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Abstract Mammals exhibit a similar pattern of integration
among homologous limb elements, the strength of which is
believed to vary in response to selection for functional
coordination or similarity. Although integration is hypoth-
esized to primarily reflect the effect of genes intrinsic to
limbs, extrinsic genetic or epigenetic factors may also affect
the strength of integration through their impact on the
magnitude and direction of skeletal variance or covariance.
Such factors as neuromuscular coordination or bone-muscle
interactions may therefore play a role in both canalization
and the structure or magnitude of limb integration. If this
were the case, then increased levels of locomotor activity
would be predicted to increase canalization and the mag-
nitude of covariation between limbs. To investigate whether
postnatal activity levels can have a significant effect on
variance within or covariance among homologous limb
elements, we compared four groups of male mice from a
long-term selective breeding experiment: (1) mice from
lines bred for increased voluntary activity on running wheels
and allowed free access to a wheel for 8 weeks beginning at
weaning (“active”), (2) selected mice that did not have
wheel access (“sedentary”), (3) active mice from non-

N. M. Young (X))

Department of Orthopaedic Surgery, University of California
San Francisco, San Francisco General Hospital, 1001 Potrero
Avenue, San Francisco, CA 94110, USA

e-mail: nathan.m.young @gmail.com

B. Hallgrimsson

Department of Cell Biology and Anatomy, University

of Calgary, Health Sciences Centre, 3330 Hospital Drive NW,
Calgary, Alberta T2N 4N1, Canada

T. Garland Jr

Department of Biology, University of California, Riverside,
Riverside, CA 92521, USA

@ Springer

selected control lines, and (4) sedentary control mice. Mice
from selected lines that had wheel access ran significantly
more than control-line mice. However, when controlled
for activity, linetype, and body mass, results indicate
few significant differences in means, variance, or covaria-
tion structure, and no significant differences in integration
between limbs, suggesting that postnatal activity levels do
not significantly affect canalization or integration of limb
lengths. A possible explanation for this result is that whereas
baseline levels of postnatal activity may help to maintain
patterns of variance and integration, increased levels of
activity do not further increase these measures. Investiga-
tions into disrupted epigenetic processes (e.g., via models in
which neuromuscular coordination is impaired) are required
to further test hypotheses about how canalization or inte-
gration of limb variation is affected by epigenetic factors.

Keywords Covariation - Experimental evolution -
Serial homology

Introduction

Morphological integration is a phenomenon with complex
and multivariate mechanisms that manifests as the covari-
ation between traits and structures (Olson and Miller 1958).
Integration plays an important role in both the direction and
rate of phenotypic evolution through its impact on the
generation of variation (Wagner and Altenberg 1996;
Chernoff and Magwene 1999), and various attempts have
been made to model variation in its expression (i.e., struc-
ture and magnitude) by both intrinsic and extrinsic factors
(Atchley and Hall 1991; Hallgrimsson et al. 2002; Young
and Hallgrimsson 2005; Zelditch et al. 2006; Hallgrimsson
et al. 2007). Intrinsic factors include genetic variation in
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those developmental processes active within modules, such
as the number of progenitor cells, their size, and the rate at
which they proliferate, whereas extrinsic factors includes
genetic variation in hormones, muscle-bone interactions,
neuromuscular control, activity levels, diet, or even intrinsic
factors of neighboring modules, all of which act indirectly
or epigenetically (Atchley and Hall 1991; Zelditch et al.
2004, 2006). Integration is therefore thought to evolve via
selection on genetic variation of both intrinsic and epige-
netic processes. However, it is an open question as to the
relative contribution of either intrinsic or extrinsic factors
to observed differences in integration, and thus which
processes and genes are affected by selection. To fully
understand differences in the structure and magnitude of
integration requires an individual accounting of the poten-
tial impact of multiple processes that may act during
ontogeny on adult variance-covariance (VCV) structure.
Several recent studies have focused on interspecific
comparisons of the adult limb skeleton, and in particular
the role of genetic factors intrinsic to hypothesized
modules (e.g., Hallgrimsson et al. 2002; Young and Hall-
grimsson 2005; Reno et al. 2008). They found strong
evidence for the role of shared genetic factors (e.g., Hox
patterning genes) on covariation structure within limbs,
among homologous elements (e.g., radius and tibia or
humerus and femur), and overall. However, it remains
unknown what impact epigenetic factors have on limb
integration. This is in part due to the fact that contributions
of individual factors to both the overall structure and var-
iation in the magnitude of limb integration are difficult to
disentangle without ontogenetic data or control over factors
that may introduce their own confounding variance (e.g.,
phylogenetic history, genetic background). This situation is
particularly problematic because, without this sort of
additional information, results from comparative analyses
of natural populations can be ambiguous and difficult to
interpret except at the broadest level (Garland et al. 2005).
Here, we focus on one epigenetic factor that possibly
impacts variation in mammalian limb integration: post-
weaning level of locomotor activity. We hypothesize that
selective breeding for high locomotor activity, access to the
opportunity for sustained exercise regardless of selection
history, and interaction between these factors leads to
lower variance (canalization) and higher covariance among
limb elements (integration). The rationale for this hypoth-
esis is that patterns of muscle contraction relate to strains
on bone (Herring and Teng 2000), and that this muscle-
bone interaction can cause differential growth in areas
closest to peak strains (Carter et al. 1998; Herring et al.
2002; Nowlan and Prendergast 2005). In addition, it is
known that muscle-bone interactions during development
are critical for producing normal morphology (Nowlan
et al. 2007), and there are pleiotropic relationships between

muscle and bone (Karasik and Kiel 2008) suggesting
epigenetic effects between them. The increases in neuro-
muscular control or coordination of movement associated
with higher activity levels may normalize strains and bone
growth to directions that are preferred or optimal, thus
leading to lower variance within limb elements (i.e.,
greater canalization) and higher covariation among ele-
ments (i.e., higher integration) (Zelditch et al. 2004, 2006).

To test these alternatives, we took an experimental evo-
lution approach (Garland and Rose 2009). We utilized the
skeletons of laboratory house mice from lines that have
undergone long-term selective breeding for high levels of
voluntary wheel running, as well as their non-selected con-
trol lines (Swallow et al. 1998; Kelly et al. 2006; Middleton
etal. 2008a, b). After 21 generations of selection, male mice
from the four replicate selected lines ran 2-3 times as many
revolutions/day and were smaller (both mass and body
length) as compared with the four control lines. Interestingly,
there were no statistically significant differences in mean
hindlimb length measurements, but males from the selected
lines had significantly thicker femora and tibiafibulae, larger
femoral condyles, and heavier feet (Kelly et al. 2006). In
addition, a study of both sexes from generation 12 also found
larger femoral condyles, in addition to reduced directional
asymmetry of hindlimb bones in the selected lines (Garland
and Freeman 2005). These previous results suggest that
selection acts on a number of traits, including variation in
behavioral and/or physiological characteristics extrinsic to
the actual bones (such as hormone levels: Vaanholt et al.
2007; Malisch 2008), and so serves as a useful test of the
impact of epigenetic factors on the structure and magnitude
of limb-length integration. Using this experimental model,
we assess the impact of both selection for high activity,
access to the opportunity for sustained exercise on a wheel,
and the interaction of these effects on the structure and
magnitude of limb integration within a single species. With
this model there is greater statistical control than is usually
possible with natural populations—an important point
because testing these competing hypotheses is difficult
without control over the numerous intrinsic and extrinsic
factors that could potentially introduce variance and
covariance into quantitative traits.

Methods

Data

The sample used here is the same as that described in Kelly
et al. (2006), although individuals with the mini-muscle
phenotype (Hartmann et al. 2008; Middleton et al. 2008a, b)

were excluded to limit the effect of sample heterogeneity on
measures of variance. The original progenitors of this
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experimental sample were outbred and genetically variable
house mice (Mus domesticus) of the Hsd:ICR strain (Harlan-
Sprague-Dawley, Indianapolis, Indiana, USA). Mice were
randomly mated for two generations, paired, and assigned to
either “Selected” lines (S) (i.e., the highest-running male
and female were chosen from each family as breeders) or
“Control” lines (C) (i.e., a male and a female were randomly
chosen from each family). Within all lines, the chosen
breeders were randomly paired, except that sibling matings
were disallowed [full details of the selection experiment are
provided in Swallow et al. (1998)].

For the present sample of mice, at 21 days of age, two
male pups from each of five families within each of the
eight lines were weaned. At 25-28 days of age, these mice
were housed individually in standard cages, half of which
were attached to a running wheel (1.12 m circumference),
yielding four groups in total: (1) mice from Control lines
housed without wheels (Sedentary [CS], N = 20); (2) mice
from Control lines housed with wheels (Active [CA],
N = 20); (3) mice from Selected lines housed without
wheels ([SS] N = 16); and (4) mice from Selected lines
housed with wheels ([SA] N = 16). After an additional 8-
9 weeks under these conditions, mice were sacrificed via
CO, asphyxiation and skeletonized with a colony of der-
mestid beetles maintained by the University of Wisconsin
Zoological Museum (Kelly et al. 2006).

Skeletonized and disarticulated limb elements (femur,
humerus, tibia, radius, ulna, metacarpal III, and metatarsal
IIT) were placed on a flatbed scanner and imaged in 24-bit
color at 1,200 dots per inch (TIFF format without file
compression). This method has similar characteristics to
camera-based two-dimensional imaging systems, but with
the added benefit of ease of setup, portability, and low
equipment cost. Although parallax is an issue with all
optical systems, this error is most prevalent in flatbed
scanners when objects extend a large distance from the
image sensor (Schubert 2000). Our analyses indicate par-
allax errors are negligible here due to the very small size of
the bones and limited depth (data not shown). To further
minimize the possibility of scanner error, we imaged limb
elements on two separate occasions after moving and
rotating them an arbitrary amount. Two-dimensional
landmark data were collected twice from each of the two
scanned images (Fig. 1: Landmarks). Landmarks repre-
sented the endpoints of maximum length measurements for
individual elements as calculated from SigmaScan Pro
(Systat Corporation, Richmond, California). Limb length
data were subsequently averaged across scans and trials.

Statistical Analyses

Limb lengths were modeled using the GLM (General
Linear Model) function in R (R Development Core Team
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Fig. 1 Illustration showing a typical example of scan quality used in
the data collection process. Length (dashed line) was calculated as the
maximal proximo-distal distance from the landmarks (red circles)
shown on the schematic outlines (size magnified). (Color figure online)

2008) and a cross-nested, two-way ANCOVA with activity
and linetype as grouping factors and body mass as a
covariate (note that in this analysis we ignored potential
variation among the replicate selected and control lines
because of the relatively small sample sizes involved). We
tested for significant effects of linetype, activity, body
mass, and interactions on limb lengths, and residuals were
used as the input data for the tests of differences in variance
and integration among groups, as outlined below.

To test for differences in canalization, Levene’s test was
used to compare variance in limb length residuals. This test
differs from standard measures of disparity in that absolute
values of deviations from the within-group mean measure
are compared rather than raw data (Van Valen 2005). A
standard ANOVA was subsequently used to compare
absolute values among groups. The prediction was that
selective breeding for high activity and access to a running
wheel would be negatively associated with variance.

Based on the previous discussion, we predicted that
groups would have a similar correlation/covariation
structure but differ in the strength of integration due to
differences in activity level. Morphological integration was
assessed as effects of linetype, activity, and linetype/
activity interaction by comparing correlations and covari-
ance of limb-length residuals (Wagner and Altenberg 1996;
Chernoff and Magwene 1999).

We measured repeatability of individual correlation
and VCV matrices by resampling the original dataset
with replacement (10,0000 replicates), calculating a new
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correlation or VCV matrix, and comparing this to the
observed matrix using either a matrix correlation or the
random skewers method, respectively (Marroig and
Cheverud 2001). Repeatability was estimated as the mean of
the resampled matrix correlations or the correlation in
response vectors. Similarity in overall correlation structure
among groups was assessed by matrix correlation (7,,) and
similarity in VCV structure was assessed via random
skewers (r,,). These values were adjusted by dividing the
observed r,, or r,, by an estimate of the maximum correla-
tion (7,4, = (£, * z‘,,)o'5 where ¢, and t, are the repeatabilities
of the matrices being compared) (Marroig and Cheverud
2001). To further examine the structural differences among
group correlation matrices, average Fisher-transformed
correlations were calculated for functional groupings of
limb elements and compared between groups (Young and
Hallgrimsson 2005). Standard error of correlations and
Fisher-transformed correlations was calculated by resam-
pling the original dataset (10,000 replicates).

The strength of morphological integration was calcu-
lated from the variance of the eigenvalues (63 or EV) of
both correlation and VCV matrices (Wagner 1984, 1990;
Van Valen 2005). Eigenvalue variance measures whether
the total variance (the sum of individual trait variances or
the trace of the correlation matrix) can be explained by a
small number of factors (ellipsoid or high EV), or whether
it is more evenly distributed across principal components
with similar explanatory power (spherical or low EV). In
the analysis of correlation structure, there are seven traits
each with a variance of one, so the maximal EV is seven
(perfect integration), and the minimal variance is zero (no
integration). Higher EV would be considered more inte-
grated and lower EV would be less integrated. Comparison
of EV from VCV matrices requires adjustment due to
unequal total variance among groups. EV was normalized
for comparison by dividing the observed EV by the total
variance of the group (the sum of individual trait variances
or the trace of the VCV) (Young 2006). In both cases the
standard error of the EV estimates was calculated by
resampling with replacement from the residual data
(N = 10,000 replicates), and significance was calculated as
the number of times the observed EV exceeded the
resampled distribution. Resampling and EV calculations
were performed in Poptools (Hood 2008).

Results

As in Kelly et al. (2006), there was no significant effect of
linetype, activity or the linetype/activity interaction on
hindlimb or forelimb lengths, whereas body mass was a
significant positive predictor of lengths of both limb
(Table 1: ANCOVA results). There was a weakly significant

relationship between linetype and autopod length: mice
from the selected lines had longer metacarpals and meta-
tarsal. Residuals from these generalized linear models were
used as input data for the analyses of covariation outlined
below.

There was no significant difference in canalization of
limb lengths as determined by comparing variance between
linetypes, activity levels, or the interaction between line-
type and activity interaction (Table 2: Variance results).
The exception to this pattern was in the radius/ulna and
tibiafibula of the Selected relative to the Control lines, and
SA relative to other [linetype/activity] groups. In these
comparisons the Selected and SA stylopod elements (tibi-
afibula and radius-ulna) were significantly less variable
than other groups.

Individual correlation and VCV matrices are shown in
Tables 3—11 (Tables 3—11: Matrices). Correlation matrices
varied in repeatability from 0.825-0.962 while VCV
matrices varied from 0.936-0.987 (Table 12: Correlation
and Covariation matrix repeatability and similarity). Cor-
relation matrices were significantly correlated among
linetype, activity and linetype/activity interaction groups
(raw average r,, = 0.668 (P = 0.001-0.053) for linetype/
activity interaction, 7, = 0.865 (P = 0.002) between
Control and Selected, and raw r,, = 0.753 (P = 0.001)
between Sedentary and Active groups). Significance values
for matrix correlations are measured by a Mantel’s test, and
indicate when matrices do not significantly differ in their
overall structure. This test supports an interpretation that
there is no significant difference in limb length correlation
structure among groups. Random skewers analysis of the
VCV matrices indicates even greater support for structural
similarity, with significant correlations for all values
(Table 12). The general exception is the SA group, with
reported r,, values as low as 0.507, and r,, values as low as
0.806.

Closer examination of the correlation matrices suggests
that similarity in structure is primarily driven by high cor-
relations between zeugopod and stylopod elements. The

Table 1 P-values (bold indicate significant, * < 0.05, ** < 0.0001)
from the two-way cross-nested analysis of covariance

Trait N Linetype Activity Activity x Body mass
Linetype
Metatarsal 72 0.033** 0.732  0.826 <0.0001**
Femur 72 0.386 0.243  0.431 <0.0001**
Tibia 72 0.996 0.525  0.486 <0.0001**
Metacarpal 71 0.038** 0.860  0.556 <0.0001**
Humerus 72 0.566 0223 0.442 <0.0001**
Radius 70 0.938 0.741  0.968 <0.0001**
Ulna 70 0.613 0526  0.874 <0.0001**

* Longer in selected lines
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Table 2 Limb-length variances (for residuals) and P-values (from
Levene’s tests) for associated comparisons (CA: control/active, CS:
control/sedentary, SS: selected/sedentary, SA: selected/active)

Table 4 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the control-active
dataset

Group MT F TF MC H R U CA MT F TF MC H R U
Variance CA 0.032 0.126 0.108 0.007 0.059 0.068 0.095 MT - 0.018 0.026 0.011 0.006 0.030 0.037
CS 0.025 0.149 0.102 0.007 0.062 0.062 0.080 F 0297 - 0.087 0.009 0.060 0.051 0.062
SA 0.030 0.179 0.040 0.006 0.049 0.024 0.037 TF 0467 0.788 - 0.013  0.060 0.058 0.069
SS 0.041 0.114 0.081 0.008 0.065 0.045 0.071 MC 0742 0320 0532 - 0.004 0.015 0.017
Control ~ 0.028 0.134 0.102 0.007 0.059 0.063 0.085 H 0.134 0736 0.796 0.221 - 0.037  0.045
Selected  0.034 0.140 0.059 0.007 0.055 0.034 0.053 R 0.663 0.610 0.769 0.694 0.677 - 0.071
Sedentary 0.031 0.129 0.090 0.007 0.061 0.053 0.074 U 0.684 0.622 0.769 0.692 0.696 0937 -

Active 0.030 0.144 0.077 0.007 0.053 0.048 0.069
P-value CA-CS  0.280 0.310 0.444 0.345 0.415 0.392 0.469
CA-SA 0376 0.312 0.029 0.477 0.407 0.032 0.056
CA-SS 0.385 0.305 0.272 0.198 0.403 0.207 0.469
CS-SA 0.424 0.465 0.011 0.370 0.321 0.009 0.030
CS-SS 0.177 0.196 0.264 0.256 0.499 0.164 0.456
SA-SS 0.252 0.214 0.051 0.191 0.339 0.108 0.033
C-S 0.322 0.413 0.038 0.312 0.441 0.023 0.112
A-S 0.465 0.411 0.168 0.187 0.333 0.186 0.151

Bold indicates significance at P < 0.05

autopod was typically less correlated with other limb ele-
ments, with the strongest correlations between autopod
elements (metacarpal-metatarsal) and autopod to zeugopod.
This overall pattern is similar to that found in previous
analyses of mammalian and murine limb covariation
structure (Hallgrimsson et al. 2002; Young and Hallgrims-
son 2005), and to that found in birds (although excluding
autopod) (Magwene 2001), in which there is modularity
both within limbs and among homologous elements.
Examination of individual correlations or averages
of sets of correlations reveals some structural differences
among group matrices (Table 13: Fisher’s-z correlation
averages). For example, the SA and SS groups are the most
weakly correlated matrices. These groups primarily differ in
the strength of correlation between stylopod and hindlimb
correlations (SA is lower) and to some degree autopods (SA
is higher). As previously noted, the SA group also exhibits

Table 3 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the entire dataset

Table 5 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the control-sed-
entary dataset

CS MT F TF MC H R 8]

MT - 0.014 0.017 0.008 0.008 0.020 0.025
F 0251 - 0.103  0.004 0.075 0.066 0.074
TF 0349 0882 - 0.004 0.064 0.062 0.072
MC 0.636 0.138 0.145 - 0.002  0.006  0.009
H 0212 0.825 0.846 0.114 - 0.047  0.055
R 0.537 0720 0.819 0323 0802 - 0.060
8] 0597 0713 0.836 0433 0817 0893 -

Table 6 : Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the selected-
active dataset

SA MT F TF MC H R U

MT - —0.002 0.021 0.007 0.004 0.003 0.008
F —0.037 - 0.041 0.008 0.065 0.044 0.036
TF 0.646 0518 - 0.011 0.023 0.016 0.024
MC 0.578 0.240 0.705 - 0.004 0.005 0.005
H 0.100 0742 0563 0222 - 0.015 0.018
R 0.129 0.713 0.558 0.430 0.467 - 0.024
U 0.266 0486 0.664 0369 0472 0871 -

Table 7 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the selected-
sedentary dataset

ALL MT F TF MC H R 0] SS MT F T MC H R U

MT - 0.016 0.026 0.009 0.010 0.022 0.027 MT - 0.032  0.041 0.008 0.024 0.032 0.033
F 0253 - 0.079 0.005 0.068 0.052 0.059 F 0.508 - 0.075 —0.003 0.071 0.043 0.057
TF 0526 0.763 - 0.008 0.052 0.047 0.058 T 0.770 0.832 - 0.007 0.055 0.043 0.057
MC 0.613 0.153 0368 - 0.003  0.009 0.011 MC 0485 —0.100 0.273 - 0.002  0.009 0.009
H 0246 0.790 0.778 0.155 - 0.035 0.044 H 0.506 0.887 0.812 0.088 - 0.036  0.050
R 0.572  0.650 0.760 0.490 0.687 - 0.053 R 0.793 0.636  0.748 0494  0.699 - 0.049
8] 0.586 0.624 0.786 0494 0.719 0913 - 8] 0.664 0.682  0.801 0403 0.789 0928 -
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Table 8 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the control

dataset

Control MT F T MC H R U

MT - 0.016 0.021 0.009 0.007 0.025 0.031
F 0273 - 0.095 0.006 0.068 0.059 0.068
TF 0412 0.835 - 0.008 0.062 0.060 0.071
MC 0.693 0.223 0.335 - 0.003 0.010 0.013
H 0.170 0.783 0.821 0.164 - 0.042 0.050
R 0.604 0.666 0.793 0.514 0.740 - 0.065
U 0.644 0.666 0.800 0.569 0.754 0916 -

Table 9 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the selected

dataset

Selected MT F TF MC H R U
MT - 0.015 0.031 0.008 0.014 0.019 0.022
F 0.231 - 0.059 0.002 0.068 0.043 0.048
TF 0.723  0.663 - 0.009 0.040 0.030 0.041
MC 0.523 0.071 0429 - 0.003 0.007 0.007
H 0.339 0.801 0.718 0.144 - 0.026  0.035
R 0.552 0.647 0.689 0.468 0.616 - 0.038
U 0.520 0.574 0.759 0.388 0.676 0910 -

Table 10 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the active dataset

Active  MT F TF MC H R U

MT - 0.009 0.024 0.010 0.005 0.019 0.025
F 0.143 - 0.067 0.008 0.062 0.048 0.051
TFF 0510 0.660 - 0.012 0.044 0.041 0.050
MC 0.676 0279 0579 - 0.004 0.011 0.012
H 0.121 0.732  0.716 0.221 - 0.028  0.034
R 0.493 0.607 0.719 0.602 0.597 - 0.051
8] 0.546 0541 0.743 0582 0.612 0923 -

Table 11 Trait correlations (below diagonal) and covariances (above
diagonal) computed from residuals on body size for the sedentary

dataset

Sedentary MT F TF MC H R U
MT - 0.022 0.028 0.008 0.015 0.025 0.029
F 0365 - 0.091 0.001 0.073 0.056 0.067
TF 0.540 0.863 - 0.005 0.060 0.053 0.065
MC 0.554 0.033 0.200 - 0.002 0.007 0.009
H 0.359 0.848 0.830 0.102 - 0.042 0.053
R 0.643 0.689 0.792 0394 0.757 - 0.055
U 0.622 0.701 0.822 0.418 0.804 0906 -

significantly lower stylopod variance, suggesting that dif-
ferences in correlation structure between SA and SS groups
are partially attributable to this factor. In addition, Active
groups (Active, CA and SA) primarily differ in having
stronger average autopod correlations relative to Sedentary
groups (Sedentary, CS and SS), Control groups (Control
CA, CS) exhibit higher average autopod correlations rela-
tive to Selected groups (Selected, SS) (although SA also
exhibits a similar average autopod correlation to Control
groups), and Selected and Sedentary groups exhibit slightly
higher average hindlimb correlations.

Comparison of resampled distributions indicates that
there are no significant differences in the magnitude of EV
between any of the subgroups (Table 14: EV results,
Figs. 2 and 3: Integration results). In fact, the direction of
differences in integration is opposite to those predicted. In
correlation matrix EV, both selected (EVejecieda = 2.45)
and active (EVive = 2.48) groups have lower EV scores
than control (EV onyor = 2.84) or sedentary (EVedentary =
2.91) groups, although the differences are not statistically
significant. CS (EV = 2.93), CA (EV., = 2.99), and SS
(EVg = 3.15) groups are more integrated compared to the
SA group (EVg, = 2.08), although again the difference in
observed EV is not significant. This general pattern is
repeated in the VCV matrix-based EV results.

Discussion

The goal of this study was to test the effects of selective
breeding for high locomotor activity, access to the oppor-
tunity for sustained exercise (a running wheel), and the
interaction of these factors on both variance and the struc-
ture and magnitude of integration in the limbs of mice. It
was previously suggested that coordinated neuromuscular
activity might function to remove variance, thereby cana-
lizing phenotypes and increasing integration (Zelditch et al.
2006). If this were the case, then we hypothesized that in a
sample of mice bred for 21 generations for high locomotor
activity, and given access to an exercise wheel, we would
find more canalized and integrated limb phenotypes when
compared to sedentary control mice. Contrary to our pre-
dictions, there was only weak evidence for significant
reductions in variance in the stylopod (i.e., radius, ulna and
tibiafibula) of the Selected and SA groups, and correlation
and covariation structure is very similar among all groups.
In addition, there was no significant difference in the
magnitude of limb integration associated with activity level,
selection for activity, or interactions between them. In fact,
a trend toward less integrated phenotypes was associated
with lower observed variances in the SA group.

We predicted that there should be greater canalization of
limb elements associated with selection for activity and
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Table 12 Matrix correlation and covariance matrix similarity between pairwise groups, repeatabilities for each group (¢1 and £2), p-values, and
observed and adjusted matrix correlations (r,, and r,4) and covariance matrix similarity (7., and 7,,44;)

Group 1 Group 2 Correlation matrices Variance-covariance matrices

Fon SE p tl 12 T'madj Ty SE p tl 2 Trvadj
ALL CA 0916  0.120 0.001 0.958 0.898 0.987 0.978 0.047 0.000  0.987 0.955 1.007
ALL CS 0956  0.077 0.000 0.958 0.934 1.010  0.983 0.043 0.000  0.987 0.962 1.009
ALL SA 0.704  0.177 0.005 0.958 0.825 0.792 0.863 0.199 0.000  0.987 0936  0.899
ALL SS 0.870  0.094 0.000 0.958 0.926 0.924 0.967 0.091 0.000  0.987 0964  0.992
ALL Control 0979  0.053 0.000 0.958 0.960 1.022 0.987 0.037 0.000  0.987 0.978 1.005
ALL Selected 0.948 0.076 0.000 0.958 0.919 1.011 0.969 0.071 0.000  0.987 0.972 0.989
ALL Active 0910  0.099 0.000 0.958 0.922 0.968 0.987 0.028 0.000  0.987 0.970 1.009
ALL Sedentary ~ 0.958 0.063 0.000 0.958 0.962 0.998 0.990  0.028 0.000  0.987 0.977 1.009
CA CS 0.834  0.166 0.001 0.898 0.934 0911 0970  0.055 0.000  0.955 0.962 1.012
CA SA 0.665 0.201 0.007 0.898 0.825 0.772 0.806 0230 0.000  0.955 0936  0.853
CA SS 0.677 0.161 0.003 0.898 0.926 0.743 0.947 0.123 0.000  0.955 0964  0.987
CA Control 0946  0.113 0.000 0.898 0.960 1.019 0.991 0.016 0.000  0.955 0.978 1.026
CA Selected 0.798 0.137 0.005 0.898 0.919 0.879 0.921 0.135 0.000  0.955 0972  0.956
CA Active 0.957 0.107 0.000 0.898 0.922 1.051 0.969 0.055 0.000  0.955 0.970 1.007
CA Sedentary ~ 0.792  0.159 0.001 0.898 0.962 0.852 0970  0.071 0.000  0.955 0.977 1.004
CS SA 0.568 0.210 0.024 0.934 0.825 0.647 0.815 0.259 0.000 0962 0936  0.860
CS SS 0.824  0.129 0.001 0.934 0.926 0.886 0.937 0.151 0.000  0.962 0964 0973
CS Control 0.968 0.092 0.000 0.934 0.960 1.022 0.992 0.017 0.000  0.962 0.978 1.023
CS Selected 0.851 0.119 0.001 0.934 0.919 0.919 0.925 0.149 0.000  0.962 0.972 0.956
CS Active 0.794  0.151 0.003 0.934 0.922 0.855 0.959 0.074 0.000  0.962 0970  0.993
CS Sedentary 0.965 0.083 0.000 0.934 0.962 1.019 0.985 0.056 0.000  0.962 0.977 1.017
SA SS 0.443 0.179 0.053 0.825 0.926 0.507 0.815 0.258 0.000  0.936 0964  0.858
SA Control 0.634  0.197 0.019 0.825 0960  0.713 0.810  0.252 0.000  0.936 0.978 0.846
SA Selected 0.760  0.183 0.001 0.825 0.919 0.873 0.937 0.105 0.000  0.936 0972 0.982
SA Active 0.845 0.182 0.000 0.825 0.922 0.969 0.912 0.124 0.000  0.936 0970  0.958
SA Sedentary  0.536  0.188 0.026 0.825 0.962 0.601 0.816 0.263 0.000 0936 0.977 0.853
SS Control 0.796  0.107 0.000 0.926 0960  0.845 0.947 0.135 0.000 0964  0.978 0.975
SS Selected 0912  0.130 0.000 0.926 0.919 0.989 0.951 0.106 0.000 0964 0972  0.983
SS Active 0.640  0.145 0.007 0.926 0.922 0.692 0940  0.134 0.000 0964 0970 0.972
SS Sedentary ~ 0.943 0.104 0.000 0.926 0.962 0.999 0.976 0.071 0.000  0.964 0977 1.005
Control Selected 0.865 0.093 0.002 0.960 0.919 0.922 0.926 0.144 0.000 0978 0972 0.949
Control Active 0902  0.100 0.001 0.960 0.922 0.958 0.968 0.063 0.000 0978 0970  0.994
Control Sedentary ~ 0.930  0.085 0.000 0.960 0.962 0.968 0.985 0.057 0.000 0978 0.977 1.008
Selected  Active 0.852  0.120 0.001 0.919 0.922 0.925 0.977 0.058 0.000 0972 0.970 1.006
Selected Sedentary ~ 0.918 0.113 0.000 0.919 0.962 0.976 0.945 0.117 0.000 0972 0.977 0.970
Active Sedentary 0.753 0.138 0.004 0.922 0.962 0.800  0.959 0.088 0.000 0970  0.977 0.985

access to a running wheel. The majority of comparisons of
population variances did not support this hypothesis.
However, there is a significant or near significant decrease
in the SA group stylopod variance compared to all other
groups. However, the interpretation of this difference in the
absence of alterations to variance in other limb elements is
unclear. One possibility is that the epigenetic effect of
activity level is confined to the stylopod, and that increase
in activity has helped canalize lengths of these fore- and

@ Springer

hindlimb elements. But in the absence of similar changes
across other limb elements, the functional implication of
this difference is unknown. The alternative is that selection
may have had the unintended consequence of reducing
sample heterogeneity in the stylopod. Further investigation
of this question is warranted with larger sample sizes.
Although correlation/covariation structure did not sig-
nificantly change as we had predicted, it is important to
note that any interpretation of similarity in correlation/
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Table 13 Average correlations (Fisher’s z-transformed) across limb modules
Module CA CS SA SS

F-Z SE F-Z SE F-Z SE F-Z SE
Forelimb 0.888 0.223 0.768 0.221 0.571 0.169 0.773 0.194
Hindlimb 0.626 0.196 0.669 0.201 0.435 0.160 0.925 0.171
Humerus-Radius-Ulna 1.131 0.195 1.231 0.192 0.785 0.181 1.193 0.211
Femur-Tibia 1.067 0.282 1.386 0.290 0.573 0.187 1.195 0.278
Stylopod 0.941 0.262 1.173 0.261 0.955 0.266 1.408 0.219
Zeugopod 1.018 0.327 1.181 0.336 0.715 0.284 1.035 0.222
Autopod 0.956 0.183 0.752 0.183 0.660 0.296 0.529 0.288
Non-homologous 0.670 0.195 0.625 0.184 0.443 0.145 0.694 0.159
Homologous 1.129 0.195 1.145 0.189 0.876 0.188 1.130 0.163
Overall 0.779 0.177 0.749 0.178 0.546 0.138 0.798 0.165
Module Control Selected Active Sedentary

F-Z SE F-Z SE F-zZ SE F-z SE
Forelimb 0.812 0.121 0.688 0.128 0.765 0.144 0.761 0.112
Hindlimb 0.641 0.132 0.649 0.111 0.500 0.129 0.764 0.126
Humerus-Radius-Ulna 1.165 0.116 1.022 0.144 1.002 0.130 1.202 0.128
Femur-Tibia 1.205 0.188 0.797 0.150 0.792 0.151 1.305 0.178
Stylopod 1.052 0.168 1.100 0.179 0.933 0.163 1.250 0.164
Zeugopod 1.089 0.172 0.919 0.163 0.931 0.220 1.120 0.13
Autopod 0.854 0.139 0.581 0.185 0.822 0.160 0.625 0.177
Non-homologous 0.638 0.108 0.560 0.102 0.557 0.117 0.648 0.099
Homologous 1.129 0.106 1.009 0.118 1.045 0.137 1.124 0.094
Overall 0.755 0.102 0.667 0.100 0.673 0.117 0.761 0.091
covariation structure based on a Mantel’s test or random  aple 14 Observed eigenvalue variance
skewers alone does not necessarily imply that matrices are
. . Group Mean LCL UCL SE
identical or that they have not changed under these
experimental conditions. In fact, the magnitudes of the Correlation All 2461 1.670 3316 0419
correlations reported here are in some cases lower than  matrix CA 2952 1709 4.257 0.667
those observed among species (Ackermann 2005; Marroig CS 2906 2.091 3.832 0433
and Cheverud 2001; Ackermann and Cheverud 2000), and SA 2.106 128 3.113 0471
one correlation is mildly insignificant (SA, P = 0.053). SS 3144 2.037 4209 0.551
Although these previous studies have generally concluded Control 2842 2114 3.671 0398
that significant correlations implied unchanged correlation Selected  2.462  1.660 3.299 0421
structure or integration, the magnitude of differences in Active 2461 1521 3.427 0496
structure reported here might actually be more pronounced Sedentary 2.895 2253 3596 0.344
than a Mantel’s test would suggest, and thus a closer  v,nance-covariance  All 0.031 0021 0042 0005
examination of correlation structure is warranted. matrix CA 0.034 0013 0064 0013

Average correlations across subsets of these matrices cs 0040 0018 0063 0012

indicate that the general pattern of correlations and SA 0021 0010 0039 0.008
covariance is both quantitatively and qualitatively similar Ss 0032 0012 0058 0012
among groups, whereas the actual magnitudes of correla- Control 0036 0021 0053 0.008
tions are more variable. Tl?e prima.ry exception appears to Selected 0024 0012 0039 0.007
be reflected in the c.orrelatlon matrices of Selected and SA Active 0026 0013 0042 0007
groups, both of which have low correlations for zeugopod Sedentary 0,035 0020 0051 0008

elements, and Selected and Sedentary groups, which have
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Fig. 2 Distributions of
resampled eigenvalue variance
(10,000 replicates) for linetype
(white = all, blue = control,
yellow = selected), activity
level (red = sedentary,

green = active), and linetype/
activity interaction (CA:
control/active, CS: control/
sedentary, SS: selected/
sedentary, SA: selected/active)
as computed from group
correlation matrices. Error bars
indicate the 95% confidence
limits, while horizontal bars are
the mean of the resampled EV.
Observed mean is shown.
(Color figure online)

Fig. 3 Distributions of
resampled eigenvalue variance
(10,000 replicates) for linetype
(white = all, blue = control,
yellow = selected), activity
level (red = sedentary,

green = active), and linetype/
activity interaction (CA:
control/active, CS: control/
sedentary, SS: selected/
sedentary, SA: selected/active)
as computed from group
variance/covariance matrices.
Error bars indicate the 95%
confidence limits, while
horizontal bars are the mean of
the resampled EV. Observed
mean is shown. (Color figure
online)
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lower average autopod correlations. Interestingly, these
elements also exhibit significantly significantly lower
variances or higher means, which suggests that the

magnitude of the correlations, and thus of matrix similarity
and integration, are in part driven by the effect that
reductions in zeugopod ranges have on these estimates.
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A more telling statistic is that the SA group has the
lowest repeatabilities, indicating some degree of estimation
error for the correlation/covariance structure of this group.
This interpretation is not altogether surprising given the
small sample sizes used here and the potential effect of the
selection regime on reducing population heterogeneity. As
variance is a necessary prerequisite for covariance, and in
the SA case the VCV measures are low or unstable, lower
integration and a mildly altered correlation structure are a
predictable outcome. However, given the overall similari-
ties, small effects, and the potential for estimation error, we
lean toward the conservative interpretation that there is no
meaningful change in correlation structure in the SA group
relative to the others. This conclusion is further supported
by the strong correlations in response vectors for all VCV
matrices. The alternative interpretation, that reduced vari-
ance in these elements and consequent changes in
measured covariance reflect a real biological effect due to
either selection or activity is plausible, but not convincing,
given the other evidence. Only a larger sample size under
these experimental conditions can adequately discriminate
these alternatives.

The effects measured here when comparing Active and
Sedentary groups were active over ontogenetic time (i.e.,
they occurred from weaning until adulthood), but the
measurements only reflect an average of these effects over
time, and so any conclusion about their impact on earlier
timepoints is speculative. That said, one could argue that
the similarity among groups in correlation/covariance
structure at the time of collection implies constancy at
earlier postnatal timepoints. The alternative scenario is that
correlation/covariation structure fluctuates over ontogeny,
but at a later timepoint a similar covariance structure is
converged upon despite the effect of different selection
regimes and activity patterns. Although we prefer the for-
mer scenario from a pure parsimony standpoint, the latter
cannot be ruled out with this dataset. Additionally, a
number of studies have documented fluctuations in inte-
gration over ontogeny (Cheverud et al. 1983; Cheverud and
Leamy 1985; Zelditch 1988; Zelditch and Carmichael
1989; Cane 1993; Ackermann 2005; Ivanovic et al. 2005),
so this question remains open. For example, if these epi-
genetic factors do not have an effect on integration, then
other interactions that do not vary in these groups may have
driven the convergence in integrative pattern. In either
case, the role of activity level as an epigenetic factor in
establishing this integrative pattern appears to be minimal.

That said, even though the effect of increased activity and
selective breeding on canalization and integration is negli-
gible in the present analysis, this result does not necessarily
imply that postnatal activity level does not play a role in
structuring trait variation, correlation or covariance.

Although epigenetic interactions associated with locomotor
activity level might not radically alter variance or covari-
ance, they may play a role in maintaining established
patterns. For example, one might hypothesize that there is a
baseline level of postnatal activity that is necessary to
maintain the “normal” patterns of variance and covariance
found in control mice, but increased levels of activity do not
further contribute to these measures. Means and variances
may also be unaffected due to a low magnitude of effect on
the bones, e.g., if the limb bones of mice were relatively
overdesigned for loads and thus resistant to the effects of
muscular interactions. If this were the case, then investiga-
tions of earlier timepoints and/or use of models in which
neuromuscular coordination is impaired or locomotor
activity is restricted (e.g., via hindlimb suspension: Haus-
chka et al. 1988; Park and Schultz 1993) would be necessary
to determine to what degree activity and associated mus-
cular movement is necessary and/or contributes to the
overall signal of variance in the limbs. For example, in mice
with defects to neuromuscular control or in muscle mor-
phology, is canalization reduced (i.e., variance increases)
and does integration become weaker (i.e., reduced covari-
ation) or break down (i.e., changes in correlation structure)?

In conclusion, we did not find strong evidence for
changes in canalization or integration associated with
postnatal activity level, either through access to exercise,
selection for high locomotor activity, or a combination of
the two. With some exceptions, these results generally
support a model of variability in which adult variance and
covariance structure are either unaffected by or main-
tained by these particular postnatal epigenetic interactions.
As such, epigenetic interactions that are predicted to
increase with postnatal activity level may not play a for-
mative role in terms of adult morphological canalization
or integration, but rather may contribute to maintaining
morphological patterns generated earlier in development
or by other integration-contributing factors. Further anal-
yses explicitly focused on the ontogeny of epigenetic
effects impacting integration are needed to test these
hypotheses.
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