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Abstract 

 Selection experiments play an increasingly important role in comparative and 

evolutionary physiology.  However, selection experiments can be limited by relatively 

low statistical power, in part because replicate line is the experimental unit for analyses 

of direct or correlated responses (rather than number of individuals measured).  One 

way to increase the ability to detect correlated responses is through a meta-analysis of 

studies for a given trait across multiple generations.  To demonstrate this, we applied 

meta-analytic techniques to two traits (body mass and heart ventricle mass, with body 

mass as a covariate) from a long-term artificial selection experiment for high voluntary 

wheel-running behavior.  In this experiment, all 4 replicate High Runner (HR) lines 

reached apparent selection limits around generations 17-27, running approximately 2.5-

3-fold more revolutions/day than the 4 non-selected Control (C) lines.  Although both 

traits would also be expected to change in HR lines (relative heart size expected to 

increase, expected direction for body mass is less clear), the statistical significance has 

varied, despite repeated measurements.  We compiled information from 33 unique 

studies and calculated a measure of effect size (Pearson’s R).  Our results indicate that, 

despite a lack of statistical significance in most generations, HR mice have evolved 

larger hearts and smaller bodies relative to Controls.  Moreover, plateaus in effect sizes 

for both traits coincides with the generational range during which the selection limit for 

wheel-running behavior was reached.  Finally, since the selection limit, absolute effect 

sizes for body mass and heart ventricle mass have gotten smaller (i.e., closer to 0).  

 

Keywords:  Artificial selection, Heart, Meta analysis, Voluntary exercise, Wheel running 
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1. Introduction 

 

 Selection experiments have taken on an increasingly important role in 

comparative and evolutionary physiology (Gibbs 1999; Bennett 2003; Garland 2003; 

Rhodes and Kawecki 2009; Swallow et al. 2009; Sadowska et al. 2015; Storz et al. 

2015).  Although the goals of such experiments vary widely, the general approach is to 

intentionally breed for high and/or low values of some trait of interest, at one level of 

biological organization, and then test for correlated responses at the same or other 

levels.  Thus, selection experiments can be used to elucidate the biological 

underpinnings of complex traits (e.g., whole-organism metabolic rate, exercise 

behavior).  By studying the responses to selection on complex traits, one may 

investigate their underling genetics and genomics (e.g., Konczal et al. 2016; Palma-

Vera et al. 2022; Hillis and Garland 2023), as well as mechanistic relationships among 

sub-organismal traits that influence performance, behavior, and life history traits 

(Rhodes and Kawecki 2009; Swallow et al. 2009; Cohen et al. 2020). 

 Studies from a long-term artificial selection experiment for high levels of voluntary 

exercise (as measured by wheel-running behavior) have provided substantial insight 

regarding the underlying factors (e.g., motivation, ability) influencing individual 

differences in exercise behavior (Garland et al. 2011b).  Briefly (as more information 

can be found within Methods below), four replicate High Runner (HR) lines have been 

bred for wheel running and compared with four non-selection Control (C) lines (Swallow 

et al. 1998; Garland 2003; Careau et al. 2013; Wallace and Garland 2016).  Wheel 

running, especially when performed at high levels, is an energetically demanding 

behavior (Koteja et al. 1999; Swallow et al. 2001; Rezende et al. 2009; Copes et al. 

2015) that involves all organ systems and, therefore, is likely to engender numerous 

correlated responses.  As expected, many adult traits have been found to differ between 

HR and C lines (Rhodes et al. 2005; Garland et al. 2011a; Wallace and Garland 2016), 

including increased home-cage activity (spontaneous physical activity) when housed 

without access to wheels (Malisch et al. 2009; Copes et al. 2015), increased endurance 

(Meek et al. 2010) and maximal oxygen consumption (VO2max) (Rezende et al. 2005; 

Kolb et al. 2010; Schwartz et al. 2023), increased brain size (Kolb et al. 2013; Schmill et 
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al. 2023), reduced body fat (Swallow et al. 2001; Girard et al. 2007), and altered 

circulating levels of some hormones (Girard et al. 2007; Malisch et al. 2007; Vaanholt et 

al. 2007; Garland et al. 2016).  However, some apparent differences (e.g., body mass, 

relative heart mass) between HR and C lines have not reached statistical significance in 

all generations (see also Castro et al. 2021b on skeletal traits).  Based on the positive 

correlation between body size and home range size or daily movement distance among 

species of mammals (Garland and Albuquerque 2017; Cloyed et al. 2021), one might 

have expected body size to increase in the HR lines (see also Djawdan 1993 on 

treadmill endurance).  On the other hand, human marathoners are relatively small in 

body size.  With respect to heart size, one would have expected it to increase in the HR 

lines, given its key role in the ability to have a high VO2max (Poole and Erickson 2011; 

Hillman and Hedrick 2015; Gillooly et al. 2017).  This raises an important question: are 

the differences truly non-significant or are they a product of limited statistical power and 

a high rate of Type II errors? 

 The ability to detect correlated responses to selection will depend on a variety of 

factors, including the number of generations that have elapsed and measurement error 

for the trait in question.  A general problem for all replicated selection experiments with 

vertebrates is that the degrees of freedom for testing the effects of selection are related 

to the number of lines in the experiment, rather than the number of individuals 

measured (because the line is the experimental unit).  Thus, studies with vertebrates 

rarely involve more than six or eight total lines, including non-selected control lines (but 

see Sadowska et al. 2008; Wone et al. 2015).  Although studies of microorganisms and 

insects, such as Drosophila, can maintain a relatively large number of lines (e.g., 

Rauser et al. 2009; Lenski 2017), they may be limited by other factors (e.g., difficulty in 

phenotyping a given trait).  Hence, across a variety of organismal models, the ability to 

detect correlated responses (and direct responses to selection) is limited by relatively 

low statistical power.  This is particularly troublesome if the effect of selection is small or 

if sample sizes (within lines) are also limited (Cohen 1988; Rosenthal and Rosnow 

2008; Halsey et al. 2015; Goh et al. 2016; Halsey 2019). 

 One way to increase the ability to detect correlated responses in selection 

experiments is through meta-analysis, which allows the compilation of evidence across 
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multiple studies of the same phenomenon (Rosenthal and Rosnow 2008; Goh et al. 

2016).  First conducted by Karl Pearson in (1904), and further developed by Ronald 

Fisher in (1948), a meta-analysis is the statistical analysis of a collection of results from 

individual studies for the purpose of integrating their findings (Gene Glass is often 

credited as the first to coin the term in 1976).  This process redirects the focus from the 

P-values of individual studies towards overall effect sizes and collective values for 

statistical significance.  A meta-analysis also allows one to describe the variability of 

effect sizes, as well as the nature of factors that may predict their relative magnitude 

(i.e., “moderator variables”).  Thus, the “big picture” is clarified by leveraging the 

statistical power provided by a larger collective sample size (Rosenthal and Rosnow 

2008; Goh et al. 2016).  Although meta-analysis may seem an obvious choice for 

selection experiments that have resulted in multiple publications regarding a given 

potentially correlated trait, few have taken this approach (Most et al. 2011; Khan et al. 

2024). 

 The HR mouse model is an excellent candidate for meta-analysis, as several of 

the drawbacks of meta-analytic procedures do not apply (many of which are addressed 

within Rosenthal and Rosnow 2008).  For example, (a) sampling bias (e.g., the “file 

drawer problem”), (b) heterogeneity of methods (i.e., the “apple to oranges” issue, as 

described in Glass 1976), and (c) non-independence (e.g., of individuals or effect sizes).  

(a) The HR mouse selection experiment is ongoing (100+ generations) and has an 

extensive publication history (>190 publications).  Although individual studies may lack 

sufficient power to detect small effect sizes, a sample size this large, when combined 

with the additional power provided by meta-analytic procedures, allows for detection of 

even small effect sizes.  (b) Additionally, each publication uses similar methodology (a 

benefit of a single lab conducting repeated measurements of traits) and a near-identical 

statistical model for analyses.  (c) Finally, a straightforward example for conducting a 

meta-analysis on selection experiments would be one that (i) draws from multiple 

selection experiments, (ii) which each used a similar model organism and the same 

selection criterion, and (iii) were conducted by independent researchers.  Such a meta-

analysis would then be able to determine the effect of selection (broadly) by calculating 

independent effect sizes from each of the independent selection experiments, which in 
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turn would be comprised of independent studies (e.g., as seen in van der Most et al. 

2011).  However, in the present study, effect sizes are from separate studies of the 

same “experiment” (i.e., the same four HR and C lines are used in each study); but a 

meta-analysis may draw on parameters calculated from overlapping data sets (e.g., 

White et al. 2007).  Moreover, we have restricted our observations (and therefore, our 

conclusions) to the context of the HR selection experiment (i.e., the mean of the 

observed effect sizes provides a robust estimate of the “real” effect size from the wheel-

running experiment), but not to other potential wheel-running selection experiments 

(which may produce alternative solutions). 

 In the present study, we applied meta-analytic techniques to body mass and 

heart (ventricle) mass (with body mass as a covariate), two traits that have been 

measured repeatedly and for which statistical significance has varied (see below).  The 

objectives of this study were: (1) to provide a methodological demonstration of the utility 

of meta-analytic procedures for summarizing selection experiments (in particular, long-

term selection experiments), and in so doing, (2) to address long-standing questions 

(e.g., overall statistical significance, patterns with respect to age, sex, and number of 

generations of selection) about the underlying trends in two of the most commonly 

measured characteristics within the HR selection experiment (apart from wheel-running 

behaviors).  Finally, the present study is intended to be part of a broader synthesis of 

traits related to voluntary exercise, across multiple levels of biological organization, that 

have been studied in the HR mouse model (see also Khan et al. 2024). 
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2. Methods 

 

2.1. The High Runner mouse selection experiment 

 

 The HR mouse model is a long-term artificial selection experiment for high 

voluntary wheel-running behavior in laboratory house mice (Mus domesticus), and has 

been ongoing since 1993 (now over 100+ generations) (Swallow et al. 1998; Garland 

2003; Garland et al. 2011b).  Each generation has followed a standard protocol as 

follows: (1) mice are weaned at 21 days of age; (2) housed four per cage from weaning 

until sexual maturity; (3) housed individually with access to an exercise wheel (1.12-m 

circumference) for 6 days beginning at ~6-8 weeks of age; (4) for the 4 replicate HR 

lines, the highest-running male and female from each family are chosen as breeders for 

the next generation (within-family selection; no sibling pairings allowed), whereas in the 

4 replicate C lines, breeders are chosen without regard to wheel running; (5) males and 

females are co-housed for 18-days; (6) males are removed from cages on the 19th day; 

(7) offspring births occur, typically over the span of 1 week; the cycle starts again from 

point (1) with each subsequent generation. 

 The original base population of mice used to start the HR selection experiment 

included a very small fraction (~0.5%) of individuals with hindlimb muscles that were 

~50% smaller than normal-muscled individuals (Garland et al. 2002; Houle-Leroy et al. 

2003).  The aptly named “mini-muscle phenotype” is caused by an autosomal, single-

nucleotide polymorphism, located in an intron of the Myosin heavy polypeptide 4 (Myh4) 

skeletal muscle gene, and acts as a Mendelian recessive trait (Kelly et al. 2013).  The 

mini-muscle phenotype results in an ~50% reduction in hindlimb muscle mass, primarily 

from reduced Type IIb muscle fibers (Guderley et al. 2008; Bilodeau et al. 2009), along 

with many other pleiotropic effects (Houle-Leroy et al. 2003; Guderley et al. 2006; 

Copes et al. 2015; Castro et al. 2021a; Schwartz et al. 2023), including functional 

characteristics hypothesized to facilitate high levels of voluntary wheel-running 

behavior.  The phenotype was only observed in one C line and two HR lines, and 

eventually disappeared from the C line 5, became fixed in HR line 3, and remains 

polymorphic in HR line 6 (lab designations). 
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 The statistical model used for analyses has remained relatively unchanged.  

Generally, mixed models are implemented using SAS Proc MIXED (SAS Institute, Cary, 

NC, USA) with restricted maximum likelihood (REML) estimation.  Linetype is a fixed 

effect  and replicate line (4 HR and 4 C) is nested within linetype as a random effect 

using the containment method for d.f., such that the d.f. for linetype are always 1 and 6.  

When present, mini-muscle status is included as an additional fixed effect tested relative 

to the residual d.f.  Covariates are used as appropriate. 

 

2.2. Criteria for inclusion in meta-analysis 

 

 The HR selection experiment has an extensive publication history (available at: 

https://sites.google.com/ucr.edu/hrmice/publications).  Unpublished studies, including 

the dissertations of former graduate students, were also available.  Studies were 

included if: (1) both body and heart (ventricle) mass were available, (2) all 8 lines were 

sampled, and (3) a non-experimental linetype group (e.g., HR and C mice without 

wheels) was present.  Presence of the mini-muscle phenotype, although included when 

available, was not a criterion for inclusion.  Some generations, particularly earlier in the 

selection experiment, may not have any mini-muscle mice, due to the phenotype’s low 

frequency (described above).  Implementation of these criteria resulted in 33 unique 

sets of data.  Some studies included both males and females, and were subsequently 

split by sex, resulting in 48 total effect sizes for each trait (25 for females, 23 for males).  

These were subdivided into two groups, data from before the selection limit for voluntary 

wheel-running behavior (~ generation 30, as per Careau et al. 2013), and data from 

after the limit.  Thus, we had 24 estimates of effect sizes (per trait) from before 

generation 30 (12 for females, 12 for males) and 24 from after generation 30 (13 for 

females, 11 for males). 

 

2.3. Statistical analyses 

 

 Data gathered for the present study (such as age, sex, and sample size) are 

reported in Supplemental Table S1.  Least Squares Means (LSMs), Standard Errors 

https://sites.google.com/ucr.edu/hrmice/publications
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(SE), F-statistics, and P-values were recorded from each study.  Some data were 

transformed prior to analysis (e.g., log transformed), then back-transformed for LSMs.  

This procedure requires the computation of 95% Confidence Limits (95% CL), rather 

than Standard Errors (SE); therefore, we calculated Upper and Lower 95% CL (UL and 

LL respectively) for all traits, regardless of whether data were transformed or not.  When 

values were not available (e.g., unpublished studies), the original data were analyzed 

(as described above) in SAS Proc MIXED to generate the necessary LSMs, SEs, F-

statistics, and P-values. 

 The F-statistic and degrees of freedom of each study were used to calculate an 

effect size estimate (in this case, Pearson’s R) by using the following formula: 

𝑅 =  √
𝐹

𝐹 + 𝑑. 𝑓.
 

As noted above, d.f. for linetype comparisons (i.e., HR vs C lines) were always 1 and 6, 

while d.f. for mini-muscle comparison (i.e., mini-muscle vs “normal” individuals) were 

relative to the residual d.f.  Therefore, effect sizes and the original P-values are directly, 

although not linearly, related.  A positive effect size estimate indicates that HR mice 

have a larger value than C mice for a given trait (and vice versa); similarly, a positive 

effect size estimate indicates that mini-muscle mice have a larger value than normal 

individuals (and vice versa). 

 Effect sizes for linetype (i.e., HR vs C) and mini-muscle (i.e., mini- vs normal-

muscle individuals) were separately analyzed using an ANCOVA in SPSS v.28, with sex 

as a fixed effect, and with generation and age as covariates.  P-values < 0.05 were 

considered statistically significant.  Because the statistical power to detect interactions 

is lower than for detecting main effects (Wahlsten 1990), interactions with a P-value < 

0.10 were also considered statistically significant, as we have done in other studies 

(e.g., see Cadney et al. 2022; Cruden et al. 2024).  Outliers were removed if the 

standardized residual was greater than 3 and/or the difference from the next value was 

greater than ~1 standard deviation (N = 2; Meek et al., 2009 males from generation 49 

and retired female breeders from generation 99). 

 Additionally, Fisher’s combined probability test (also referred to as Fisher’s 

method) (Mosteller and Fisher 1948) was used to determine an overall P-value for body 
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mass and heart (ventricle) mass (with body mass as a covariate), using the following 

formula: 

𝜒2 =  −2 ∑ ln (𝑃𝑖)

𝑘

𝑖=1

 

The resulting χ2 is a cumulative test statistic, where k is the number of studies, and pi is 

the P-value from each of the independent studies.  The χ2, with 2k degrees of freedom, 

can subsequently be used to calculate an overall P-value. 

 

2.4. New data for body and heart ventricle mass 

 

 New data were collected to provide information on HR mice at a more recent 

point in the selection experiment.  Retired male breeders (N = 126) were used from 

generation 97 of the selection experiment.  These males were euthanized via CO2 

immediately following their 18-day breeding period (as described above).  Mice were 

then weighed and dissected to determine heart ventricle mass.  Retired female 

breeders (N = 92) from generation 99 were also sampled.  These females were 

euthanized via CO2 after offspring were weaned (21 days post-partum) and dissected 

immediately. 
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3. Results 

 

3.1. Body mass before the selection limit 

 

 Before the selection limit, the average difference in body mass between HR and 

C mice was -0.97 g for females and -1.10 g for males (Table 1, Figures 1A and 1B).  

Only 3 of 24 measurements reported a statistically significant (P < 0.05) difference in 

body mass between HR and C lines, all in later generations (Supplemental Table S1, 

Figure 1C), yet Fisher’s combined probability tests resulted in an overall P-value < 0.05 

for both sexes (Table 1).  ANCOVA indicated that the linetype effect size decreased 

across generations (PGeneration < 0.0001), with no effect of sex (PSex = 0.7487), no 

generation*sex interaction (PGeneration*Sex = 0.6662), and a trend for the absolute 

magnitude of linetype effect size to decrease with age (PAge = 0.0546) (Table 2, Figure 

1D). 

 

 Before the selection limit, the average difference in body mass between mini-

muscle and normal individuals was -2.60 g for females and -2.91 g for males (Table 1, 

Figures 2A and 2B).  Six of 17 measurements (7 data sets did not have any mini-muscle 

individuals) reported a statistically significant (P < 0.05) difference in body mass 

between mini-muscle and normal individuals (Supplemental Table S1, Figure 2C), and 

Fisher’s combined probability tests resulted in an overall highly significant P-value for 

both sexes (Table 1).  ANCOVA indicated that the mini-muscle effect size decreased 

across generations (PGeneration = 0.0460), with no effect of sex (PSex = 0.8139), no 

generation*sex interaction (PGeneration*Sex = 0.7736), and no effect of age (PAge = 0.8850) 

(Table 2, Figure 2D). 

 

3.2. Body mass after the selection limit 

 

 After the selection limit, the average difference in body mass between HR and C 

mice was -2.54 g for females and -3.14 g for males (Table 1, Figures 1A and 1B).  Only 

7 of 24 measurements reported a statistically significant (P < 0.05) difference in body 
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mass between HR and C lines (Supplemental Table S1, Figure 1C), but Fisher’s tests 

resulted in highly significant overall P-values for both sexes (Table 1).  ANCOVA 

indicated that the linetype effect size increased across generations (PGeneration = 0.0140), 

with no effect of sex (PSex = 0.1070), but a significant generation*sex interaction 

(PGeneration*Sex = 0.0634) wherein the body mass effect size for females increased more 

across generations than that for males, and a trend for the absolute magnitude of 

linetype effect size to increase with age (PAge = 0.0640) (Table 2, Figure 1D). 

 

 After the selection limit, the average difference in body mass between mini-

muscle and normal individuals was -1.37 g for females and -2.41 g for males (Table 1, 

Figures 2A and 2B).  Six of 23 measurements (1 data set did not have any mini-muscle 

individuals) reported a significant (P < 0.05) difference in body mass between mini-

muscle and normal individuals (Supplemental Table S1, Figure 2C); Fisher’s combined 

probability tests resulted in an overall highly significant P-value for both sexes (Table 1).  

ANCOVA indicated that the mini-muscle effect size tended to increase across 

generations (PGeneration = 0.0772), with a significant effect of sex (PSex = 0.0242), a 

significant generation*sex interaction (PGeneration*Sex = 0.0265) wherein the body mass 

effect size for females increased less across generation than that for males, and no 

effect of age (PAge = 0.2705) (Table 2, Figure 2D). 

 

3.3. Heart mass before the selection limit 

 

 Before the selection limit, the average difference in body-mass adjusted heart 

ventricle mass between HR and C mice was 2.26 mg for females and 2.24 mg for males 

(Table 1, Figures 3A and 3B).  None of 24 measurements reported a statistically 

significant (P < 0.05) difference in heart ventricle mass between HR and C lines 

(Supplemental Table S1, Figure 3C), yet Fisher’s combined probability tests resulted in 

small overall P-values for both sexes (Table 2).  ANCOVA indicated that the linetype 

effect size tended to increase across generations (PGeneration = 0.0822), with no effect of 

sex (PSex = 0.9517), no generation*sex interaction (PGeneration*Sex = 0.3539), and no effect 

of age (PAge = 0.2905) (Table 2, Figure 3D). 
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 Before the selection limit, the average difference in heart ventricle mass between 

mini-muscle and normal individuals was 11.50 mg for females and 15.69 mg for males 

(Table 1, Figures 4A and 4B).  Eleven of 17 measurements (7 data sets did not have 

any mini-muscle individuals) reported a statistically significant (P < 0.05) difference in 

heart ventricle mass between mini-muscle and normal individuals (Supplemental Table 

S1, Figure 4C); Fisher’s combined probability tests resulted in an overall P-value < 0.05 

for both sexes (Table 1).  ANCOVA indicated that the mini-muscle effect size did not 

significantly change across generations (PGeneration = 0.6427), with a trend for females to 

have smaller effect size estimates (PSex = 0.0612) and a significant generation*sex 

interaction (PGeneration*Sex = 0.0885) wherein the heart ventricle mass effect size for 

females increased across generation (PAge = 0.5576) (Table 2, Figure 4D). 

 

3.4. Heart mass after the selection limit 

 

 After the selection limit, the average difference in body-mass adjusted heart 

ventricle mass between HR and C mice was 7.20 mg for females and 9.51 mg for males 

(Table 1, Figures 3A and 3B).  Five of 22 measurements reported a statistically 

significant (P < 0.05) difference in heart ventricle mass between HR and C lines 

(Supplemental Table S1, Figure 3C); however, Fisher’s combined probability tests 

resulted in highly significant P-values for both sexes (Table 1).  ANCOVA indicated that 

the linetype effect size tended to decrease across generations (PGeneration = 0.0519), with 

no effect of sex (PSex = 0.1508), no generation*sex interaction (PGeneration*Sex = 0.8364), 

and no effect of age (PAge = 0.1154) (Table 2, Figure 3D). 

 

 After the selection limit, the average difference in heart ventricle mass between 

mini-muscle and normal individuals was 9.06 mg for females and 13.41 mg for males 

(Table 1, Figures 4A and 4B).  Only 7 of 21 measurements (3 data sets did not have 

any mini-muscle individuals) reported a statistically significant (P < 0.05) difference in 

heart ventricle mass between mini-muscle and normal individuals (Supplemental Table 

S1, Figure 4C), but Fisher’s combined probability tests resulted in highly significant 
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overall P-values for both sexes (Table 2).  ANCOVA indicated that mini-muscle effect 

size did not significantly change across generations (PGeneration = 0.9824), a trend for 

females to have smaller effect size estimates (PSex = 0.0782), no generation*sex 

interaction (PGeneration*Sex = 0.6334), and a trend for older mice to have more positive 

effect size estimates (i.e., magnitude of effect size tended to increase with age) (PAge = 

0.0870) (Table 2, Figure 4D). 
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4. Discussion 

 

4.1. Overall meta-analytic results for body size and relative heart mass in HR mice 

 

 One objective of the present study was to demonstrate the utility of meta-analytic 

procedures in reviewing and summarizing results from experimental evolution studies.  

We also proposed that a quantitative approach (e.g., here, an ANCOVA of effect sizes), 

as opposed to a qualitative one (e.g., do studies fall above/below nominal significance 

of P = 0.05), would allow us to better summarize results from the HR mouse model, and 

reveal underlying trends that may not be apparent when examining P-values alone.  For 

example, if had we focused on the statistical significance of studies, only 10 of 48 

measurements (3 before the selection limit, 7 after) were statistically significant for body 

mass and only 5 of 48 measurements (none before the selection limit, 5 after) were 

significant for heart mass (corrected for body mass) (Supplemental Table S1).  

Therefore, we may have reasonably (but incorrectly) concluded that selection for 

voluntary wheel-running behavior had not resulted in "significant" changes to either trait.  

However, by using a meta-analytic approach, we were able to demonstrate that: (1) 

absolute effect sizes for body mass and relative heart mass increased (HR mice < C for 

body mass; HR mice > C for heart mass) before HR mice reached a selection limit for 

voluntary wheel-running behavior (PGeneration < 0.0001 for body mass; PGeneration = 0.0822 

for heart mass; Table 2, Figures 1 and 3); (2) this trend did not differ by sex 

(PGeneration*Sex = 0.6662 for body mass; PGeneration*Sex = 0.3539 for heart mass; Table 2); 

(3) a plateau in effect sizes for both traits coincides with the generational range during 

which the apparent selection limits were reached (Figures 1 and 3); (4) absolute effect 

sizes for both body and heart mass have gotten smaller (i.e., closer to 0) since the 

selection limit (PGeneration = 0.0140 for body mass; PGeneration = 0.0519 for heart mass; 

Table 2, Figures 1 and 3); and (5) this trend differed by sex for body mass (PGeneration*Sex 

= 0.0634) but not for heart mass (PGeneration*Sex = 0.8364) (Table 2). 

 

4.2. Functional and evolutionary implications of Linetype comparisons 
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 Prior studies have indicated that neither exhausted additive genetic variance nor 

counterposing natural selection related to female reproductive success (Girard et al. 

2002; Keeney 2011; Careau et al. 2013) are responsible for the selection limits 

observed in all four of the selectively bred HR lines of mice.  As a complement to the 

traditional quantitative-genetic explanations for selection limits, a number of studies 

have sought potential functional limitations either on the ability or willingness 

(motivation) to engage in voluntary exercise (e.g., see Rezende et al. 2006; Belke and 

Garland 2007; Kolb et al. 2010; Meek et al. 2010; Claghorn et al. 2016; Garland et al. 

2017; Castro et al. 2024; Khan et al. 2024).  Our results indicate that, despite a lack of 

statistical significance in many generations, HR mice have evolved to be smaller (as 

first reported in Swallow et al. 1999) and to have larger hearts (relative to body mass) 

as compared with C mice (Table 2, Figures 1 and 3). 

 Moreover, a plateau in effect sizes for both traits coincides with the generational 

range which the selection for wheel-running behavior was reached.  These correlated 

responses in body and relative heart (ventricle) mass indicate the presence of genetic 

correlations with wheel-running behavior, which may have imposed constraints on the 

evolution of wheel running (e.g., see Weber 1990; Garland and Carter 1994; Marchini et 

al. 2014; Agrawal 2020).  Of course, correlation does not prove causation.  Rather than 

being causally related to wheel running, the changes in both body mass and heart mass 

could instead be functions of some other, currently unknown trait that is causally related 

to wheel running.  Causality could be probed experimentally by selecting for body size, 

relative heart size or some other trait for which evidence suggests a causal relationship 

with wheel-running behavior (Garland 2003).  Also, as discussed previously (Swallow et 

al. 1999, 2009), one could test whether one (or both) traits constrained the evolution of 

wheel running by selecting on both traits (e.g., body mass and wheel running) 

simultaneously (e.g., see Wone et al. 2015).   

 Importantly, absolute effect sizes for both body and heart mass have become 

smaller (i.e., closer to 0), particularly in the last 10-20 generations.  Interestingly, this 

has not been accompanied by any obvious change in voluntary wheel running, as HR 

mice have consistently run approximately 2.5-3-fold more revolutions per day than C 

mice since the selection limit (i.e., over ~70 generations).  If body size and/or heart size 
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are indeed causally related to wheel running, then this pattern of decreasing effect sizes 

after a selection limit, which might be viewed as a functional deterioration, implies that 

another trait or traits related to exercise engagement (e.g., see Section 4.4) has evolved 

in a compensatory fashion after the selection limit.  For example, perhaps maximal 

heart rate increased in the HR lines as the difference in heart size from the C lines 

diminished (for whatever reason, e.g., inbreeding depression), thus "picking up the 

slack."  Other studies on these lines of mice indicate that some traits that seemed to 

represent clear adaptations for wheel running in earlier generations, such as larger 

femoral heads, no longer differ between HR and C lines in later generations (Castro and 

Garland 2018; Castro et al. 2021b).  Moreover, at the genomic level, signatures of 

selection differ substantially between generations 22 and 61, suggesting a phenomenon 

termed "genetic churn" by Hillis et al. (2024), which reflects the fact that studies of 

adaption across time must deal with a potentially moving target.  This idea of continuing 

coadaptation in some traits as other falter is reminiscent of  the Red Queen Hypothesis 

(Van Valen 1973; Langerhans 2008), wherein species involved in coevolutionary 

interactions must continuously “run” (i.e., evolve) to stay in the same “place” (i.e., 

survive) (see also Rice and Holland 1997; Sinervo and Svensson 2002).   

 

4.3. Implications of mini-muscle effect sizes 

 

 The mini-muscle phenotype is caused by an intronic single nucleotide 

polymorphism, which results in a Mendelian recessive trait (Kelly et al. 2013).  This 

phenotype was present at a frequency of ~7% in the original base population used to 

start the selection experiment , but has only ever been observed in one C line (C line 5, 

lab designation) and in two HR lines (HR line 3 and HR line 6) (Garland et al. 2002).  

The phenotype is no longer present in the C line, became fixed in HR line 3, and 

remains polymorphic in HR line 6 after > 100 generations of selection (Hiramatsu et al. 

2017; Cadney et al. 2021; Castro et al. 2021a).  As the name suggests, mini-muscle 

mice are characterized by having ~50% of the hindlimb muscle mass of normal-muscle 

individuals, due primarily to a systemic reduction in Type IIb muscle fibers (Guderley et 

al. 2008; Bilodeau et al. 2009; Talmadge et al. 2014 and references therein).   
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 The mini-muscle phenotype is associated with several other differences in 

morphology, physiology, and even behavior (Garland et al. 2002; Houle-Leroy et al. 

2003; Guderley et al. 2006; Kelly et al. 2013; Copes et al. 2015; Castro et al. 2021b; 

Schwartz et al. 2023; Castro et al. 2024; Khan et al. 2024), but the adaptive significance 

of these pleiotropic effects has been unclear.  Regarding the present study, the mini-

muscle effect size for heart mass has remained relatively consistent across generations 

(PGeneration = 0.6427 before selection limit; PGeneration = 0.9824 after selection limit), with 

mini-muscle mice having larger hearts than normal mice, which may be one of the 

effects that has caused them to be favored by the selection protocol (Garland et al. 

2002).  However, the mini-muscle effect size for body mass exhibits an unusual pattern, 

and requires a holistic examination of the available information for an accurate 

interpretation of the mini-muscle phenotype across generations.  To review: (a) the 

trend for mini-muscle body mass across generations is similar to HR mice overall, i.e., 

decreases before the selection limit, reaches a plateau after the selection limit, and 

begins to increase in more recent generations (Figure 1A and Figure 2A), (b) but the 

trend in mini-muscle effect size differs from the linetype effect size in that (i) mini-muscle 

effect size is greater than 0 after the selection limit and (ii) mini-muscle effect size 

decreases (again) after the selection limit (Figure 1D and Figure 2D).  Although these 

patterns are statistically significant (PGeneration = 0.0460 before selection limit; 

PGeneration*Sex = 0.0265 after selection limit), the most parsimonious explanation for this 

phenomenon is mathematical in nature (rather than biological); that is, the loss of mini-

muscle phenotype in C line 5 and fixation of the mini-muscle phenotype in HR line 3 

resulted in mini-muscle becoming confounded with linetype (rather than nested within 

line or crossed by linetype).  This phenomenon would not be apparent (or relevant) if 

mini-muscle effect size were consistent across generations (e.g., as with heart mass).  

We note here that although the mini-muscle phenotype is part of the overall HR 

phenotype (in that mini-muscle mice are exclusively HR mice after the initial 25-30 

generations), mini-muscle individuals often express somewhat different phenotypes for 

a given trait as compared with non-mini HR mice.  Furthermore, the “mini-muscle 

phenotype” (at the level of the muscle and also associated traits) can differ somewhat 

between HR line 3 and HR line 6 (e.g., see Guderley et al. 2008; Bilodeau et al. 2009; 



19 

Schwartz et al. 2023).  The mini-muscle phenotype in general has been suggested as 

an example "multiple solutions" in response to a given type of selection (Garland et al. 

2011a; Castro et al. 2024).  However, analyses at the level of lines (wherein HR line 6 is 

subdivided by mini-muscle phenotype) have been infrequent (and not always relevant to 

the study at hand).  Future meta-analyses (e.g., of all studies presenting information on 

the mini-muscle phenotype) should carefully consider the aforementioned points when 

reviewing and summarizing key traits associated with the mini-muscle phenotype to 

elucidate the potential adaptive significance of trends in mini-muscle effect sizes. 

 

4.4. Notes on effect sizes, P-values, and statistical power 

 

 Measures of effect sizes, such as Pearson's R used here, provide information on 

both the magnitude and direction of an effect, whereas P-values can only inform as to 

the probability that an effect exists.  Consistency in the magnitude and direction of an 

effect size across multiple studies strengthens one’s conclusions.  Although this is also 

somewhat true of P-values, they are known to both (1) consistently demonstrate 

statistically significant levels when sample sizes are sufficiently large, even if effects are 

relatively non-existent (e.g., see Bartolucci et al. 2011), and (2) fail to reach significance 

levels when effects are relatively small (Rosenthal and Rosnow 2008; Sullivan and 

Feinn 2012; Halsey et al. 2015; Wasserstein and Lazar 2016; Halsey 2019).  These 

phenomena are due to Type I (rejecting the null hypothesis when it is true) and Type II 

errors (accepting the null hypothesis when it is false), respectively. 

 Regarding (1), statistical significance represents the probability that an observed 

difference between samples from different groups is due to sampling error.  Typically, if 

P > 0.05, differences are assumed to be adequately explained by sampling variability.  

However, larger sample sizes are inherently more likely to resemble the overall 

population, and very large sample sizes substantially decrease the magnitude of 

sampling variability.  Therefore, very large samples would yield statistically significant 

results, even if there were little to no difference between groups (e.g., as seen in 

Bartolucci et al. 2011).  However, this is not an issue for linetype comparisons in the HR 

mouse model, because d.f. are small and constant (e.g., see the next paragraph).  
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Regarding (2), statistical power (i.e., one minus the Type II error rate) represents the 

sensitivity of a test to detecting an effect when one is present.  Power is influenced by 

both sample size and effect size.  When effect sizes are large, one can use a relatively 

small sample size and still sufficiently detect existing differences between groups (e.g., 

see Figure 2 in Serdar et al. 2021).  Conversely, when effect sizes are small, one must 

have relatively larger sample sizes to sufficiently detect existing differences between 

groups.  Thus, P-values are somewhat confounded by their relative dependence on 

sample sizes, whereas effect sizes are relatively insulated from such effects. 

 In the HR mouse model, two factors that affect the statistical power for linetype 

comparisons (i.e., the average values for the 4 HR vs. 4 C lines) are: (a) the number of 

lines (restricted to 8), which limits power, and (b) the number of mice measured per line, 

which influences the ability to determine the true line means.  Regarding (a), mini-

muscle status (described in Section 2.1) is somewhat confounded with linetype, 

especially in later generations, as described in Castro et al. (2021b; see also Hillis et al. 

2020; Hillis and Garland 2023).  Castro et al. (2021b) demonstrated that the Type I error 

rate for mini-muscle effects is close to the expected 5% for α = 0.05; however, the Type 

I error rate for linetype effects was only 1.4%, indicating a reduced capacity to detect 

linetype differences within the HR mouse model using this statistical model employed 

here and in other studies of these lines.  Regarding (b), increasing amounts of among-

line variance decrease statistical power to detect linetype differences by both 

decreasing the power to detect differences between the average of the 4 HR and the 4 

C lines, but also by increasing the overlap between the range of values within HR and C 

linetypes (akin to extending a folding fan within each treatment group).  During earlier 

generations, this was not much of an issue, as neither random genetic drift nor multiple 

adaptive responses (“multiple solutions,” e.g., see Garland et al. 2011a; Hannon et al. 

2011; Hillis and Garland 2023) would yet have had much effect. 

 Another consequence of low statistical power is the overestimation of effect sizes 

(e.g., see Button et al. 2013).  This may explain why effect sizes in the present meta-

analysis are relatively large (e.g., R values of 0.1, 0.3, and 0.5 are traditionally 

categorized as small, medium, and large effect sizes, respectively Cohen 1988; Lakens 

2013), despite what amounts to modest differences in body size and heart mass (e.g., 
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differences in heart mass after the selection limit between HR and C females is 7.20 

mg, which amounts to ~5.50% of average female heart size, Table 1).  Additionally, 

effect sizes were calculated from the F-statistics and degrees of freedom (see Section 

2.3); however, given that HR and C lines were always compared with 1 and 6 d.f., this 

resulted in a direct, but non-linear, relationship between R- and P-values.  This non-

linear relationship resulted in two phenomena: (1) effect sizes less than about 0.7 did 

not result in statistically significant (P < 0.05) differences and (2) larger effect sizes did 

not result in proportionally smaller P-values.  All that being said, the relative consistency 

of the observed trends in effect size, as well as Fisher’s combined statistical 

significance being well below nominal significance (e.g., P = 0.0016 for the effect sizes 

of female heart mass after the selection limit, Table 1), support the general trends 

outlined in Section 4.1. 

 

4.5. Conclusions and future directions 

 

 Overall, our results demonstrate the utility of applying meta-analytic techniques 

to long-term selection experiments, in particular, regarding how meta-analyses can be 

used to reveal previously undiscovered trends in existing data.  Going forward, this 

meta-analysis is intended to be part of a broader synthesis of traits related to voluntary 

exercise, across multiple levels of biological organization, that have been studied in the 

HR mouse model (see also Khan et al. 2024).  Although few traits have been repeatedly 

measured as extensively as body and heart (ventricle) mass, some have been 

measured multiple times across the 100+ generations of selection (e.g., liver mass, 

VO2max).  These traits have also varied in their statistical significance across 

generations, making them good candidates for meta-analytic research.  Like body and 

heart mass, underlying trends in the data may not be apparent on a case-by-case basis, 

or even by evaluation on the basis of statistical significance.  Furthermore, incorporating 

such traits into a broader meta-analysis would allow one to determine whether the 

evolution of high activity behavior has coincided with broad changes in the effect sizes 

of multiple (potentially correlated) traits and/or if other effect sizes have changed as 

wheel-running behavior evolved.  Additionally, a broader meta-analysis could consider 
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other potential moderating factors, such as seasonality (see Careau et al. 2013 on 

seasonality in wheel running).  Finally, more information from later generations would 

also allow us to confirm the observed trends in the magnitude of effect sizes for body 

mass and heart mass after the selection limit, for which the effect sizes seem to be 

decreasing. 
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Tables and Figures 

Table 1.  Summary statistics for Linetype and Mini-muscle whole-body and heart (ventricle) mass (with body mass as a covariate). 

 

Body mass at dissection 

Before Selection Limit After Selection Limit 

Mean Std. Dev. Difference R 95% LL 95%UL Χ2 d.f. P Mean Std. Dev. Difference R 95% LL 95%UL Χ2 d.f. P 

Linetype 

High Runner Females 29.78 2.32 -0.97 -0.2655 -0.3797 -0.1513 26.30 24 0.0495 26.42 3.65 -2.54 -0.5402 -0.6483 -0.4322 61.99 26 < 0.0001 

Control Females 30.74 1.87  28.97 4.06  

High Runner Males 35.67 2.32 -1.10 -0.2403 -0.3545 -0.1261 32.78 24 0.0219 30.38 2.61 -3.14 -0.5934 -0.7111 -0.4758 45.76 22 0.0006 

Control Males 36.77 1.31  33.52 3.80  

Mini-Muscle 

Mini-Muscle Females 28.58 2.66 -2.60 -0.2173 -0.3086 -0.1261 57.86 20 < 0.0001 27.00 3.58 -1.37 -0.1745 -0.2949 -0.0540 67.59 26 < 0.0001 

Normal Females 31.18 1.52  28.37 4.23  

Mini-Muscle Males 33.85 1.86 -2.91 -0.2011 -0.3110 -0.0913 37.78 14 0.0002 30.56 4.12 -2.41 -0.2141 -0.3519 -0.0763 65.79 20 < 0.0001 

Normal Males 36.76 1.41  32.97 2.62  

 

Heart ventricle mass with body mass as a covariate 

Before Selection Limit After Selection Limit 

Mean Std. Dev. Difference R 95% LL 95%UL Χ2 d.f. P Mean Std. Dev. Difference R 95% LL 95%UL Χ2 d.f. P 

Linetype 

High Runner Females 125.40 7.72 2.26 0.2069 0.0174 0.3964 26.24 24 0.0498 134.50 15.64 7.20 0.4876 0.3894 0.5858 44.97 24 0.0016 

Control Females 123.14 6.18  127.29 16.09  

High Runner Males 147.27 7.02 2.43 0.1990 0.0095 0.3885 20.81 24 0.0587 150.96 20.00 9.51 0.5938 0.4859 0.7018 41.98 20 0.0008 

Control Males 144.84 7.64  141.46 18.04  

Mini-Muscle 

Mini-Muscle Females 131.19 8.56 11.50 0.2668 0.1916 0.3419 69.74 20 < 0.0001 135.45 18.18 9.06 0.2268 0.1495 0.3041 57.74 24 < 0.0001 

Normal Females 119.69 6.12  126.38 13.73  

Mini-Muscle Males 158.31 8.32 15.69 0.3132 0.2227 0.4037 62.53 14 < 0.0001 150.71 20.22 13.41 0.3345 0.2447 0.4244 74.41 18 < 0.0001 

Normal Males 142.62 5.02  137.31 17.51  

Measurements from Supplemental Table S1 were partitioned into four groups by sex (females vs males) and by whether studies occurred before or after the selection limit for voluntary wheel-running behavior (~ 

generation 30, as per Careau et al. 2013).  Descriptive statistics (e.g., mean, standard deviation) were calculated using SPSS v28.  Values for body mass and relative heart mass are presented separately for High Runner 

and Control lines, mini-muscle and normal-muscle individuals, and for females and males.  Effect sizes (Pearson’s R) are presented as Estimated Marginal Means (EMM) with associated 95% Confidence Limits (LL = 

Lower Limit and UL = Upper Limit).  The average difference and effect sizes are listed such that a positive value indicates HR lines (or mini-muscle individuals) have higher values for a given trait (and vice versa).  

Fisher’s combined probability test (also referred to as Fisher’s method) was used to determine an overall P-value for body size and heart mass of each group.  The formula used was 𝜒2 =  −2 ∑ ln (𝑝𝑖 )𝑘
𝑖=1 , where χ2 is the 

cumulative test statistic, k is the number of studies, and pi are the P-values from each of the independent studies.  This formula yields a chi-squared value, with 2k degrees of freedom, which can subsequently be used to 

calculate an overall P-value.  Statistical significance was evaluated a P < 0.05. 
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Table 2.  Results for Linetype and Mini-muscle whole-body and heart mass (with body mass as a covariate) effect sizes from ANCOVA with sex, generation, and age. 

 
Body mass at dissection 

Before Selection Limit After Selection Limit 

ηp
2 F P Estimate 95% LL 95% UL ηp

2 F P Estimate 95% LL 95% UL 

Linetype 

Age 0.1725 4.17 0.0546 0.0063 -0.0001 0.0127 0.1691 3.87 0.0640 -0.0023 -0.0047 0.0001 

Generation 0.7509 60.28 < 0.0001 -0.0475 -0.0603 -0.0347 0.2782 7.32 0.0140 0.0015 -0.0053 0.0083 

Sex 0.0052 0.11 0.7487 -0.0252 -0.1872 0.1367 0.1309 2.86 0.1070 -0.4434 -0.9919 0.1051 

Generation*Sex P = 0.6662, removed from model 0.1698 3.89 0.0634 0.0077 -0.0005 0.0159 

Mini-Muscle 

Age 0.0017 0.02 0.8850 0.0003 -0.0044 0.0050 0.0670 1.29 0.2705 0.0014 -0.0012 0.0040 

Generation 0.2725 4.87 0.0460 -0.0120 -0.0238 -0.0003 0.1634 3.51 0.0772 0.0011 -0.0062 0.0084 

Sex 0.0044 0.06 0.8139 -0.0162 -0.1620 0.1295 0.2516 6.05 0.0242 0.6927 0.1012 1.2842 

Generation*Sex P = 0.7736, removed from model 0.2450 5.84 0.0265 -0.0100 -0.0188 -0.0013 

 
Heart ventricle mass with body mass as a covariate 

Before Selection Limit After Selection Limit 

ηp
2 F P Estimate 95% LL 95% UL ηp

2 F P Estimate 95% LL 95% UL 

Linetype 

Age 0.0557 1.18 0.2905 -0.0055 -0.0161 0.0051 0.1320 2.74 0.1154 -0.0018 -0.0040 0.0005 

Generation 0.1434 3.35 0.0822 0.0186 -0.0026 0.0398 0.1940 4.33 0.0519 -0.0039 -0.0078 0.0000 

Sex 0.0002 0.00 0.9517 0.0079 -0.2608 0.2766 0.1112 2.25 0.1508 -0.1062 -0.2549 0.0425 

Generation*Sex P = 0.3539, removed from model P = 0.8364, removed from model 

Mini-Muscle 

Age 0.0294 0.36 0.5576 0.0010 -0.0026 0.0046 0.1625 3.30 0.0870 0.0015 -0.0002 0.0033 

Generation 0.0185 0.23 0.6427 -0.0058 -0.0217 0.0101 0.0000 0.00 0.9824 0.0000 -0.0031 0.0031 

Sex 0.2622 4.26 0.0612 -0.2392 -0.4915 0.0132 0.1713 3.51 0.0782 -0.1078 -0.2291 0.0135 

Generation*Sex 0.2226 3.44 0.0885 0.0158 -0.0028 0.0345 P = 0.6334, removed from model 
Measurements from Supplemental Table S1 were partitioned into four groups by sex (females vs males) and by whether studies occurred before or after the selection limit for voluntary wheel-running behavior (~ 

generation 30, as per Careau et al. 2013).  Effect sizes for body mass and relative heart mass were analyzed using an ANCOVA in SPSS v28, with sex as a fixed effect, and generation and age as covariates.  Partial eta-

squared (ηp
2, an estimate of effect size for ANOVAs), F-statistics, and P-values from ANCOVAs are presented for generation, age, and sex.  ANCOVAs were initially run with a Generation*Sex interaction, which was 

subsequently removed if not statistically significant (evaluated at P < 0.10; see section 2.3. Statistical analyses).  Parameter estimates and associated 95% CL from ANCOVAs are presented for generation, age, sex, and 

the generation*sex interaction (if present). 
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Figure 1.  Values for body mass based on linetype (High Runner vs Control).  (A) Least Squares Means (LSMs) (from analyses in SAS Proc. MIXED) for body mass are from the 

individual studies used in the present meta-analysis.  High Runner lines are depicted in red and Control lines are depicted in blue.  Females are denoted by circles, males by squares.  

Gray is used for comparisons of HR vs C (e.g., differences, P-values, effect sizes).  The dashed line indicates the selection limit for high voluntary wheel-running behavior, which 

occurred at approximately generation 30 (Careau et al. 2013).  (B) Differences in the LSMs for body mass between HR and C lines.  A positive value indicates that HR lines have 

higher body mass than C lines.  (C) Original P-values from the individual studies used in the present meta-analysis.  Dashed line is set to P = 0.05.  Note that there are few studies that 

reach this level of statistical significance.  (D) Effect sizes from the individual studies, calculated from the resultant F-statistic and degrees of freedom (generally 1 and 6 for linetype 

comparisons) for analyses in SAS Proc. MIXED.  Effect sizes are calculated using 𝑅 =  √
𝐹

𝐹+𝑑.𝑓.
.  A positive effect size indicates that HR lines have a larger value for body mass (i.e., 

that selection for high voluntary wheel-running behavior has had a positive effect on body mass).  Effect sizes in the present study may be relatively large, despite somewhat small 

differences in body mass (e.g., differences in body mass for females after the selection limit is 2.54 g, which amounts to ~9.17% of average female body mass, Table 2), due to 

relatively low statistical power (as outlined in Section 4.2).  That said, the relative consistency of the observed trends in effect sizes strengthens the conclusions drawn in Section 4.1. 
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Figure 2.  Values for body mass based on mini-muscle status (mini-muscle vs normal-muscle individuals).  Mini-muscle mice are depicted in orange and normal-muscle mice 

are depicted in purple.  Females are denoted by diamonds, males by triangles.  Gray is also used for comparisons of mini-muscle vs normal (e.g., differences, P-values, effect sizes).  

The dashed line indicates the selection limit for high voluntary wheel-running behavior, which occurred at approximately generation 30 (Careau et al. 2013).  For more information, see 

descriptions above in Figure 1. 
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Figure 3.  Values for heart (ventricle) mass (with body mass as a covariate) based on linetype (High Runner vs Control).  For more information, see descriptions in Figure 1. 
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Figure 4.  Values for heart (ventricle) mass (with body mass as a covariate) based on mini-muscle status (mini vs normal).  For more information, see descriptions in Figure 2. 
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