR.

Composite FA is thought to be a better indicator of an individual's

growth quality than any single trait (Leung & Forbes, 1997; Livshits &

Kobyliansky, 1989; Thornhill & Gangestad, 1999). As in (Longman

et al., 2011), the repeatability measures of the metrics contributing to

CFA were high, ranging from r = 0.991 to 0.998.

2.1 | Statistical analysis

2.1.1 | SPSS v25 was used for all analyses, with a
significance benchmark of 0.05

Independent samples t tests were used to compare natural log trans-

formations of male and female descriptive statistics. Correlations

between composite FA, RMR, height, body mass, and age were evalu-

ated using Pearson's Product Moment Correlations. Scatter plots with

errors were made to visualize the relationship between the exposure

variable, composite FA, and the outcome variable, RMR. Finally, a mul-

tiple linear regression model was used.

3 | RESULTS

3.1 | Sample characteristics

There was no significant difference between the age of the male and

female participants (male M = 23.6, SD = 3.95; Female M = 24.3,

SD = 4.39; t[103] = −0.828, p = 0.410). The cohort exhibited sexual

dimorphism, with the largest differences being observed in body mass

(females 20.32% lighter) and RMR (males 17.59% greater).

A description of the male and female cohorts is given in Table 1.

LONGMAN ET AL. 5



3.2 | Correlation analyses

Both male and female participants exhibited a significant positive cor-

relation between height and mass (Male r = 0.708, p < 0.001; Female

r = 0.559, p < 0.001). Female RMR was significantly positively associ-

ated with height (r = 0.294, p = 0.043) and mass (r = 0.426, p = 0.003).

The male subsample did not exhibit positive associations between

these variables. RMR was significantly positively correlated with com-

posite FA in the male subsample (r = 0.344, p < 0.001) but not the

female subsample (r = 0.142, p = 0.169). See Tables 2 and 3 for male

and female correlation matrices.

3.3 | RMR and fluctuating asymmetry

3.3.1 | Males

Regression analysis revealed a significant positive correlation between

RMR and CFA (n = 57, r = 0.344, r2 = 0.118, p = 0.009, 1-tailed; stan-

dardized 95% CI, 0.090 to 0.598). See Figure 2 below.

3.3.2 | Females

Regression analysis revealed no significant correlation between RMR

and CFA (n = 48, r = 0.142, r2 = 0.020, p = 0.169, 1-tailed; standard-

ized 95% CI, −0.152 to 0.435). See Figure 3 below.

In a multiple linear regression model, both CFA and sex were sig-

nificant predictors of RMR, total r2 = 0.227. RMR was 1233 kJ/day

(95%CI −1752, −712, p < 0.001) lower in females than males, and

increased by 525 kJ/day (95%CI 133, 918) for each unit increase in

CFA score.

4 | DISCUSSION

This study identified a significant positive correlation between male

RMR and fluctuating asymmetry (n = 57, r = 0.344, p = 0.009, 1-tailed;

standardized 95% CI, 0.090 to 0.598). No convincing evidence for a

similar relationship was observed in the female cohort (n = 48,

r = 0.142, p = 0.169, 1-tailed; standardized 95% CI, −0.152 to 0.435).

The increased intake hypothesis proposes that RMR reflects the

size of the metabolic engine needed to capture, ingest, extract, and

mobilize energy (Biro & Stamps, 2010; Careau et al., 2008). A higher

RMR represents a larger engine that can process food more quickly

and/or efficiently, and thus generate higher levels of energy output to

support costly physiological processes (Biro & Stamps, 2010). How-

ever, the positive relationship between adult RMR and growth quality

predicted by the biosynthesis theory was not evident in this study.

Furthermore, this data cannot provide direct support for the principle

of allocation (“compensation” hypothesis), as the measures of RMR

were taken in adulthood. Instead, the positive relationship described

by our data supports the concept that poor-quality asymmetric

growth leads to metabolic inefficiencies later in life. This is consistent

with previous work, identifying deleterious metabolic consequences

of structural asymmetry (Barbosa et al., 2003; Møller &

Swaddle, 1997; Norberg, 1994; Thomas, 1993). To date, it is unclear

whether measured asymmetry in external traits leads to inefficiencies

because (a) the body is also asymmetry internally (e.g., blood vessel

diameter on both sides of the body) or (b) the body is poorly con-

structed in other ways (e.g., leaky valves). Infant or adolescent ener-

getic investment in processes other than high-quality, symmetrical

growth (such as allocating energy to immune or other stress

responses) can thereby be considered to trade-off against later life

metabolic efficiency.

These trends are consistent with previous work investigating the

interaction between metabolic rate and growth. At a broader level,

Steyermark (Steyermark, 2002) reported that juvenile snapping turtles

(Chelydra serpentina) with high metabolic rates tend to grow more

slowly than individuals with lower metabolic rates. In humans, FA has

previously been negatively related to health measures in males but

not females (Gangestad & Thornhill, 1997), and RMR has been differ-

entially related to FA in males (a positive relationship) and females

(no relationship) (Manning et al., 1997). The present study observed a

similar pattern of sexual dimorphism, although we did not observe the

sex differences in the relationship between FA and mass previously

reported by Manning and colleagues (Manning, 1995).

The association between RMR and FA was statistically significant

in males, but not in females. We propose that this difference may

arise from the additional metabolic burden imposed by greater male

muscularity, organ size, and body size. As fat-free mass is a significant

predictor of RMR (Cunningham, 1991; Owen, 1988; Ravussin &

Bogardus, 1989), males experience a greater maintenance cost, and

hence the costs of asymmetric growth may be amplified. This

increases the overall metabolic cost of an individual, in turn enhancing

the potential deleterious metabolic effects of poor prior developmen-

tal quality. Possible mechanisms include less efficient characteristics

of organ structure.

95% confidence interval for B

Unstandardized B Coefficients SE Standardized coefficients Beta t Sig Lower bound Upper bound

(Constant) 5924.8 405.3 14.6 0.000 5120.9 6728.7

Sex 1233.2 295.5 0.412 4.8 0.000 718.5 1748.0

CFA 525.5 196.4 0.232 2.7 0.009 135.9 915.1

6 LONGMAN ET AL.



The relationship between RMR and FA may also be influenced by

early-life adversity. The experience of environmental stress during

sensitive developmental windows can introduce asymmetry which

persists into later life (Swaddle & Witter, 1994; Wells et al., 2006).

Similarly, early-life developmental stress may also influence later-life

RMR. Experimental work by Criscuolo and colleagues highlighted the

influence of early life nutritional stress on subsequent adult metabolic

rate. Dietary manipulation of zebra finches (Taeniopygia guttata) dur-

ing the developmental phase induced compensatory catch-up growth,

which led to a higher later-life RMR compared to control groups

(Criscuolo et al., 2008). Thus, a positive association between FA and

RMR may indicate that increases in both FA and RMR are later-life

consequences of poor-quality growth arising from early-life exposure

to stress. A potential mechanism would be that early developmental

stress induces poor-quality catch-up growth, which leads to both

measurable asymmetry in external traits and inefficient organs and

metabolic systems (Manning & Ockenden, 1994). Since we did not

collect any measures of growth patterns, further work including indi-

ces such as lower leg length is required to investigate this possible

explanation.

A portion of an individual's fluctuating asymmetry is “short-term”
rather than “fixed.” It has been shown that some men exhibit short-

term changes in asymmetry (Manning et al., 2002). While the mecha-

nism driving these short-term increases in asymmetry is unknown, it is

in part driven by increases in thyroxine levels. Thyroxine, which

increases metabolic rate (Lebon et al., 2001), may therefore provide a

link between metabolic rate this short-term component of overall FA.

Further work investigating the relationship between RMR and

growth may consider the influence of nutrition. By experimentally

manipulating caloric intake and stimulating the metabolism of cotton

rats, Derting and colleagues (Derting, 1989) found that the compensa-

tion hypothesis and increased intake hypothesis may not be mutually

exclusive. They observed that when rats were fed ad libitum and

administered thyroxine (which increases RMR), the rats grew faster

than controls. In contrast, when food-restricted rats were given thy-

roxine the result was severe growth restriction relative to controls.

This study illustrates how changing energy acquisition rates can

impact the relationship between metabolic rates and life-history vari-

ables. When food is unlimited, the increased intake hypothesis may

appropriately describe the relationship between RMR and investment

in other traits, while the compensation hypothesis may prevail when

food is limited. Neglecting to consider energetic availability may lead

to a false conflict between the two models.

A limitation of this study is the lack of body composition data.

Both fat-free mass and fat mass are significant predictors of metabolic

rate, so it is possible that individuals with high FA and high RMR also

have a high fat-free mass. Further work is required to address this

(Johnstone et al., 2005). It is also acknowledged that, although all par-

ticipants were at rest under standardized conditions when RMR was

measured, the physiological work being done was not directly

assessed. However, the interpretation of the results in terms of meta-

bolic efficiency is consistent with previous reports (Criscuolo

et al., 2008).

To conclude, we observed a statistically significant positive rela-

tionship between RMR and FA in male (but not female) participants.

This data suggests that poor-quality asymmetric growth early in life

leads to adult metabolic inefficiencies. Sex differences in the levels of

metabolically expensive muscle tissue may explain this sex difference.

ACKNOWLEDGMENTS

We would like to thank the study volunteers for supporting this study

with their time. The research leading to these results received funding

from the European Research Council under the European Union's

Seventh Framework Programme (FP/2007-2013)/ERC Grant Agree-

ment no. 617627.

AUTHOR CONTRIBUTIONS

Daniel Longman: Conceptualization; data curation; formal analysis;

methodology; project administration; writing-original draft; writing-

review & editing. Sakura Oyama: Formal analysis; investigation;

writing-original draft; writing-review & editing. James Cracknell:

Formal analysis; investigation; writing-original draft; writing-

review & editing. Nathan Thompson: Investigation; methodology;

writing-original draft; writing-review & editing. Dan Gordon: Inves-

tigation; methodology; writing-original draft; writing-review &

editing. Jay Stock: Conceptualization; funding acquisition; investi-

gation; methodology; project administration; writing-original draft;

writing-review & editing. Jonathan Wells: Conceptualization; for-

mal analysis; methodology; writing-original draft; writing-review &

editing.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Daniel P. Longman https://orcid.org/0000-0003-3025-7053

Jonathan C. K. Wells https://orcid.org/0000-0003-0411-8025

REFERENCES
�Alvarez, D., & Nicieza, A. (2005). Is metabolic rate a reliable predictor of

growth and survival of brown trout (Salmo trutta) in the wild? Canadian
Journal of Fisheries and Aquatic Sciences, 62, 643–649. https://doi.org/
10.1139/f04-223

Artacho, P., & Nespolo, R. (2009). Natural selection reduces energy metab-

olism in the garden snail, Helix aspersa (Cornu aspersum). International

Journal of Organic Evolution, 63, 1044–1050. https://doi.org/10.1111/
j.1558-5646.2008.00603.x

Barbosa, A., Merino, S., Cuervo, J. J., & Lope, F. D. E. (2003). Feather dam-

age of long tails in barn swallows. Ardea, 91, 85–90.
Bayne, B., & Newell, R. (1983). Physiological energetics of marine molluscs.

In The mollusca (pp. 407–515). Academic Press.

Biro, P., & Stamps, J. (2010). Do consistent individual differences in meta-

bolic rate promote consistent individual differences in behavior?

Trends in Ecology & Evolution, 25, 653–659. https://doi.org/10.1016/j.
tree.2010.08.003

LONGMAN ET AL. 7

https://orcid.org/0000-0003-3025-7053
https://orcid.org/0000-0003-3025-7053
https://orcid.org/0000-0003-0411-8025
https://orcid.org/0000-0003-0411-8025
https://doi.org/10.1139/f04-223
https://doi.org/10.1139/f04-223
https://doi.org/10.1111/j.1558-5646.2008.00603.x
https://doi.org/10.1111/j.1558-5646.2008.00603.x
https://doi.org/10.1016/j.tree.2010.08.003
https://doi.org/10.1016/j.tree.2010.08.003


Black, A., Coward, W., Cole, T., & Prentice, A. (1996). Human energy

expenditure in affluent societies: An analysis of 574 doubly-labelled

water measurements. European Journal of Clinical Nutrition, 50, 71–92.
Bochdansky, A., Grønkjær, P., Herra, T., & Leggett, W. (2005). Experimen-

tal evidence for selection against fish larvae with high metabolic rates

in a food limited environment. Marine Biology, 147, 1413–1417.
https://doi.org/10.1007/s00227-005-0036-z

Bogin, B. (1999a). Evolutionary perspective on human growth. Annual

Review of Anthropology, 28, 109–153.
Bogin, B. (1999b). Patterns of human growth (Vol. 23). Cambridge, UK:

Cambridge University Press.

Boraty�nski, Z., Koskela, E., Mappes, T., & Oksanen, T. (2010). Sex-specific

selection on energy metabolism - selection coefficients for winter sur-

vival. Journal of Evolutionary Biology, 23, 1969–1978. https://doi.org/
10.1111/j.1420-9101.2010.02059.x

Boraty�nski, Z., & Koteja, P. (2009). The association between body mass,

metabolic rates and survival of bank voles. Functional Ecology, 23,

330–339. https://doi.org/10.1111/j.1365-2435.2008.01505.x
Boraty�nski, Z., & Koteja, P. (2010). Sexual and natural selection on body

mass and metabolic rates in free-living bank voles. Functional Ecology,

24, 1252–1261. https://doi.org/10.1111/j.1365-2435.2010.01764.x
Bouwhuis, S., Sheldon, B., & Verhulst, S. (2011). Basal metabolic rate and

the rate of senescence in the great tit. Functional Ecology, 25, 829–
838. https://doi.org/10.1111/j.1365-2435.2011.01850.x

Burton, T., Killen, S. S., Armstrong, J. D., & Metcalfe, N. B. (2011). What

causes intraspecific variation in resting metabolic rate and what are its

ecological consequences? Proceedings of the Royal Society B: Biological

Sciences, 278, 3465–3473. https://doi.org/10.1098/rspb.2011.1778
Cameron, N. (1984). The measurement of human growth. London: Croom

Helm.

Cameron, N. (2004). Measuring growth. In R. Hauspie, N. Cameron, & L.

Molinari (Eds.), Methods in human growth research (pp. 68–107). Cam-

bridge, UK: Cambridge University Press.

Careau, V., Thomas, D., Humphries, M., & Réale, D. (2008). Energy metab-

olism and animal personality. Oikos, 117, 641–653. https://doi.org/10.
1111/j.2008.0030-1299.16513.x

Cody, M. (1966). A general theory of clutch size. Evolution, 20, 174–184.
Compher, C., Frankenfield, D., Keim, N., & Roth-Yousey, L. (2006). Best

practice methods to apply to measurement of resting metabolic rate in

adults: A systematic review. Journal of the American Dietetic Associa-

tion, 106, 881–903 https://doi.org/10.1016/j.jada.2006.02.009

Criscuolo, F., Monaghan, P., Nasir, L., & Metcalfe, N. (2008). Early nutrition

and phenotypic development: “Catch-up” growth leads to elevated

metabolic rate in adulthood. Proceedings of the Royal Society B: Biologi-

cal Sciences, 275, 1565–1570. https://doi.org/10.1098/rspb.2008.

0148

Cunningham, J. (1991). Body composition as a determinant of energy

expenditure: A synthetic review and a proposed general prediction

equation. The American Journal of Clinical Nutrition, 54, 963–969.
Derting, T. L. (1989). Metabolism and food availability as regulators of pro-

duction in juvenile cotton rats. Ecology, 70, 587–595.
Dwyer, J. (1981). Nutritional requirements of adolescence. Nutrition

Reviews, 39, 56–72. https://doi.org/10.1111/j.1753-4887.1981.

tb06735.x

Elias, M. (1992). Organ and tissue contribution to metabolic rate. In J.

McKinney & H. Tucker (Eds.), Energy metabolism: Tissue determinents

and cellular corollaries (pp. 51–79). New York: Raven Press.

Ferraro, R., & Ravussin, E. (1992). Fat mass in predicting resting metabolic

rate. The American Journal of Clinical NutritionAm, 56, 460.

Gangestad, S., & Thornhill, R. (1997). Human sexual selection and develop-

mental stability. In J. Simpson & D. Kenrick (Eds.), Evolutionary social

psychology (pp. 169–195). Hillsdale, New Jersey: Lawrence Erlbaum.

Gangestad, S. W., Thornhill, R., & Yeo, R. A. (1994). Facial attractiveness,

developmental stability, and fluctuating asymmetry. Science, 85,

73–85.

Gest, T., Siegel, M., & Anistranski, J. (1986). The long bones of neonatal

rats stressed by cold, heat, and noise exhibit increased fluctuating

asymmetry. Growth, 50, 385–389.
Gordon, C., Chumlea, W., & Roche, A. (1988). Stature, recumbent length

and weight. In T. Lohman, A. Roche, & R. Martorell (Eds.), Anthropo-

metric standardization reference manual (pp. 3–8). Champagn, Illinois:

Human Kinetics Books.

Gustafsson, A., & Lindenfors, P. (2004). Human size evolution: No evolu-

tionary allometric relationship between male and female stature. Jour-

nal of Human Evolution, 47, 253–266. https://doi.org/10.1016/j.

jhevol.2004.07.004

Harshman, L., Hoffmann, A., & Clark, A. (1999). Selection for starvation

resistance in Drosophila melanogaster: Physiological correlates, enzyme

activities and multiple stress responses. Journal of Evolutionary Biology,

12, 370–379.
Haugen, H., Melanson, E., Tran, Z., Kearney, J., & Hill, J. (2003). Variability

of measured resting metabolic rate 1–3. The American Journal of Clini-

cal Nutrition, 78, 1141–1144.
Hill, K., & Kaplan, H. (1999). Life history traits in humans: Theory and

empirical studies. Annual Review of Anthropology, 28, 397–430.
Hope, D., Bates, T., Dykiert, D., Der, G., & Deary, I. (2013). Bodily symme-

try increases across human childhood. Early Human Development, 89,

531–535. https://doi.org/10.1016/j.earlhumdev.2013.01.003

Jackson, D., Trayhurn, P., & Speakman, J. (2001). Associations between

energetics and over-winter survival in the short-tailed field vole Micro-

tus agrestis. Journal of Animal Ecology, 70, 633–640. https://doi.org/
10.1046/j.1365-2656.2001.00518.x

Johnstone, A., Murison, S., Duncan, J., Rance, K., & Speakman, J. (2005).

Factors influencing variation in basal metabolic rate include fat-free

mass, fat mass, age, and circulating thyroxine but not sex, circulating

leptin, or triiodothyronine. American Journal of Clinical Nutrition, 82,

941–948. https://doi.org/10.1093/ajcn/82.5.941
Killen, S., Marras, S., & Mckenzie, D. (2011). Fuel, fasting, fear: Routine

metabolic rate and food deprivation exert synergistic effects on risk-

taking in individual juvenile European sea bass. Journal of Animal Ecol-

ogy, 80, 1024–1033. https://doi.org/10.1111/j.1365-2656.2011.

01844.x

Klingenberg, C. P. (2003). Developmental instability as a research tool:

Using patterns of fluctuating asymmetry to infer the developmental

origins of morphological integration. In M. Polak (Ed.), Evelopmental

instability: Causes and consequences (pp. 427–442). New York: Oxford

University Press.

Larivée, M., Boutin, S., Speakman, J., McAdam, A., & Humphries, M.

(2010). Associations between over-winter survival and resting meta-

bolic rate in juvenile north American red squirrels. Functional Ecology,

24, 597–607. https://doi.org/10.1111/j.1365-2435.2009.01680.x
Lebon, V., Dufour, S., Petersen, K., Ren, J., Jucker, B., Slezak, L.,

Cline, G. W., Rothman, D. L., & Shulman, G. (2001). Effect of triiodo-

thyronine on mitochondrial energy coupling in human skeletal muscle.

The Journal of Clinical Investigation, 108, 733–737.
Leonard, W. R. (2012). Laboratory and field methods for measuring human

energy expenditure. American Journal of Human Biology, 24, 372–384.
https://doi.org/10.1002/ajhb.22260

Leonard, W. R., & Ulijaszek, S. J. (2002). Energetics and evolution: An

emerging research domain. American Journal of Human Biology, 550,

547–550.
Leung, B., & Forbes, M. (1997). Modelling fluctuating asymmetry in rela-

tion to stress and fitness. Oikos, 78, 397–405.
Livshits, G., & Kobyliansky, E. (1989). Study of genetic variance in the fluc-

tuating asymmetry of anthropometrical traits. Annals of Human Biology,

16, 121–129.
Longman, D., Stock, J. T., & Wells, J. C. K. (2011). Fluctuating asymmetry

as a predictor for rowing ergometer performance. International Journal

of Sports Medicine, 32, 606–610. https://doi.org/10.1055/s-0031-

1275301

8 LONGMAN ET AL.

https://doi.org/10.1007/s00227-005-0036-z
https://doi.org/10.1111/j.1420-9101.2010.02059.x
https://doi.org/10.1111/j.1420-9101.2010.02059.x
https://doi.org/10.1111/j.1365-2435.2008.01505.x
https://doi.org/10.1111/j.1365-2435.2010.01764.x
https://doi.org/10.1111/j.1365-2435.2011.01850.x
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.1111/j.2008.0030-1299.16513.x
https://doi.org/10.1111/j.2008.0030-1299.16513.x
https://doi.org/10.1016/j.jada.2006.02.009
https://doi.org/10.1098/rspb.2008.0148
https://doi.org/10.1098/rspb.2008.0148
https://doi.org/10.1111/j.1753-4887.1981.tb06735.x
https://doi.org/10.1111/j.1753-4887.1981.tb06735.x
https://doi.org/10.1016/j.jhevol.2004.07.004
https://doi.org/10.1016/j.jhevol.2004.07.004
https://doi.org/10.1016/j.earlhumdev.2013.01.003
https://doi.org/10.1046/j.1365-2656.2001.00518.x
https://doi.org/10.1046/j.1365-2656.2001.00518.x
https://doi.org/10.1093/ajcn/82.5.941
https://doi.org/10.1111/j.1365-2656.2011.01844.x
https://doi.org/10.1111/j.1365-2656.2011.01844.x
https://doi.org/10.1111/j.1365-2435.2009.01680.x
https://doi.org/10.1002/ajhb.22260
https://doi.org/10.1055/s-0031-1275301
https://doi.org/10.1055/s-0031-1275301


Longman, D. P., Macintosh, A., Roberts, R., Oakley, S., Wells, J., & Stock, J.

(2019). Ultra-endurance athletic performance suggests energetics

drive human morphological thermal adaptation. Evolutionary Human

Sciences, 1, e16.

Longman, DP, Murray, A., Roberts, R., Oakley, S., Wells, J., & Stock, J.

(2020). Energetics as a driver of human morphological thermal adapta-

tion; evidence from female ultra-endurance athletes. Manuscript in

preparation.

Longman, D. P., Prall, S., Shattuck, E., Stephen, I., Stock, J., Wells, J., &

Muehlenbein, M. (2017). Short-term resource allocation during exten-

sive athletic competition. American Journal of Human Biology, 30,

e23052. https://doi.org/10.1002/ajhb.23052

Longman, D. P., Stock, J., & Wells, J. (2017). A trade-off between cognitive

and physical performance, with relative preservation of brain function.

Scientific Reports, 7, 13709. https://doi.org/10.1038/s41598-017-

14186-2

Manning, J. (1995). Fluctuating asymmetry and body weight in men and

women: Implications for sexual selection. Ethology and Sociobiology,

16, 145–153. https://doi.org/10.1016/0162-3095
Manning, J., & Chamberlain, A. (1993). Fluctuating asymmetry, sexual

selection and canine teeth in primates. Proceedings of the Royal Society

B: Biological Sciences, 251, 83–87. https://doi.org/10.1098/rspb.1993.
0012

Manning, J., Gage, A., Diver, M., Scutt, D., & Fraser, W. (2002). Short-term

changes in asymmetry and hormones in men. Evolution and Human

Behavior, 23, 95–102. https://doi.org/10.1016/S1090-5138
Manning, J., Koukourakis, K., & Brodie, D. (1997). Fluctuating asymmetry,

metabolic rate and sexual selection in human males. Evolution and

Human Behaviour, 18, 15–21.
Manning, J. T., & Ockenden, L. (1994). Fluctuating asymmetry in race-

horses. Nature, 370, 185–186.
Martin, R. (1983a). 52nd James Arthur lecture on the evolution of the

human brain.

Martin, R. (1983b). Human brain evolution in an ecological context. In In

52nd James Arthur Lecture on the Evolution of the Human Brain.

New York: American Museum of Natural History.

Maynard, L., Guo, S., Chumlea, W., Roche, A., Wisemandle, W., Zeller, C.,

Towne, B., & Siervogel, R. (1998). Total-body and regional bone min-

eral content and areal bone mineral density in children aged 8-18 y:

The Fels longitudinal study. The American Journal of Clinical Nutrition,

68, 1111–1117.
McArdle, W., Katch, F., & Katch, V. (2001). Exercise physiology: Energy,

nutrition and human performance. Philadelphia, PA: Lippincott, Wil-

liams & Wilkins.

McNab, B. K. (1980). Food habits, energetics, and the population biology

of mammals. The American Naturalist, 116, 106–124. https://doi.org/
10.1086/283614

McNab, B. K. (1986). The influence of food habits on the energetics of

Eutherian mammals. Ecological Monographs, 56, 1–19. https://doi.org/
10.2307/2937268

Mitton, J. (1993). Enzyme heterozygosity, metabolism and developmental

stability. Genetica, 89, 47–65.
Møller, A. (1990). Fluctuating asymmetry in male sexual ornaments may

reveal male quality. Animal Behaviour, 40, 1185–1187.
Møller, A., & Swaddle, J. (1997). Asymmetry, developmental stability and

evolution. Oxford, UK: Oxford University Press.

Moller, A. P. (1992). Parasites differentially increase the degree of fluctuat-

ing asymmetry in secondary sexual characters. Journal of Evolutionary

Biology, 5, 691–699. https://doi.org/10.1046/j.1420-9101.1992.

5040691.x

Møller, A. P., Sanotra, G. S., & Vestergaard, K. S. (1995). Developmental

stability in relation to population density and breed of chicken Gallus

gallus. Poultry Science, 74, 1761–1771.
Mueller, P., & Diamond, J. (2001). Metabolic rate and environmental pro-

ductivity: Well-provisioned animals evolved to run and idle fast.

Proceedings of the National Academy of Sciences of the United States of

America, 98, 12550–12554. https://doi.org/10.1073/pnas.

221456698

Nespolo, R., & Franco, M. (2007). Whole-animal metabolic rate is a repeat-

able trait: A meta-analysis. Journal of Experimental Biology, 210, 2000–
2005. https://doi.org/10.1242/jeb.02780

Nilsson, J. (1994). Energetic stress and the degree of fluctuating asymme-

try: Implications for a long-lasting, honest signal. Evolutionary Ecology,

8, 248–255. https://doi.org/10.1007/BF01238276
Norberg, R. (1994). Swallow tail streamer is a mechanical device for self-

deflection of tail leading edge, enhancing aerodynamic efficiency and

flight manoeuvrability. Proceedings of the Biological Sciences, 257,

227–233.
O'Steen, S., & Janzen, F. (1999). Embryonic temperature affects metabolic

compensation and thyroid hormones in hatchling snapping turtles.

Physiological and Biochemical Zoology, 72, 520–533.
Owen, O. (1988). Resting metabolic requirements of men and women.

Mayo Clinic Proceedings, 63, 503–510. https://doi.org/10.1016/

S0025-6196(12)65649-3

Palmer, A., & Strobeck, C. (1986). FA, mesurements, analysis, patterns.Pdf.

Annual Review of Ecology and Systematics, 17, 391–421.
Palmer, A. R., & Strobeck, C. (1992). Fluctuating asymmetry as a mea-

sure of developmental stability: Implications of non-normal distribu-

tions and power of statistical tests. Acta Zoologica Fennica, 191,

57–72.
Parsons, P. (1992). Fluctuating asymmetry: A biological monitor of envi-

ronmental and genomic stress. Heredity, 68, 361–364.
Ravussin, E., & Bogardus, C. (1989). Relationship of genetics, age, and

physical fitness to daily energy expenditure and fuel utilization. The

American Journal of Clinical Nutrition, 49, 968–975.
Ravussin, E., Lillioja, S., Anderson, T., Christin, L., & Bogardus, C. (1986).

Determinants of 24-hour energy expenditure in man: Methods and

results using a respiratory chamber. Journal of Clinical Investigation, 78,

1568–1578.
Reznick, D., Nunney, L., & Tessier, A. (2000). Big houses, big cars, super-

fleas and the costs of reproduction. Trends in Ecology & Evolution, 15,

421–425.
Roff, D. (1992). Evolution of life histories: Theory and analysis.

Springer.

Shirley, M., Arthurs, O., Seunarine, K., Cole, T., Eaton, S., Williams, J.,

Clark, C. A., & Wells, J. (2019). Metabolic rate of major organs and tis-

sues in young adult south Asian women. European Journal of Clinical

Nutrition, 73, 1164–1171. https://doi.org/10.1038/s41430-018-

0362-0

Stearns, S. C. (1989). Trade-offs in life-history evolution. British Ecological

Society, 3, 259–268.
Stearns, S. C. (1992). The evolution of life histories. Oxford: Oxford

Unversity Press.

Steyermark, A. (2002). A high standard metabolic rate constrains juvenile

growth. Zoology, 105, 147–151.
Steyermark, A., & Spotila, J. (2001). Effects of maternal identity and incu-

bation temperature on snapping turtle (Chelydra serpentina) growth.

Functional Ecology, 15, 624–632.
Swaddle, J., & Witter, M. (1994). Food, feathers and fluctuating

asymmetries. Animal Behaviour, 48, 986–989.
Thomas, A. L. R. (1993). On the aerodynamics of birds' tails. Philosophical

Transactions: Biological Sciences, 340, 361–380.
Thornhill, R, & Gangestad, S. (1999). The scent of symmetry: A human sex

pheromone that signals fitness? Evolution and Human Behavior, 20,

175–201. https://doi.org/10.1016/S1090-5138
Thornhill, R., & Møller, A. (1997). Developmental stability, disease and

medicine. Biological Reviews, 72, 497–548. https://doi.org/10.1111/j.
1469-185X.1997.tb00022.x

Thornhill, R., & Gangestad, S. W. (1993). Human fluctuating asymmetry

and sexual behaviour. Psychological Science, 5, 297–302.

LONGMAN ET AL. 9

https://doi.org/10.1002/ajhb.23052
https://doi.org/10.1038/s41598-017-14186-2
https://doi.org/10.1038/s41598-017-14186-2
https://doi.org/10.1016/0162-3095
https://doi.org/10.1098/rspb.1993.0012
https://doi.org/10.1098/rspb.1993.0012
https://doi.org/10.1016/S1090-5138
https://doi.org/10.1086/283614
https://doi.org/10.1086/283614
https://doi.org/10.2307/2937268
https://doi.org/10.2307/2937268
https://doi.org/10.1046/j.1420-9101.1992.5040691.x
https://doi.org/10.1046/j.1420-9101.1992.5040691.x
https://doi.org/10.1073/pnas.221456698
https://doi.org/10.1073/pnas.221456698
https://doi.org/10.1242/jeb.02780
https://doi.org/10.1007/BF01238276
https://doi.org/10.1016/S0025-6196(12)65649-3
https://doi.org/10.1016/S0025-6196(12)65649-3
https://doi.org/10.1038/s41430-018-0362-0
https://doi.org/10.1038/s41430-018-0362-0
https://doi.org/10.1016/S1090-5138
https://doi.org/10.1111/j.1469-185X.1997.tb00022.x
https://doi.org/10.1111/j.1469-185X.1997.tb00022.x


Trivers, R., Manning, J. T., Thornhill, R., Singh, D., & McGuire, M. (1999).

Jamaican symmetry project: Long-term study of fluctuating asymmetry

in rural Jamaican children. Human Biology, 71, 417–430.
Ulijaszek, S. J. (1995). Human energetics in biological anthropology. Cam-

bridge, UK: Cambridge University Press.

Urlacher, S., Ellison, P., Sugiyama, L., Pontzer, H., Eick, G., Liebert, M.,

Cepon-Robins, T. J., Gildner, T. E., & Snodgrass, J. (2018). Tradeoffs

between immune function and childhood growth among Amazonian

forager-horticulturalists. Proceedings of the National Academy of Sci-

ences of the United States of America, 115, E3914–E3921. https://doi.
org/10.1073/pnas.1717522115

Van Dongen, S. (2006). Fluctuating asymmetry and developmental instabil-

ity in evolutionary biology: Past, present and future. Journal of Evolu-

tionary Biology, 19, 1727–1743. https://doi.org/10.1111/j.1420-9101.
2006.01175.x

Voracek, M., Dressler, S., & Manning, J. (2007). Evidence for assortative

mating on digit ratio (2D:4D), a biomarker for prenatal androgen expo-

sure. Journal of Biosocial Science, 39, 599–612.
Watson, P. J., & Thornhill, R. (1994). Fluctuating asymmetry and sexual

selection. Trends in Ecology & Evolution, 9, 21–25. https://doi.org/10.
1016/0169-5347

Welle, S., Tawil, R., & Thornton, C. (2008). Sex-related differences in gene

expression in human skeletal muscle. PLoS One, 3, e1385. https://doi.

org/10.1371/journal.pone.0001385

Wells, J. (2007). Sexual dimorphism of body composition. Best Practice &

Research. Clinical Endocrinology & Metabolism, 21, 415–430. https://
doi.org/10.1016/j.beem.2007.04.007

Wells, J. (2018). Life history trade-offs and the partitioning of maternal

investment implications for health of mothers and offspring. Evolution,

Medicine and Public Health, 2018, 153–166. https://doi.org/10.1093/
emph/eoy014

Wells, J., & Davies, P. (1998). Estimation of the energy cost of physical

activity in infancy. Archives of Disease in Childhood, 78, 131–136.
https://doi.org/10.1136/adc.78.2.131

Wells, J., Nesse, R., Sear, R., Johnstone, R., & Stearns, S. (2017). Evolution-

ary public health: Introducing the concept. The Lancet, 390, 500–509.
https://doi.org/10.1016/S0140-6736

Wells, J. C. K., Hallal, P. C., Manning, J. T., & Victora, C. G. (2006). A trade-

off between early growth rate and fluctuating asymmetry in Brazilian

boys. Annals of Human Biology, 33, 112–124. https://doi.org/10.1080/
03014460500480391

White, C., & Seymour, R. (2004). Does basal metabolic rate contain a use-

ful signal? Mammalian BMR allometry and correlations with a selection

of physiological, ecological, and life-history variables. Physiological and

Biochemical Zoology, 77, 929–941. https://doi.org/10.1086/425186
Wikelski, M., Spinney, L., Schelsky, W., Scheuerlein, A., & Gwinner, E.

(2010). Slow pace of life in tropical sedentary birds: A common-garden

experiment on four stonechat populations from different latitudes.

Proceedings of the Royal Society of London. Series B: Biological Sciences,

24, 2383–2388. https://doi.org/10.1098/rspb.2003.2500
Wilmore, J., Frisancho, R., Gordon, C., Himes, J., Martorell, R., &

Seefeldt, V. (1988). Body breadth equipment and measurement tech-

niques. In T. Lohman, A. Roche, & R. Martorell (Eds.), Anthropometric

standardization reference manual (pp. 27–38). Champagn, Illinois:

Human Kinetics Books.

Wilson, J., & Manning, J. (1996). Fluctuating asymmetry and age in chil-

dren: Evolutionary implications for the control of developmental sta-

bility. Journal of Human Evolution, 30, 529–537. https://doi.org/10.
1006/jhev.1996.0041

Yamamoto, T., Ueda, H., & Higashi, S. (1998). Correlation among domi-

nance status, metabolic rate and otolith size in masu salmon. Journal of

Fish Biology, 52, 281–290. https://doi.org/10.1111/j.1095-8649.

1998.tb00799.x

Zera, A. J., & Harshman, L. G. (2001). The physiology of life history trade-

offs in animals. Ecology, 32, 95–126.
Zurlo, F., Larson, K., Bogardus, C., & Ravussin, E. (1990). Skeletal muscle

metabolism is a major determinant of resting energy expenditure. Jour-

nal of Clinical Investigation, 86, 1423–1427. https://doi.org/10.1172/
JCI114857

How to cite this article: Longman DP, Oyama S, Cracknell J,

et al. Fluctuating asymmetry, a marker of poor growth quality,

is associated with adult male metabolic rate. Am J Phys

Anthropol. 2021;1–10. https://doi.org/10.1002/ajpa.24276

10 LONGMAN ET AL.

https://doi.org/10.1073/pnas.1717522115
https://doi.org/10.1073/pnas.1717522115
https://doi.org/10.1111/j.1420-9101.2006.01175.x
https://doi.org/10.1111/j.1420-9101.2006.01175.x
https://doi.org/10.1016/0169-5347
https://doi.org/10.1016/0169-5347
https://doi.org/10.1371/journal.pone.0001385
https://doi.org/10.1371/journal.pone.0001385
https://doi.org/10.1016/j.beem.2007.04.007
https://doi.org/10.1016/j.beem.2007.04.007
https://doi.org/10.1093/emph/eoy014
https://doi.org/10.1093/emph/eoy014
https://doi.org/10.1136/adc.78.2.131
https://doi.org/10.1016/S0140-6736
https://doi.org/10.1080/03014460500480391
https://doi.org/10.1080/03014460500480391
https://doi.org/10.1086/425186
https://doi.org/10.1098/rspb.2003.2500
https://doi.org/10.1006/jhev.1996.0041
https://doi.org/10.1006/jhev.1996.0041
https://doi.org/10.1111/j.1095-8649.1998.tb00799.x
https://doi.org/10.1111/j.1095-8649.1998.tb00799.x
https://doi.org/10.1172/JCI114857
https://doi.org/10.1172/JCI114857
https://doi.org/10.1002/ajpa.24276

	Fluctuating asymmetry, a marker of poor growth quality, is associated with adult male metabolic rate
	1  INTRODUCTION
	1.1  Life history theory and metabolic rate
	1.2  Growth quality and fluctuating asymmetry

	2  MATERIALS AND METHODS
	2.1  Statistical analysis
	2.1.1  SPSS v25 was used for all analyses, with a significance benchmark of 0.05


	3  RESULTS
	3.1  Sample characteristics
	3.2  Correlation analyses
	3.3  RMR and fluctuating asymmetry
	3.3.1  Males
	3.3.2  Females


	4  DISCUSSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


