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Opening Quotation

"It is unavoidable that we biologists, because of our limitations, divide ourselves into
categories of specialization and then pretend that these categories exist in the biological
world. As everyone knows, organisms are functionally indivisible and cannot be split into
the conventional compartments of morphology, physiology, behaviour and genetics. Each
of these is only one aspect of the organism as a whole and since it is the organism which

deals with the physical environment, where do we start?" (Bartholomew 1964, p. 8)



ABSTRACT

How traits at multiple levels of biological organization evolve in a correlated fashion in
response to directional selection is poorly understood, but two popular models are the very
general "behavior evolves first" (BEF) hypothesis and the more specific "morphology -
performance - behavior - fitness" (MPBF) paradigm. Both acknowledge that selection often
acts relatively directly on behavior and, when behavior evolves, other traits will as well, but
most with some lag. However, this proposition is exceedingly difficult to test in nature.
Therefore, we studied correlated responses in the High Runner (HR) mouse selection
experiment, in which 4 replicate lines have been bred for voluntary wheel-running behavior
and compared with 4 non-selected Control (C) lines. We analyzed a wide range of traits
measured at generations 20-24 (with a focus on new data from generation 22), coinciding
with the point at which all HR lines were reaching selection limits (plateaus). Significance
levels (226 P values) were compared across trait types by ANOVA and we used the positive
False Discovery Rate (pFDR) to control for multiple comparisons. This meta-analysis
showed that, surprisingly, the measures of performance (including maximal oxygen
consumption during forced exercise) showed no evidence of having diverged between the
HR and C lines, nor did any of the life history traits (e.g., litter size), whereas body mass had
responded (decreased) at least as strongly as wheel running. Overall, results suggest that
the HR lines of mice had evolved primarily by changes in motivation, rather than
performance ability, at the time they were reaching selection limits. In addition, neither the
BEF nor the MPBF models of hierarchical evolution provide a particularly good fit to the HR

mouse selection experiment.



1. Introduction

How traits at multiple levels of biological organization evolve in a correlated fashion in
response to directional selection is poorly understood. The “behavior evolves first”
hypothesis (BEF) (Rhodes and Kawecki 2009) recognizes that, in nature, selection often
acts relatively directly on behavior and that behavior appears to be evolutionarily labile
(Blomberg et al. 2003; but see Revell et al. 2008). Darwin (1859, Chapter 6) might be
credited with the earliest mention of BEF when he singled out the Dipper as a bird for which
"the acutest observer by examining the dead body ... would never have suspected its sub-
aquatic habits. ... In such cases, and many others could be given, habits have changed
without a corresponding change of structure" (but see Smith et al. 2022). Other quotations
to this effect are easy to find, such as "Behavior is an animal's way of interacting with its
environment and it is therefore a prime target for natural selection" (Crusio 1995, p. 323).
Selection acting on behavior can have far-reaching implications. To quote Mayr (1982, p.
612), "Many if not most acquisitions of new structures in the course of evolution can be
ascribed to selection forces exerted by newly acquired behaviors ... Behavior, thus, plays an
important role as the pacemaker of evolutionary change." He goes on to claim that "Most
adaptive radiations were apparently caused by behavioral shifts." On the other hand, Mayr
(1958, p. 356) also noted that "there is no general answer to the question, 'Structure first or
behavior first?™

In an influential paper, Arnold (1983) discussed how selection can be measured in
natural populations (Lande and Arnold 1983) through the use of path analysis and noted the
key role of whole-organism performance abilities (e.g., how fast an animal can run when
maximally motivated) as transducers between lower-level traits and Darwinian fitness
(survival and reproductive success). He did not explicitly recognize the pivotal role of
behavior in the hierarchy of biological organization, and instead "use[d] 'morphology' as a
shorthand for any measurable or countable aspect of structure, physiology or behavior."
Since then, various workers have expanded on Arnold's original ideas, in particular by
arguing that behavior is a key potential "filter" between performance abilities and
components of Darwinian fitness (Garland et al. 1990). The argument posits that, in nature,
selection often acts on what an animal does in a given situation, such as when it encounters
a predator, i.e., its behavioral choices (e.g., see Bateson 1988). For example, if a rabbit

chose to remain motionless as a predator approached, such that crypsis might allow it to



avoid detection, then its coloration would be under correlational selection along with its
behavior (Brodie 11l 1992). However, in this scenario, the rabbit's maximal sprinting ability
would be irrelevant. On the other hand, if the rabbit chose to run away at top speed when it
encountered a predator, then the behavioral choice along with its maximal sprinting ability
would be under correlational selection. Similar arguments have been made in the context of
thermoregulatory behavior (Huey et al. 2003). This larger view of how selection acts at
different levels essentially encompssses the BEF hypothesis and has come to be known as
the “morphology - performance - behavior - fithess" (MPBF) paradigm (Garland and Carter
1994; Garland and Losos 1994; Careau and Garland 2012; Lailvaux and Husak 2014; Storz
et al. 2015), which has also been referred to as the “mechanism - performance - behavior -
fithess" paradigm (Dantzer et al. 2016). The MPBF paradigm (an expanded version specific
to the present study is shown in Fig. 1) is consistent with the idea that behavior may
generally be "in the vanguard of evolution" (Plomin 1990, p. 183). However, it is also
consistent with the possibility that behavior can sometimes inhibit evolution (Huey et al.
2003; Duckworth 2009).

Behavior, of course, cannot evolve without changes in aspects of the brain and
neurobiology (e.g., motivation and reward circuitry, the neural control of muscular
contractions), and so some neurobiological traits that underpin behavior (which can be
termed "lower-level" or "subordinate" traits) will also evolve, such as the sizes of particular
brain regions or the density of receptors for specific neurotransmitters (Bronikowski et al.
2004; Katz 2011; Fischer and O’Connell 2017; Sheehan et al. 2018; Schmill et al. 2023). If
the expression of a behavior evolves enough, then it will become eventually reach a point at
which further expression becomes limited or constrained by whole-organism performance
abilities (Bennett 1989; Horning 2012), which will limit further evolution of the behavior in
question. If this leads to evolution of the performance abilities (e.g., endurance capacity),
then subordinate traits that determine or constrain such abilities will also necessarily evolve
(e.g., muscle contractile properties, circulating hormone levels, physical arrangements of
bones, tendons, and muscles) (Husak et al. 2009; Taylor and Thomas 2014; Garland et al.
2016; Green et al. 2021).

Given that behavioral evolution requires at least neurobiological change and, with
large behavioral shifts, also changes in performance abilities that are determined by various
aspects of morphology and physiology (e.g., endocrine function), life history traits might also



be affected. For example, an evolutionary change in activity levels might involve changes in
the motivation for, or reward perceived from, physical activity (Kuhn et al. 2016; Lightfoot et
al. 2018; Klimentidis et al. 2022). Such changes would likely involve brain regions
(particularly those in the reward system) that are also involved in the control of feeding,
social behavior or maternal care (Kalivas and Nakamura 1999; Kelley and Berridge 2002;
Fischer and O’Connell 2017; Schmill et al. 2023). Changes in feeding behavior (e.g.,
appetite) could have implications for energy balance, growth rate, and body size, which
could affect maturation rate and litter size. Of course, pup mass at weaning and related
fitness components (Fig. 1) would also be affected by maternal care behavior. These sorts
of changes in other traits can also be viewed through the lens of pleiotropic gene action and
the likelihood of "universal" pleiotropy (Wagner and Zhang 2011), i.e., the idea that
essentially every gene affects more than one trait, and perhaps all traits.

The purpose of the present study was to test for correlated evolution at multiple
levels of biological organization (Fig. 1) in a long-term artificial selection experiment.
Specifically, the High Runner mouse experiment includes four replicate HR lines bred for the
average number of revolutions run on days five and six of a six-day exposure to wheels as
young adults (Swallow et al. 1998a). The HR lines are compared with four non-selected
Control (C) lines. All four HR lines responded rapidly to selection and reached apparent
selection limits (plateaus) around generations 17-27, depending on line and sex (Careau et
al. 2013, 2015), at which point they were running ~2.5-3-fold more revolutions per day than
the C lines. Analyses separated by sex indicated that the timing of the selection limit was
similar between females (generation 21.0 + 4.2) (mean +95% confidence interval) and
males (generation 19.8 + 3.1), but the height of the plateau (relative to C lines) was 28%
higher in females (8,175 £ 1,130 revolutions per day) than males (6,385 + 914.3 revolutions
per day) (Careau et al. 2013). Therefore, we sampled mice from within this generational
range to provide a "snapshot" of phenotypic divergence at or near a selection plateau.
Although numerous previous publications on the HR mice have reported differences from
the C lines at various generations (reviews in Garland 2003; Rhodes et al. 2005; Swallow et
al. 2009; Wallace and Garland 2016), none has attempted to synthesize the differences at
or near when selection limits were reached.

The core data set analyzed here was from generation 22 and includes three

measures of whole-organism performance (maximal oxygen consumption during forced



treadmill exercise [VO2max], maximal sprint speed, rotarod performance), in addition to
basal metabolic rate (BMR), measures of open-field behavior from Bronikowski et al. (2001),
blood hemoglobin and hematocrit, body mass, and the masses of various internal organs
(Fig. 1). Data from adjacent generations (20-24) included life history traits (e.g., litter size,
pup mass, growth rate), micro-analyses of wheel-running behavior (e.g., bout duration),
physical activity in cages when wheels are not available, maternal care behavior, behaviors
in tests related to food reward and learning (Supplemental Methods), wheel-running
responses to stimulatory drugs, plasma corticosterone, skeletal measurements, and
morphometrically estimated lung diffusing capacity (Weibel 1970/71, 1990) (see Methods for
a full listing of traits and their categorizations).

Meta-analysis of this broad range of traits allows us to determine whether, as
expected under both BEF and MPBF, we would see the amount of divergence in
phenotypes decreasing in order from behavior through performance and down to
subordinate traits. (Fig. 1 shows some of the traits included in the present study, more
details are provided in the Methods section, and a complete listing is found in the online
supplemental materials). We can also determine if other behaviors were altered, as would
be expected if they share neural pathways with those involved in the motivational and
physical control of locomotion and voluntary exercise (Garland et al. 2011b; Lightfoot et al.
2018). In addition, we can test if aspects of life history have evolved (Lailvaux and Husak
2014; Orr and Garland 2017). Finally, complex traits often encompass trade-offs (e.g.,
Glazier 2009; Cohen et al. 2020; Douhard et al. 2021; Garland et al. 2022). As argued
previously (Girard et al. 2002), for several reasons one might expect trade-offs between
physical activity and aspects of Darwinian fitness, such as growth rate, fertility, litter size or
pup mass, and perhaps maternal care behavior. Another expected trade-off would be
higher endurance ability leading to reduced maximal sprint speeds (Dlugosz et al. 2009;
Castro et al. 2022a). On the other hand, we expected that High Runner mice might perform
better on the rota-rod test of neuromuscular coordination, reflecting enhanced abilities that

may be required for wheel running.



2. Methods

2.1. The High Runner Mouse Selection Experiment

Beginning in 1993, four replicate lines of house mice have been bred for high
voluntary wheel-running behavior (HR lines), based on the average number of revolutions
run on days five and six of a six-day exposure to wheels (Wahman type, 1.12 m
circumference) attached to standard housing cages (Swallow et al. 1998a). The starting
population was 224 individuals from the outbred, genetically variable, Hsd:ICR strain.
Following two generations of random mating in our laboratory, mice were randomly divided
into eight lines. Four of these were subsequently bred for high running and four were bred
without regard to running as Control (C) lines. Each line has been maintained by 10 mating
pairs per generation. Within-family selection is used and sibling-mating is disallowed in all
lines.

This study examined various traits at generation 22, which corresponds
approximately to the time that selection limits were being reached in all four HR lines
(Careau et al. 2013). We would expect that traits important for wheel running would have
diverged by this point in the experiment. The sample included 160 mice (half male and half
female), 20 from each of the 8 lines, 1 male and 1 female from each of 10 families, that

were randomly chosen.

2.2. Measurement Timeline for Generation 22

Mice were first measured in three separate batches (for logistical reasons), over a
period of 38 days, for several traits, in the following order: maximal oxygen consumption
(VOzmax), wheel running over 6 days, sprint speed, rota-rod performance, open-field
behavior, and basal metabolic rate (BMR). Mice were bred after all breeder mice had been
measured for BMR.

Dissections were conducted on non-breeder mice immediately after BMR was
measured. Male breeder mice were dissected next, seven days after removal from being
paired with females, and female breeders were measured last, seven days after weaning of
their litters. Given the large effects that pregnancy and lactation have on organ masses and
other aspects of physiology and anatomy, we did not perform combined-sex analyses for

organ masses.



All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Wisconsin-Madison.

2.3. Voluntary Wheel-running Behavior

As in the routine selection protocol (Swallow et al. 1998a), each day we recorded
revolutions in each 1-minute interval over a period of ~23.5 h. We then computed the total
number of revolutions, the number of 1-minute intervals that had at least one revolution
(minutes of wheel activity), and the mean speed of running (revolutions/interval). Here, we
present analyses of the average values for days 5 and 6 of the 6-day test, i.e., the values
that are used as the selection criterion. As in previous studies, a measure of wheel
freeness was also included as a covariate in analyses of wheel running (e.g., Swallow et al.
1998a; Garland et al. 2011a), which was measured by accelerating each wheel to a
constant speed and then recording the number of revolutions until it stopped (Copes et al.
2015).

2.4. Maximal Oxygen Consumption (VO2max)

VO2max sets an upper limit to the intensity of work that can be sustained aerobically,
without the relatively rapid onset of fatigue (Seeherman et al. 1981; Dlugosz et al. 2013)
and, in principle, should be limited by physical rather than motivational factors (but see
Noakes 2004, 2012; Noakes and Gibson 2004). Hence, it would be expected to increase at
some point as a correlated response to selection for wheel running, which is a sustained
behavior that occurs for many hours per day.

The testing protocol had been used in several other studies in our lab (e.g., see
Friedman et al. 1992; Hayes et al. 1992; Dohm et al. 1994, 2001; Swallow et al. 1998b), and
was as follows. Two minutes of baseline data were collected on ambient air. A mouse was
then placed in a small Plexiglas chamber held just above the surface of the treadmill belt,
thus allowing inflow of room air. Chamber inner dimensions were 13 x 6.3 x 5 cm at the
highest and 13 x 6.3 x 2 cm at the lowest portion of the wedge-shaped extension over an
electrified grid. Mice were first placed in the chamber while the treadmill was stopped, and
resting O2 consumption (VOz2) was recorded for 1.5-2 min. The treadmill was then started
at an initial speed of 1.5 km/h. Mice were induced to run by being prodded with a
straightened paper clip inserted through a hole at the rear of the chamber and/or by a mild



electric current (50-110 V, 3—12 mA) provided through a horizontal grid of twelve 2-mm bars
spaced 5 mm apart at the end of the moving belt. Treadmill speed was then increased
every 2 min by 0.5 km/h. All mice reached at least 2.5 km/h; the maximum speed attained
by any mouse in this study was 4.0 km/h. Trials were ended when VO: failed to increase
with increasing speed and/or the mouse failed to keep pace with the treadmill. VO2
generally decreased before a trial was ended (i.e., while the mouse was still running). After
the treadmill was stopped, mice were left in the chamber for 1.5-2 min. Mice were then
removed from the chamber, and baseline data were again recorded for 2 min. Body mass
of each animal was recorded on the first day of measurement. Time of day, speed at which
the trial ended, and a subjective assessment of trial quality (essentially cooperativity, scored
as 5 categories from poor to excellent [1-5]) were recorded at the end of each trial (Swallow
et al. 1998b).

2.5. Sprint Speed

Forced maximal sprint-running speed should be supported largely by anaerobic
metabolism, and hence captures a different aspect of performance ability than does
VOzmax. Sprint speed was measured on a 7-m long by 7.5 cm wide photocell-lined
racetrack, with short-pile plastic artificial grass substrate (Friedman et al. 1992; Dohm et al.
1994). The race- track had sheet metal walls which extended above the substrate 27 cm on
one side and 50 cm on the other. Twelve sets of photocells spaced at 0.5 m intervals (first
set at 1.0 m from start) were interfaced to a computer. Each individual was tested five times
in quick succession on each of two consecutive days. Mice were chased along the
racetrack with a meter stick covered with cardboard (6.5 X 30 cm) as fast as they would run;
they were then gently encouraged to walk back to the start of the track. The fastest 1.0 m
intervals (three consecutive photocell stations) from each trial day were compared to assess
repeatability; the single fastest 1.0 m ever recorded was analyzed as "maximal" sprint

running speed (Garland et al. 1995).

2.6. Rota-rod

The rota-rod is a standard performance measure used to indicate motor coordination
or fatigue resistance (Dunham and Miya 1957; Kinnard and Carr 1957; Weaver and Miya
1961; Jones and Roberts 1968; Sofia 1969; Norton 1982). Mice were tested on the Jones &
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Roberts 7650 accelerating rota-rod treadmill (manufacturer Ugo Basile). Mice were placed
individually into one of the five sections that was rotating at the minimum speed of 5 RPM.
Total time for placing all five mice onto the rota-rod was kept to less than 30 seconds. Mice
were swung by their tails from a position beneath the cylinder so that they would voluntarily
climb atop the already rotating cylinder (mice will struggle if the experimenter attempts to
place the mouse on the cylinder from above). When the last of the mice was placed on the
cylinder, the rota-rod was switched to accelerating mode and timing was started; the
cylinder accelerated constantly from 5 rpm to 50 rpm during the first 7 minutes, after which it
steadily rotated at 50 rpm. Counter-trip plates built into the base of the rota-rod detected
the time after starting that the mouse fell off the rotating cylinder, with an arbitrary upper limit
of 600 seconds. The rota-rod was cleaned with a sponge between trials. After every third
or fourth trial the counter-trip plates were also cleaned. Upon the completion of each day's

trial, the rota-rod and plates were cleaned with ethanol.

2.7. Basal Metabolic Rate (BMR)

Basal metabolic rate sets a lower limit to the rate of energy expenditure by a fasted
endotherm during its normally inactive phase (Hulbert and Else 2004; McNab 2012). Mice
were fasted overnight and placed in glass metabolism chambers the next morning. The
chambers were part of an open-circuit respirometry system. Up to seven mice were
monitored simultaneously. Each mouse and a control chamber received dry air at 200 cm?
min-! from upstream thermal mass flow controllers (Sierra Instruments, Inc., Monterey,
California, SideTrack Model 844). Water and CO2 were removed from the excurrent air with
Drierite and Ascarite, respectively. Excurrent air from each chamber was monitored every
5s for at least 7.5min of each hour (more if fewer than seven mice were being measured) by
an Applied Electrochemistry S-3A/Il oxygen analyzer (Ametek, Pittsburgh, Pennsylvania)
interfaced to a microcomputer. Air was diverted by an automated system with solenoid
valves under programmed control. We calculated VO: for the last 5 min before switching to
the next chamber using the appropriate equation given by Hill (1972). With the flow rate
and chamber volumes we used, this protocol ensured clearing of the respirometry system
downstream of the metabolism chamber before the start of the 5-min interval. The data
analysis program corrected for drift in the control channel (baseline) using linear regression
to calculate predicted baseline values throughout the course of the intervening sampling.

11



The analysis program calculated the lowest and second lowest 5-min intervals of oxygen

consumption of the day for each mouse (Hayes et al. 1992; Dohm et al. 2001).

2.8. Open-Field Behavior
We reanalyzed data from Bronikowski et al.(2001) with SAS Procedure Mixed, as

noted below in section 2.12.

2.9. Life History Traits for Females

Analyses of litter size, total litter mass, and mean pup mass followed the procedures
outlined previously for generation 21 (Girard et al. 2002), except that SAS Procedure Mixed
was used rather than SAS Procedure GLM.

2.10. Organ Masses, Hematocrit, Blood Hemoglobin Content

Methods followed Carter et al. (1999). Heparinized microcapillary tubes were used to
take blood samples from the sub-orbital sinus. Tubes were centrifuged for 6.5 min in a
Clay-Adams Autocrit Ultra 3 microfuge. Hematocrit (Hct) was determined immediately
following centrifugation. For measurement of hemoglobin ([Hb]), 25 ml blood samples
(drawn from an additional heparinized microcapillary tube) were added to 5 ml of Drabkin’s
reagent. Concentration of cyanmethemoglobin was determined at 540 nm with a Beckman
spectrophotometer (Sigma Technical Bulletin No. 525) and human hemoglobin standard
(Sigma Catalog No. 525-18). Hct and [Hb] were determined in duplicate, and means
analyzed.

After blood sampling, mice were sacrificed by cervical dislocation. Following a
midventral incision, the heart was lifted with forceps and the ventricles cut free from the atria
and major blood vessels. The ventricles were blotted and any coagulated blood removed.
The gall bladder was excised before removing the liver for weighing. Finally, the right
triceps surae (which includes the lateral and medial heads of the gastrocnemius muscle, the
soleus, and the plantaris [also known as the flexor digitorum superficialis]) was removed by
cutting the muscle from the lateral condyle of the tibia and medial condyle of the fibula,
followed by cutting the Achilles’ tendon approximately midway between its origin and the

muscle’s insertion. Wet mass of tissues was recorded to the nearest 0.1 mg on an
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electronic balance; tissues were then frozen on dry ice, and stored at —80°C (Carter et al.
1999).

2.11. Statistical Analyses of Generation 22

Because some of the mice were dissected after being bred, the statistical analyses
for the various organ masses and measures of hemoglobin and hematocrit were separated
by sex and we used breeder versus non-breeder as a cofactor (nuisance variable). For
traits measured before breeding, we performed both separate-sex and combined-sex
analyses. Following numerous previous studies of these lines of mice, data were analyzed
as mixed models in SAS Procedure Mixed, with REML estimation and Type Il Tests of
Fixed Effects (Copes et al. 2015; Acosta et al. 2017; Cadney et al. 2021; Castro et al.
2022b). Linetype (HR vs. C), sex, and mini-muscle status (see below) were fixed effects.
Replicate line was a random effect nested within linetype. Effects of linetype were tested
relative to line, with 1 and 6 degrees of freedom, as dictated by the design of the selection
experiment. For analyses of the wheel-running traits, we allowed for separate estimates of
the among-line variance because we have previously shown this to differ between the HR
and C lines (Garland et al. 2011a). Effects of sex and of the linetype-by-sex interaction
were also tested with 1 and 6 degrees of freedom.

Mini-muscle status was tested relative to the residual d.f. As previously described,
the mini-muscle phenotype is characterized primarily by a 50% reduction in hindlimb muscle
mass (Garland et al. 2002; Houle-Leroy et al. 2003). The underlying genetic variant is a C-
to-T transition located in a 709-bp intron between exons 11 and 12 of the Myosin heavy
polypeptide 4 gene (Kelly et al. 2013) that behaves as a simple Mendelian recessive
(Garland et al. 2002). Mini-muscle status was determined based on a comparison of triceps
surae muscle masses in relation to body mass (Garland et al. 2002).

Body mass was used as a covariate for VO2max, sprint speed, rota-rod, organ
masses and tail length, litter size, total litter mass, and mean pup mass. Additional
covariates were age and, depending on the trait, time of day, and z-transformed (time of
day) squared (orthogonal polynomial). Covariates were tested relative to the residual d.f.

Some variables were log1o-transformed to improve normality of residuals, the
homogeneity of their spread when used as independent variables or linearity of relations
with covariates. Statistical significance was judged at P < 0.05. Least squares means

13



(LSMs) from SAS Procedure Mixed are presented to compare groups. Long after starting
the selection experiment, simulations confirmed that statistical power to detect linetype

differences was relatively low (Castro et al. 2021).

2.12. Compilation of Results for Generations 20-24 and Meta-analysis

In addition to the P values reported in this study for mice from generation 22, we
obtained P values from both published and unpublished studies that used mice from
generations 20-24. In all cases, we used P values from separate-sex analyses. For some
traits previously published with analyses that used SAS Procedure GLM (Bronikowski et al.
2001; Girard et al. 2002), data were reanalyzed using SAS Procedure Mixed to make the P
values directly comparable with the new analyses reported here. (Note that P values are
monotonically related to measures of effect size and are suitable for use here because d.f.
for testing effects of selective breeding were always 1 and 6.) We used the positive False
Discovery Rate (pFDR) to control for multiple comparisons (SAS Procedure Multtest).

To compare divergence of traits at different levels of biological organization, we
formed eight categories, recognizing that the traditional four categories in the MPBF
paradigm do not capture the diversity of traits for which we had data. Subordinate Traits
included, for one or both sexes, 51 measures of bone dimensions or masses (e.g., Kelly et
al. 2006), 16 other morphological measures (e.g., organ masses, tail length), and 10
physiological measures (e.g., blood hemoglobin content, plasma corticosterone
concentration). Whole-organism Physiology included basal metabolic rate (BMR),
Respiratory Exchange Ratio (RER) at measurement of VO2max, body mass change across
the 6-day period of wheel access for choosing breeders, estrus cycle length (methods
following Girard and Garland 2002), growth rate, and the response of wheel-running
behavior to drugs targeting certain neurotransmitters (Rhodes et al. 2001). Performance
encompassed VOz2max, maximal sprint speed, and rota-rod. Behavior included multiple
aspects of the open-field test (Bronikowski et al. 2001), maternal care (Girard et al. 2002),
cooperativity during VO2max trials (following Swallow et al. 1998b), home-cage activity
(Rhodes et al. 2001), play behavior (Whitehead et al. 2023), and food-reward behavior (see
Supplemental Methods). Wheel Running Other are measures of wheel running other than

during days 5 and 6 of the 6-day test used to select breeders. Life History includes litter
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characteristics at birth and at weaning (from the present study and Girard et al. 2002).
Finally, Body Size includes both mass and length as adults.

We used a two-way ANOVA (SPSS UNIANOVA procedure) of ranked P values (to
reduce heteroskedasticity) to test for effects of trait type (N = 8 categories), sex, and their

interaction.

3. Results

3.1. Wheel Running

Based on combined-sex analyses of transformed wheel revolutons (Supplemental
Table S1), mice from the HR lines ran 2.19-fold (based on back-transformed LSMs) more
revolutions/day than those from the Control lines (Fig. 2A, P = 0.0017) and females ran
1.54-fold more revolutions than males (P = 0.0008), with no interaction between linetype
and sex (P = 0.3350) and no effect of mini-muscle status (P = 0.2825). For the duration of
daily running (Fig. 2B), HR lines ran 1.24-fold more minutes per day than C lines (P =
0.1059) and females ran 1.32-fold more minutes than males (P = 0.0003), with no significant
interaction between linetype and sex (P = 0.3093) and no effect of mini-muscle status (P =
0.1598). Mice from HR lines ran at ~1.71-fold higher average speeds (Fig. 2C, P = 0.0001)
and females ran ~1.18-fold faster than males (P = 0.1138), with a significant interaction (P =
0.0163), such that the linetype difference was +91% for females, but only +51% for males.
Maximum wheel-running speed (Fig. 2D) showed a pattern similar to that for average
speed, with a significant effect of both linetype (P = 0.0002, +48%) and sex (P = 0.0103,
females +16%), and an interaction (P = 0.0279), where the linetype difference was +61% for

females and +34% for males.

3.2. Organismal Performance and BMR

Neither VO2max (with body mass as a covariate) nor the score of trial quality was
significantly related to linetype, sex or mini-muscle status (Supplemental Table S1, see also
Supplemental Table S2). Maximal sprint speed also did not differ between the linetypes or
sexes, but mini-muscle mice had reduced sprint speeds compared to normal-muscled
individuals (P = 0.0026) in the combined-sex analyses. Rota-rod performance was
unaffected by linetype, sex or mini-muscle. Body mass was negatively related to rota-rod
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performance (P = 0.1162 for females, P = 0.0025 for males). Wth body mass as a
covariate, females had significantly higher BMR (P = 0.0049), and mini-muscle had higher
BMR than normal mice (P < 0.0001) (Supplemental Table S1).

3.3. Open-Field Behavior

Of 11 different measures of open-field behavior, the only significant or near-
significant effects of linetype were for turning behavior, where, for both sexes, mice from the
Control lines turned in both directions more frequently than did those from the HR lines (the
four P values ranged from 0.0373 to 0.0641: Supplemental Table S1). However, the
difference between the number of right and left was not affected by linetype or mini-muscle

status.

3.4. Body Size, Growth Rate, and Mass Change during Wheel Running

As presented in Supplemental Table S1 and Supplemental Table S2, adult mice
were weighed at several times (Fig. 3) and the consistent result was that HR mice were
significantly smaller than controls, females were smaller than males, and mini-muscle mice
smaller than normal-muscled mice. However, weaning body mass was not significantly
affected by linetype, sex or mini-muscle. Growth rate (g/day) from weaning to adult wheel
testing was reduced in HR mice and in females, as well as in mini-muscle individuals (Fig.
3A). Body mass at dissection was significantly reduced in HR mice of both sexes.

All mice tended to lose body mass across the six days of wheel access (Fig 3D), and,
for females, mice from the HR lines lost less mass than did C mice.

Based on separate-sex analyses, body length measured at the time of dissection was
significantly reduced in HR mice of both sexes (Supplemental Table S2). With body length
as a covariate, mini-muscle individuals of both sexes had lower body masses (Supplemental
Table S2).

3.5. Life History Traits for Females
Dams from the HR lines were smaller at weaning than those from C lines, but we
found no statistically significant differences for litter size, mean pup mass, total litter mass

(all with dam body mass as a covariate) or percent females (Supplemental Table S2).
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3.6. Organ Masses, Hemoglobin, Hematocrit

Adult mice were dissected after being bred. All organ masses, and tail length, were
significantly positively related to body mass. Based on separate-sex analyses, the only
statistically significant linetype effect was for males, where HR mice had larger livers
(Supplemental Table S2).

With body mass as a covariate, mini-muscle individuals of both sexes had smaller
triceps surae muscles (as expected), but larger heart ventricles, kidneys, and livers, as well
as longer tails. Spleen mass was significantly larger only for females. Hematocrit was
significantly lower than for normal-muscle individuals for both sexes; blood hemoglobin

content trended in the same direction.

3.7. Meta-analysis of Significance Levels by Trait Type

A total of 226 P values from traits measured at generations 20-24 were available
(Supplemental Table S3). For analysis, they were placed into eight categories, roughly
corresponding to the levels of biological organization shown in Figure 1. Subordinate traits
(N = 77) includes various aspects of morphology (e.g., bone dimensions, organ masses)
and physiology [e.g., circulating concentration of corticosterone (Girard and Garland 2002),
pulmonary diffusing capacity (T. Garland, Jr., |. Girard, J. S. Rhodes, and S. F. Perry,
unpublished results)]. Whole-organism physiology (N = 18) includes such traits as growth
rate of body mass, basal metabolic rate, Respiratory Exchange Ratio at VO2max, and the
response to drugs based on their wheel running. Performance (N = 7) includes VO2max,
sprint speed, rota-rod. Behavior (N = 69) includes open-field, maternal, home-cage activity,
cooperativity during VO2max tests, play, and food reward tests. Wheel running was
separated into observations on days 5 and 6 of the standard 6-day tests used for choosing
breeders (N = 26) versus measures taken on days 1-4 or over longer time periods (N = 8).
Life history traits (N = 11) included offspring characteristics at birth and at weaning. From
generation 20-21, we had live pups at birth, total litter mass at birth, mean pup mass at birth,
litter size at weaning, total litter mass at weaning, mean offspring mass at weaning, and
percent female at weaning (Girard et al. 2002). From generation 22 (present study), we had
values at weaning for litter size, mean offspring mass, total litter mass, and percent female.

Finally, we included 10 measures of adult body size (mass and/or length). Note that the
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sexes were far from equally distributed among the trait types (see Supplemental Table S3).
In some cases, this is because a given trait or set of traits is sex-limited (e.g., maternal
behavior), but in others it reflects the fact that a given study only included a single sex.
Overall, however, the P values were approximately equally split between the sexes (116 for
females, 110 for males).

Figure 4 shows P values in relation to trait type (see Supplemental Table S3 for a
complete listing). A two-way ANOVA (SPSS UNIANOVA procedure) of ranked P values (to
reduce heteroskedasticity) by trait type (N = 8 categories) and sex indicated a strong effect
of type (F = 16.23, d.f. = 7,211, P < 0.001), but no significant effect of sex (F = 1.38, d.f. =
1,211, P = 0.242) nor a trait type X sex interaction (F = 0.61, d.f. = 6,211, P =0.610). This
ANOVA failed a Levene's test for heteroskedasticity of residuals across cells (P = 0.020)
because, as can be seen in Figure 4, some trait categories, such as Behavior, have much
more variable P values than do others, such as Body Size. In any case, results were similar
with bootstrapping. Note that, for this analysis, "Bones" and "Morphology, Physiology" in
Figure 4 were included in the category of Subordinate Traits.

Figure 4 shows that, P values for measures of wheel running on days 5 and 6 were
generally low (81% with P < 0.05), as would be expected, with the notable exception of
female minutes/day (duration of daily running). The other eight measures of wheel running
also had low P values (75% with P < 0.05).

For the subordinate traits, P values ranged from 0.0032 to 0.9843, with 22% of the 51
bone P values falling below 0.05 and 12% of the other morphology (e.g., organ masses)
and physiology P values falling below 0.05. A third of the P values for whole-organism
physiology were < 0.05, but none of the seven measures of whole-organism performance
(e.g., maximal sprint speed) had P < 0.05. Only 10% of the 69 behavioral traits (other than
wheel running) had a P < 0.05. Interestingly, no aspect of maternal behavior had P < 0.05,
a pattern that extended to life history traits. Finally, the trait category having the strongest
overall divergence between the HR and Control lines -- even more so than for wheel-
running behavior measured on days 5 and 6 -- was body size, with 100% of the 10
measures having P < 0.05.

Of the 226 traits, 68 had a P < 0.05, with 22 passing a pFDR of 0.05 (with 0.0063
being the highest P value that passes) and 68 (coincidentally) passing a pFDR of 0.10 (with
0.0500 being the highest P value that passes).
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4. Discussion

Overview

The goal of the present study was to examine correlated responses to selection
around the time a selection plateau was being reached in the High Runner mouse selection
experiment. To do so, we analyzed new data obtained at generation 22, and also compiled
statistical results from both published and unpublished data from generations 20-24. We
interpret our results in the context of two prevalent models of correlated evolution. Based
on the MPBF and BEF models (see Introduction), we expected the greatest divergence
between the HR and Control lines for wheel running and its components (average running
speed, duration of daily activity), with less divergence in traits at the level of life history (e.g.,
litter size) and performance (maximal oxygen consumption during forced exercise
[VO2max], maximal sprint speed, rota-rod), and the least amount of divergence for such
lower-level traits as organ masses and bone dimensions. However, our results indicate that
neither the BEF nor the MPBF models are accurate predictors of what has occurred in the
HR mice experiment. In particular, we found no evidence for divergence in organismal
performance abilities (Fig. 4 and Fig. 5), which suggests that increases in motivation (a
primary cause of the expression of behavior) drove the evolution of wheel-running behavior
up to the point selection limits were being reached and also that performance ability in the
base population (e.g., VO2max) was higher than was being used. This interpretation is

illustrated in Figure 6B.

Hierarchical Divergence between the HR and Control Lines

Of the 226 traits considered, 68 had nominal P < 0.05, and 22 of these pass a pFDR
of 0.05 (Supplemental Table S2). Considering those 22, the vast majority (16) are,
unsurprisingly, aspects of wheel-running behavior. Interestingly, the trait under selection
(revolutions/day on days 5&6, P = 0.0007) did not have the lowest P value; rather, five other
aspects of running had lower P values (range = 0.0002 to 0.0004). Most of these lower P
values reflect the fact that both HR males and especially HR females have diverged from
the C lines primarily in terms of running speed, not running duration (e.g., see Swallow et al.
1998a; Garland et al. 2011a; Claghorn et al. 2017b; Hiramatsu et al. 2017; Cadney et al.
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2021). Various other aspects of running behavior pass the pFDR at 5%, including running
distance over longer exposure durations (several weeks) and also on the first day of
exposure. Thus, the increased wheel-running behavior of the HR lines is general and not
restricted to the specifics of the selection criterion.

The only other behavioral trait that passes the pFDR of 5% is a measure of physical
activity in the home cage when wheels are not provided (Ambulations Day 2, P = 0.0004).
Studies at later generations have shown this to be a robust correlated response: when
deprived of wheels, HR mice are more active in home cages, and this activity contributes to
increased energy requirements and food consumption (e.g., Malisch et al. 2009; Copes et
al. 2015; Acosta et al. 2017). Thus, the HR mice have been considered "hyperactive" in a
general sense (e.g., Rhodes and Garland 2003; Rhodes et al. 2005). Given that no other
behavioral traits pass the pFDR of 5%, we conclude that physical activity is a largely
independent axis of behavior in these lines of mice.

Unexpectedly, the non-behavioral trait showing the greatest divergence between the
HR and Control lines (as judged by P values) is adult body mass (both sexes), which
reflects the lower growth rate of HR mice from weaning to adulthood (see also Girard et al.
2007). Adding body mass at the start of wheel testing to the separate-sex analyses shown
in Supplemental Table S2 indicates it is a significant negative covariate of wheel running
distance on days 5&6 for females (P = 0.0101) but not for males (P = 0.6545). However,
mass and running distance are confounded because HR mice of both sexes run more and
are smaller. In other generations, body mass is usually not significantly correlated with
wheel-running behavior in these mice (e.g., Garland et al. 2011a). Thus, we suspect that
the reduction in body mass is not part of the adaptive suite of traits that allow or promote
wheel running, but rather caused by other changes, in particular increased circulating
corticosterone concentrations (Girard and Garland 2002; Malisch et al. 2007; Singleton and
Garland 2019). Experimentally elevated levels of glucocorticoids are known to suppress
growth in mammals (e.g., see Dantzer et al. 2013), including in the HR and C lines of mice
(Singleton and Garland 2019). In the present study, the decreased adult body mass of HR
mice is attributable to reduced growth rate for both sexes between weaning, when mass
does not differ (P = 0.9584), and adulthood. Circulating corticosterone can affect many
traits, including aspects of both motivation and ability for wheel running, and whether the
increased concentrations in HR mice are adaptive is unclear (Girard and Garland 2002;
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Malisch et al. 2007; Garland et al. 2016; Singleton and Garland 2019). Another possibility is
that the reward received from running "competes" with that received from eating. No
experiments have been done to address this hypothesis explicitly, but some evidence
regarding changes in dietary preferences might be interpreted as supportive of the
possibility (Acosta et al. 2017; Thompson et al. 2018). Importantly, HR mice would not
appear to face a limit that restricts the amount of food they can eat in a way that would
reduce growth rates. First, as noted above, HR lines have evolved higher running distances
mainly by running faster, so they are not time-limited relative to C mice. Second, both HR
and C mice can eat much more food than they normally do even when housed with wheels
if they are challenged with cold (Koteja et al. 2001; Vaanholt et al. 2007).

Previously at generation 20, we reported that HR dams were significantly smaller
than C dams when giving birth (Girard et al. 2002). Dam mass at birth was significantly
positively correlated with litter size and with total live litter mass, but not with mean pup
mass. As HR dams were smaller when giving birth but had litter sizes similar to those of C
dams, the former give birth to relatively larger litters for their body mass, although the
difference is not statistically significant (Girard et al. 2002). In contrast, at generation 21,
dam body size when their pups were weaned was not significantly smaller in HR than C
mice, with no statistical differences in litter characteristics, and those results are confirmed
here for generation 22 (Girard et al. 2002). Thus, we find no evidence that compromises to
these life history traits could be related to the selection limits observed in the HR lines
(Careau et al. 2013).

Several measures of hindlimb bone dimensions (corrected for variation in body mass)
(Kelly et al. 2006; Wallace et al. 2012) have nominal P < 0.05, reflecting divergence in
lower-level or subordinate traits that would be expected to affect running performance. A
number of studies both before and since generation 22 have documented divergence in
skeletal traits between the HR and C lines. For example, in a sample of both sexes at
generation 11, we found that mice from HR lines had more symmetrical hindlimb bone
lengths, larger femoral heads, along with relatively wider distal femora and deeper proximal
tibiae, which suggests larger knee surface areas (Garland and Freeman 2005; Castro and
Garland 2018). Moreover, HR mice had larger total femoral nutrient canal areas (Schwartz

et al. 2018). Other differences have neen identified in other generations
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(e.g., Middleton et al. 2008; Castro et al. 2021, 2022b), although the magnitude of difference
can vary among generations (Castro et al. 2021).

Notably, none of the three measures of performance show statistically significant
divergence, even though limb bone dimensions might reasonably be expected to affect
maximal sprint speed or rota-rod performance, though not VO2max (Fig. 4 and Fig. 5). In a
previous study at generation 10, VO2max was increased by 6% in male HR mice measured
at a somewhat older age (P = 0.0190), which may represent a Type | error (Swallow et al.
1998b). In later generations, VO2max has proven to be consistently higher in the HR lines
(e.g., see Kolb et al. 2010; Hiramatsu et al. 2017; Singleton and Garland 2019; Cadney et
al. 2021; Schwartz et al. 2023). Two previous studies are relvant here. First, in a study of
35 adult males from the Hsd:ICR strain (as used to start the selection experiment) VO2max
was positively correlated with subsequent wheel running, but never significantly so across
seven days of wheel running (Friedman et al. 1992). Regardless of the lack of statistical
significance, the tendency for a positive phenotypic correlation suggests that selection for
high wheel-running behavior would also involve some selection for high VO2max. In a study
of adult male rats, none of three measures of performance (VO2max, running endurance,
maximal sprint speed) were predictive of subsequent wheel-running behavior (Lambert et al.
1996).

If we consider nominal P < 0.05, additional types of traits appear diverged between
the HR and Control lines. Of particular interest are behaviors related to food reward,
presumably reflecting alterations in the general motivational system of the HR lines, as has
been well-documented in later generations (Rhodes et al. 2005; Belke and Garland 2007;
Saul et al. 2017; Thompson et al. 2018; Schmill et al. 2023). Turning behavior of HR mice
in the open-field test also has nominal P < 0.05, but what this represents is unclear, as it is
not commonly reported in the context of "normal” rodent behavior (Bronikowski et al. 2001;
Careau et al. 2012). Rather, turning behavior is typically associated with abnormal
situations, such as neurological mutants, knockouts or other adverse manipulations (e.g.
Fornaguera and Schwarting 2002; Kalueff et al. 2007) or induced stress responses (e.g.
Mundorf et al. 2020, 2022). Conceivably, this behavior is related to the "acrobatics" that
sometimes occur in our mice in wheels (see video that accompanies Girard et al. 2001).

Studies of open-field behavior at later generations have generally not found statistical
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differences between the HR and C lines, but they did not measure turning behavior (Jonas
et al. 2010; Careau et al. 2012; Cadney et al. 2021).

The wheel-running response of HR lines to cocaine, which we view as an aspect of
whole-organism physiology, also differs from that of C mice. This differential response
suggests alterations in the dopaminergic neuromodulatory system (Rhodes et al. 2001) (and
possibly serotonin signaling; see also Claghorn et al. 2016), an inference that has been
supported by subsequent studies (e.g., see Bronikowski et al. 2004 for a study of dopamine
receptor expression levels in the hippocampus at generation 27) and implicates changes in
the reward system of the HR mice (Rhodes et al. 2005). Other morphological traits that
likely have functional significance for wheel running differ between HR and C lines at P <
0.05, including several additional bone dimensions, the mass of the foot bones (Kelly et al.

2006), and liver and calf muscle masses.

How Well Do the Standard Models for Hierarchical Evolution Describe the HR Mouse
Selection Experiment?

Both the BEF and MPBF models begin with the premise that selection in nature often
acts most directly on behavior. Thus, on the face of it, they are germane to the High Runner
mouse selection experiment, in which selection is imposed directly on voluntary wheel-
running behavior (specifically, selection is imposed by linking wheel running directly to
mating opportunity: Fig. 1). Neither model addresses the relative rate at which components
of fitness (e.g., litter size) should evolve and so neither can really be inconsistent with our
results, which find no changes in fithess components (see previous section). Similarly,
neither model directly addresses the likelihood that other behaviors will evolve as a
correlated response to selection on a particular behavior. In any case, we did find evidence
for correlated responses in other behaviors (physical activity when wheels are not available,
turning in the open-field test, food reward).

Under MPBF, organismal performance should evolve once behavior has evolved
enough to begin taxing physiological abilities. Although we analyzed mice at a selection
limit for a behavior, we found no evidence that the physical ability to express that behavior
had evolved (measurements of VO2max, sprinting abilities, and rota-rod performance). We

interpret these results as consistent with the idea of motivation underpinning the evolution of
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high wheel running up to this point, which also implies that performance abilities were
"excessive" (Gans 1979) in the base population (see Fig. 6B).

Here it is important to note that we have not yet obtained direct measures of
motivation for wheel running. Indeed, as noted by Bolles (1967, p. 1), "Although some
writers have suggested behavioral criteria to define motivation, these attempts to specify
what is meant by motivation are not very compelling." We agree with Bolles (1975)
definition of motivation as a cognitive state for which multiple measures can be used to
assess its level. The most appropriate measure may depend on the specific question, and it
is likely that no single measure can adequately capture differences in motivation. With this
theoretical background, we had planned a study in which mice would be trained to press a
lever to free a brake on the wheels. Once this was accomplished, we planned to increase
the number of presses required to free the brake until we reached a "giving up" point. We
hypothesized that mice from the HR lines would have a higher giving up point, and that such
a result could reasonably be interpreted as an indication of higher motivation for wheel
running. After some preliminary trials, we eventually studied 32 female mice from
generation 41 (Belke and Garland 2007). However, we found that the standard (from the
literature) 90 s of wheel access as a reinforcer during training worked for almost all C mice,
but for few of the HR mice. When reinforcer duration was increased to 30 min, almost all
HR and C mice could be trained. We interpreted these results as evidence the selective
breeding may have altered the motivational system in a way that reduces the reinforcing
value of shorter running durations. We also offered the novel hypothesis that there may be
a trade-off in the motivational system for activities of long versus short duration.

We did find divergence in some measures of whole-organism physiology, including
growth rate from weaning to adulthood, body mass change during wheel access, and the
wheel-running response to drugs that are known to affect reward-related behaviors,
including wheel running (Rhodes et al. 2001, 2005), the last of these supporting the
argument that motivation had evolved. We also found divergence in subordinate traits,
including several measures of hindlimb bones. Thus, selection for wheel-running behavior
has seemingly “skipped” over organismal performance, which is inconsistent with both the
MPBF and BEF models (see also below in the Trade-offs section).

That conclusion should be tempered by the fact that we did not measure endurance
capacity directly in the present study. However, in an unpublished study of swimming
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endurance at generation 18, using methods described previously (Friedman et al. 1992;
Dohm et al. 1994, 1996), we found no difference between HR and C mice of either sex. A
study at generation 49 found HR mice to have higher endurance than C mice during forced
treadmill exercise, for both sexes (Meek et al. 2009). VO2max is one important component
of running endurance ability, but we found no statistical difference between HR and C mice
in the present study at generation 22 or in an unpublished study of males from generation
21 (Supplemental Table S3). (As noted above, we have found VO2max to be consistently
higher in HR mice at later generations, supporting the relatively early evolution of motivation
versus performance abilities.) In principle, some of the skeletal differences we found could
affect running economy, which also may impinge on endurance capacity, but studies at
other generations have not found evidence for linetype effects on the cost of transport when
body mass in used as a covariate in analyses (Koteja et al. 1999; Rezende et al. 20086,
2009).

Neither MPBF nor BEF specifically addresses the expectation for correlated evolution
of body size. Body size is correlated with many traits, especially among species (Calder
1984; Schmidt-Nielsen 1984; Stearns 1992; Brown and West 2000; Taylor and Thomas
2014; Garland and Albuquerque 2017; Cloyed et al. 2021). In the present study, body mass
was correlated with such traits as bone dimensions, organ masses, metabolic rate, and litter
size, but we always used body mass as a covariate for our analyses, so any divergence in
those traits would not simply reflect body size. As noted above, the reduced growth rate of
HR mice may be a byproduct (likely nonadaptive) of their increased circulating
corticosterone concentrations, which typically suppress growth in mammals. A negative
correlated response in body size might in some sense represent a trade-off (Garland et al.
2022), given that endurance capacity is generally expected to be positively correlated with
body size (e.g., see Garland and Else 1987; Garland 1994; Garland and Albuquerque 2017;
Cloyed et al. 2021). On the other hand, swimming endurance is not significantly related to
body size in Hsd:ICR mice (Dohm et al. 1996) and an unreplicated selection experiment
with laboratory rats that targeted endurance running during forced treadmill exercise found
that the high-selected line evolved lower body mass as compared with a down-selected line
(Koch and Britton 2001).

Finally, neither the MPBF nor the BEF model addresses if, or how rapidly, life history
traits should evolve when selection acts on behavior. However, a trade-off might occur
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between maternal energetic investment in such behaviors as locomotor activity versus the
production of offspring and caring for them after birth. Furthermore, in the present
experiment, selection for high voluntary wheel-running behavior may have led to alterations
in reward-related neural pathways or endocrine functions that also potentially affect
maternal behavior (Girard et al. 2002; Rhodes et al. 2005; Garland et al. 2016). Thus, one
might expect such traits as fertility, litter size, or pup mass to change (Girard et al. 2002). In

any case, we found no differences in these traits.

Trade-offs or the Lack Thereof

Trade-offs are expected to be an important aspect of the evolution of life history and
performance traits (Garland et al. 2022). Elsewhere, we reviewed several reasons why one
might expect a trade-off between high levels of physical activity and female reproductive
success, including diversion of energy from reproduction to locomotion, diminished maternal
care when locomotor activity is elevated (including reduced time spent in thermoregulation
and/or lactation), changes in the motivation for maternal behaviors whose neuroendocrine
basis overlaps with the control of physical activity, and conflicts in the effects of hormones
whose circulating levels change during reproduction (Girard et al. 2002). Nevertheless, we
found no evidence for trade-offs with respect to weaning success or other litter
characteristics either here or in the previous study.

The reduction in growth rate between weaning and sexual maturity, and the resulting
reduction in adult body mass (Swallow et al. 1999), could be viewed as a trade-off, but this
did not adversely affect any of the litter traits measured. Reduced body mass could
adversely affect the ability of a small endotherm to maintain body temperature when housed
below the thermal neutral zone, and room temperature is indeed below the thermal neutral
zone for laboratory house mice see (Hylander and Repasky 2016; Gordon 2017), but HR
mice do not have lower body temperatures when at rest during the day. Moreover, body
temperatures of HR mice are elevated relative to those of C mice during nightly wheel
running (Rhodes et al. 2000).

Locomotor ability is also a prime candidate for the occurrence of trade-offs, based on
variation in fiber types and other aspects of muscle function and biomechanics that cause
trade-offs among force generation, speed of contraction, and ability to sustain force (Wilson
and James 2004; Castro et al. 2022a; Mendoza et al. 2023; and references therein). For
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example, muscles that are "designed" for stamina generally cannot contract rapidly. Hence,
we expected a possible trade-off involving daily wheel-running distance -- an endurance
activity -- and maximal sprint-running speed. Interestingly, we found no statistical
differences between the HR and C lines of mice for measures of the duration of daily
running, but strong divergence in average (and maximum) wheel-running speeds, as we
have reported in many other studies at both earlier and later generations (e.g., Swallow et
al. 1998a; Garland et al. 2011a). However, the maximum speeds observed running on
wheels (e.g., 1.036 m/s for the highest minute of running for the highest of 160 individual
mice) are substantially lower than those measured in the racetrack (e.g., 2.604 m/s for the
fastest individual) (see also Dohm et al. 1996; Claghorn et al. 2017a). Moreover, running on
wheels is highly intermittent, and has evolved to be even more intermittent in the HR lines
(Girard et al. 2001). Thus, it is unclear if one should expect the evolution of increased
wheel-running speed to impact sprint speeds.

As noted above, we did not measure endurance capacity in the present study,
although at generation 49 HR mice had higher treadmill endurance than C mice (Meek et al.
2009). Nevertheless, given that VO2max is one important determinant of the maximal
aerobic speed and running endurance, but we found no statistical difference in VO2max
between HR and C mice in the present study or in an unpublished study of males from
generation 21 (Supplemental Table S3), our results would not necessarily lead to an
expectation of reduced sprint-running ability.

Both rota-rod performance and wheel running involve coordination, so one might
expect a positive correlation. On the other hand, the rota-rod test involves a rod of ~3 cm
diameter, much smaller than that for the wheels used here, and the trials lasted a maximum
of 10 minutes, which is much shorter than the duration of daily running but much longer than
the duration of a continuous wheel-running bout (Girard et al. 2001). Thus, whether one
would expect this measure of performance to trade-off with wheel running or evolve in the
same direction is unclear. In any case, rota-rod performance tended to be higher in HR
than C mice in the combined-sex analysis (P = 0.0580), although not when body mass was
included as a covariate (P = 0.6004). A lack of improved motor coordination would be
consistent with the idea that motivation, but not ability, had evolved at the time the HR lines

were reaching selection limits.
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Although we found no general differences in performance measures between the HR
and C mice for either sex, the subset of individuals with the mini-muscle phenotype had
lower maximal sprint speeds (P = 0.0026 in the combined-sex analyses) (see also Dlugosz
et al. 2009), but did not differ in rota-rod performance (P = 0.6658) or VO2max (P = 0.7279),
nor for any of the four measures of wheel running (all P > 0.16). Some studies at later
generations have reported that mini-muscle individuals run more distance, at higher speeds,
and/or for shorter durations as compared with normal-muscle mice (e.g., see Hannon et al.
2008; Dlugosz et al. 2009; Gomes et al. 2009), and have an increased VOzmax (Hiramatsu
et al. 2017).

Bone Traits

Eleven bone traits (22% of those measured) appear as diverged between the HR and
Control lines with a nominal P < 0.05 (Supplemental Table S3). As discussed elsewhere, at
least some of these bone differences may represent functional adaptations in the HR mice,
such as the increased size of the femoral head the HR and C lines (e.g., Garland and
Freeman 2005; Kelly et al. 2006; Middleton et al. 2008; Schutz et al. 2014; Schwartz et al.
2018; Castro et al. 2021, 2022b). On the other hand, HR mice have higher circulating
corticosterone concentrations and glucocorticoids are known to affect bone properties
(Gordon et al. 1993; Henneicke et al. 2011; Kinlein et al. 2017). Therefore, some of the
bone differences between HR and C mice could be non-adaptive or even maladaptive

byproducts of increased corticosterone levels in the selected lines (e.g., thicker femurs).

Limitations, Caveats, and Future Directions

In general, the present study lacks measures of various phenotypes that would be of
particular interest with respect to the MPBF and BEF models. For example, we do not have
any direct measures of endurance capacity near generation 22, although we do know that
endurance capacity during forced treadmill exercise had increased significantly by
generation 49 (Meek et al. 2009). Hence, the conclusion that performance abilities sensu
lato had not evolved by generation 22 should be viewed with due caution. However, we did
measure VOz2max at generations 21 and 22, finding no statistical divergence between HR
and Control lines of mice, and we also found no difference in maximal sprint speed or rota-

rod performance at generation 22. As with most protocols that aim to measure performance
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ability, such as sprint speed, it is difficult to know if subjects are maximally motivated, and so
some element of "behavior" may be involved (Garland and Losos 1994; e.g., see Losos et
al. 2002), thus blurring trait categories. Still, sprint speed is commonly used as a measure
of locomotor performance ability in both laboratory mice (Friedman et al. 1992; Dohm et al.
1994, 1996) and wild rodents (Djawdan and Garland Jr 1988; Garland et al. 1988, 1995).

We have no direct measures of brain traits in the generations near 22, although we
know that non-cerebellar brain mass (with body mass as a covariate) had significantly
increased by generation 39, and that the sizes of particular brain regions the size of brain
regions has also increased in later generations (e.g., midbrain, hippocampus: Kolb et al.
2013; Schmill et al. 2023). Abundant evidence for alterations in the brain reward system or
in traits that affect the reward system has accumulated in later generations (Johnson et al.
2003; Bronikowski et al. 2004; Rhodes et al. 2005; Belke and Garland 2007; Keeney et al.
2008, 2012; Garland et al. 2016; Acosta et al. 2017; Thompson et al. 2017). Included in the
present range of generations are pharmacological studies showing altered responses of
wheel running to drugs that would affect the dopaminergic neuromodulatory system
(Rhodes et al. 2001). These pharmacological studies, combined with the lack of divergence
in performance abilities, are consistent with the BEF model.

The placement of traits into categories for analysis (cf. Bartholomew 1964) is
somewhat subjective and, in some cases, reasonable people might disagree. For example,
we categorized the responses of wheel running to drugs as whole-organism physiology,
with the rationale that they reflect neurophysiological changes, even though the measured
"output” is clearly a behavior. As another example, the length of the estrus cycle is also
considered as whole-organism physiology, but one might argue for it being a life history trait.
As we are making available all of the P values and the categorizations used for analyses
(Supplemental Table S3), readers may recategorize and reanalyze as they see fit, but we
believe that the overall conclusions discussed above are robust to such potential changes.

A final caveat relates to the time of year when these mice were sampled. Wheel
running shows a strong seasonal pattern in these mice, especially in the HR lines, with
greater running during the winter and lower levels during the summer (see Appendix S5 in
Careau et al. 2013). Wheel running in the present sample from generation 22 was
measured beginning 4 June 1999, and values were substantially higher both two

generations before and two after, which were measured during the winter (Careau et al.
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2013). We do not know about possible seasonal changes in other traits, but if they are of
greater magnitude in the HR lines, then the apparent differences between HR and C mice
may also vary seasonally.

In closing, we note that neither the MPBF nor the BEF model addresses how
hierarchical evolution might proceed beyond a selection limit. Indeed, little theoretical or
empirical work addresses this subject at either the phenotypic or genetic level, although we
have offered a verbal model that relates to the evolution of multiple solutions, such as
differences among the replicate HR lines (Hillis and Garland 2023). Further insight
regarding this topic will be crucial to future studies of adaptation, because, as the High
Runner mouse selection experiment amply demonstrates, adaptation is a moving target
(e.g., see Rose et al. 2005; Edgell et al. 2009; Crisci et al. 2016; Castro et al. 2021; Scott
and Dalziel 2021; Hillis 2022).
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Figure Legends

Figure 1. Path diagram of the “morphology - performance - behavior - fithess" (MPBF)
paradigm, modified from Storz et al. (2015) to illustrate some of the traits included in the
present study (mainly those from the new focal data set at generation 22). Single-headed
arrows imply causality, whereas double-headed arrows indicate correlations. Various lower-
level subordinate traits act together to determine whole-organism performance abilities,
such as maximal sprint speed. Organismal performance refers to what an animal can do
when maximally motivated (Garland and Losos 1994; Careau and Garland 2012). These
abilities constrain the expression of behavior, thus playing a permissive role. Not shown on
this diagram is motivation (or "will" or "drive"), which sets the propensity to express a
behavior, within the confines of the "performance space" (Bennett 1989). At least one
depiction of the MPBF paradigm has included motivation as a factor directly affecting
behavior (Higham et al. 2011), but here it is implicit as we did not have direct measures of
motivation for wheel running. In the High Runner mouse experiment, voluntary wheel-
running behavior is directly tied to mating opportunity for both males and females due to the
way artificial selection is imposed (see Methods). If a female becomes pregnant and gives
birth, then the components of fitness shown here may be greater than zero, and all of them
may be correlated with female body size. As indicated in the Introduction, the "behavior
evolves first" (BEF) hypothesis is a more general (and older) idea about hierarchical
evolution that existed before the modern focus on measurement of whole-organism

performance traits (e.g., maximal sprint speed).

Figure 2. Adult voluntary wheel-running behavior on days 5+6. A) Mean wheel revolutions
per day (circumference 1.12 m), B) duration of daily wheel running, C) mean revolutions per
minute, D) maximum revolutions per minute. Values are least squares means and standard
errors from combined-sex analyses in SAS Procedure Mixed (P-values are from Differences
of Least Squares Means). See text and Supplemental Table S1 for statistical results
(analyses were done on transformed values for revolutions, but untransformed data are
shown here). Mice from the High Runner lines evolved mainly by increasing running speed,

not the duration of daily running.
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Figure 3. Body mass and growth rate. A) Average daily growth rate measured by
subtracting weaning mass from body mass measured at the start of the 6-day wheel test,
then dividing by the number of days involved (age as a covariate). B) Adult body mass at
the start of wheel testing. C) Mass at the end of the 6-day wheel test. D) Change in body
mass across the 6-day wheel test. Values are least squares means and standard errors
from combined sex-analyses in SAS Procedure Mixed. See Supplemental Table S1 for
statistical results. Mice from the HR lines have evolved reduced adult body mass, caused

by reduced post-weaning growth rates (body mass at weaning does not significantly differ).

Figure 4. P values in relation to eight categories of trait (for this analysis, "Bones" and
"Morphology, Physiology" were included in the category of Subordinate Traits). Two-way
analysis of variance (see text) indicates a highly significant effect of trait category but no
effect of sex, nor a sex * trait type interaction. A key result is that none of the available
measures of Performance (e.g., VO2max) had diverged significantly between the selectively
bred HR lines and the non-selected Control lines of mice. Interestingly, measures of adult
body size (mainly mass) have P values as low as for wheel running itself. Numbers after
wheel traits indicate the days on which the trait was measured. Artificial selection was
based on wheel revolutions run on days 5 and 6 of a 6-day exposure period when mice are
young adults. The notable outlier for running on days 5-6 is for female minutes/day
(duration of daily running). As noted in the text and elsewhere (e.g., Garland et al. 2011a),
females in the HR lines have evolved longer daily running distances mainly by increased
running speed, whereas HR males have increased primarily in speed but also in the

duration of daily running.

Figure 5. Trait categories as shown in Figure 1. Left vertical axis for bars indicates
percentage of P-values that were below 0.05 (none for Organismal Performance), whereas
right axis for black line indicates mean P-values by trait category (highest for Organismal
Performance). Values in parentheses are number of traits in each category. For purposes
of this summarization, as compared with Figure 4, Lower-level Subordinate traits includes
Bones, Morphology, Physiology, and Whole-organism Physiology. Behavior includes all
measures of wheel running. Components of Fitness includes Life History traits and all
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measures of Body Size. The apparent lack of response to selection for Performance traits
(e.g., maximal oxygen consumption) is inconsistent with the "morphology - performance -
behavior - fithess" (MPBF) paradigm, although not with the less specific "behavior evolves
first" (BEF) hypothesis.

Figure 6. Four of many possible scenarios for how motivation and ability may have evolved
in relation to artificial selection for high voluntary wheel-running behavior. In the present
study, measurements were taken approximately when the plateau for wheel running was
being reached. A) In the base population before selection began, most mice ran a daily
distance that matched both their motivation for running and their ability fo run. In this case,
the response to positive selection would have entailed simultaneous increases in both
motivation and ability, and a selection limit (plateau) would be reached when neither could
increase further for genetic and/or functional reasons (two different ways to view the cause
of selection limits). B) In the base population, the ability of mice to run greatly exceeded
their motivation (consistent with common human experience!), so increased wheel running
occurred by parallel increases in motivation for running (or the reward received from
running), with a selection limit occurring when motivation matched ability and neither could
evolve further. The data presented in the present study matches this scenario better than
the others. However, this simple model would not account for the fact that increases in
performance ability have been documented at later generations. C) The converse of B:
motivation for running initially greatly exceeded ability, which had to evolve for daily running
distance to respond to selection. D) Ability exceeded motivation for running in the base
population, and after some number of generations motivation matched ability, at which point

both increased up to the selection limit.
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