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The degree to which developmental systems bias the phenotypic effects of
environmental and genetic variation, and how these biases affect evolution,
is subject to much debate. Here, we assess whether developmental variabil-
ity in beetle horn shape aligns with the phenotypic effects of plasticity and
evolutionary divergence, yielding three salient results. First, we find that
most pathways previously shown to regulate horn length also affect
shape. Second, we find that the phenotypic effects of manipulating divergent
developmental pathways are correlated with each other as well as multi-
variate fluctuating asymmetry—a measure of developmental variability.
Third, these effects further aligned with thermal plasticity, population differ-
ences and macroevolutionary divergence between sister taxa and more
distantly related species. Collectively, our results support the hypothesis
that changes in horn shape—whether brought about by environmentally
plastic responses, functional manipulations or evolutionary divergences—
converge along ‘developmental lines of least resistance’, i.e. are biased by
the developmental system underpinning horn shape.
1. Background
Organismal form and function emerge through the integration of genetic and
environmental factors through development, a process prone to produce some
phenotypic outcomes more often than others [1–5] (a phenomenon referred to
as developmental variability [6]). If so, development has the potential to bias
direction and strength of phenotypic effects resulting from environmental or gen-
etic influences, which in turn may shape evolutionary trajectories so as to align
preferentially along primary axes of developmental variability [6]. Yet, the role
of developmental variability and the resulting bias in making some evolutionary
trajectories more likely than others remains disputed. Here, we investigate how
developmental variability in complex morphologies relates to environmental
plasticity and micro- as well as macroevolutionary variation.

It has long been recognized that evolution ismore likely to occur in somedirec-
tions than others. Most prominently, the genetic variance–covariance matrix (G)
has been shown to bias evolutionary change along ‘genetic lines of least resistance’
(i.e. gmax, [7–9]). Genetic covariances arise throughpleiotropyand linkage disequi-
librium and ultimately reflect heritable (co)variation in developmental outputs.
However, while G reflects genetic biases in evolution, it does not contain infor-
mation about whether or how these biases relate to developmental variability
and its role in evolution [6]. A bettermethod for studying developmental variabil-
ity is to investigate the phenotypic variance and covariance induced by mutation
through the study of the mutational matrix M (e.g. [10–12]). Because mutational
covariances (the off-diagonal entries of M) are driven by pleiotropy, M provides
insights into how genetic effects are funnelled through developmental systems
to shape phenotypic outcomes. M thus indicates the phenotypic directions in
which (random) genetic perturbations are likely to have the strongest effects.
However, developmental variability may be influenced by, but does not strictly
require genetic (co)variation. By quantifying naturally occurring fluctuating
asymmetry (FA), we here take an alternative approach to study how
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(a)

(b)

Figure 1. Males of the bull-headed dung beetle develop into minor (a) and
major (b) horn morphologies. Shape variation was quantified using four land-
marks (black circles) and 28 semi-landmarks (open circles). (Online version in
colour.)
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developmental variability relates to the effects of genetic and
environmental perturbations and evolutionary divergence.

Despite generally strong stabilizing selection on develop-
mental outputs, interactions occurring during ontogeny
across levels of organization—from gene regulation and cellu-
lar transduction to tissue formation and endocrine signals—
induce stochastic developmental variation, even in the absence
of genetic or environmental perturbation [13,14]. Focusing on
this intrinsic developmental stochasticity, we here take
advantage of multivariate FA in trait shape to quantify devel-
opmental variability independent of environmental and genetic
variation [15–17]. In bilaterally symmetric organisms, the left
and the right side of the same individual share the exact
same genotype and environment, yet, there are often slight
differences between both sides that can be attributed to devel-
opmental interactions (after accounting for measurement error
and directional asymmetry, and assuming somatic mutational
effects are negligible, see [18]). Measurements of FA thus allow
to disentangle genetic and environmental (co)variation from
developmental (co)variation. FA therefore provides insights
into alternative—but naturally occurring—morphological
variants produced by the same developmental system. As
such, FA reveals the degree and type of trait (co)variation
(or integration, see [19]) that is produced by a developmental
system itself and thus provides information about a
trait’s developmental architecture and variability. If this
developmental variability biases the effects of genetic and
environmental perturbations on phenotype formation, we
expect FA to predict trait variation across several levels of bio-
logical organization. We test this hypothesis by quantifying
developmental variability in the horns of dung beetles and
by assessing the degree to which it predicts the phenotypic
effects of (i) developmental genetic variation induced by
functional genetic manipulations, (ii) environmental pertur-
bations caused by thermal plasticity and (iii) evolutionary
divergences among populations and species.

Males of the bull-headed dung beetle Onthophagus taurus
develop a pair of exaggerated and strongly nutrition-sensitive
head horns (see figure 1). Horn length has a sigmoidal scaling
relationship with a steep threshold that separates small
‘minor’ males that only develop minute horns from large
‘major’ males that develop a pair of elongated head horns
used in male–male combat ([20], see figure 1). The develop-
mental processes and pathways involved in the nutritional
plasticity and evolution of beetle horn morphology—includ-
ing the doublesex, hedgehog, insulin and serotonin signalling
pathways (reviewed in [21])—have been heavily investigated.
However, so far, most studies have focused on measurements
of horn length, which only capture one aspect of morphologi-
cal variation. This has two major implications. First, other
aspects of beetle horn morphology, such as components of
shape, continue to be poorly understood despite strong
intra- and interspecific variation (but see [22–24]). Second,
the degree to which functional genetic manipulations recapi-
tulate plastic and genetic variation in horn morphology
remains entirely unclear. Using a multivariate approach, we
here aim to quantify similarities between developmental
and evolutionary covariation in horn shape while controlling
for the effects of horn size and scaling.

Specifically, we use geometricmorphometrics to investigate
the developmental genetic basis of horn shape variation and
the role of developmental variability in its evolution. First, we
assess patterns of naturally occurring FA in horn shape in
wild-caught individuals as an estimate of developmental varia-
bility. Second, we reanalyse previous functional genetic
manipulations of serotonin signalling [25], Notch signalling
[23], limbpatterning [26], sex determination [27], insulin signal-
ling [28], Fat signalling and histone(de)acetylation [29] to test
whether genes previously shown to affect horn length also
impact horn shape, and assess the extent towhich developmen-
tal variability predicts the phenotypic effects of functional
genetic manipulations. Lastly, we ask whether developmental
variability also predicts environmentally plastic responses
and evolutionary differentiation on different evolutionary
scales. Taken together, our data suggest that the architecture
of developmental systems predicts the effects of functional gen-
etic manipulations, environmental plasticity, as well as
evolutionary divergence—a finding consistent with the hypoth-
esis that developmental bias shapes genetic, environmental and
evolutionary (co)variation over long timespans.
2. Material and methods
(a) Data collection
To investigate the evolution and development of horn shape, we
used a two-dimensional geometric morphometric approach. For
each of the datasets described below (FA, functional genetic
manipulations, environmental plasticity and evolutionary
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divergence), we took pictures of beetle head horns using a digital
camera (Scion) mounted on a Leica MZ-16 stereomicroscope. The
final dataset included measurements for several wild-caught and
laboratory-reared populations of Onthophagus taurus, one wild-
caught population of the closely related Onthophagus illyricus,
as well as laboratory-reared individuals of the more distantly
related Digitonthophagus gazella (see electronic supplementary
material, table S1 for a description of treatment and morph-
specific sample sizes).

TpsDig2 [30] was used to quantify horn shape using four land-
marks and 26 semi-landmarks (following [23,24]; see figure 1). The
landmarks of all 1044 specimens were subjected simultaneously to
a Procrustes analysis in the R-package geomorph [31]. The position
of semi-landmarks was optimized by minimizing bending energy.
Centroid size was extracted as a shape-independent measure of
overall structural size [32]. These Procrustes coordinates were
then used for further analysis for each dataset separately (described
below). Because horn shape shows strong morph-specific allo-
metric variation [23], male morph (minor/intermediate versus
major) and centroid sizewere included as fixed effects and as inter-
actions with treatment. Because ‘intermediate’males are very rare,
we pooled intermediate males with minor males.

(b) Fluctuating asymmetry as an estimate of
developmental variability

To assess FA, we measured the shape of the left and right horn of
63 wild-caught major males collected in North Carolina and Vir-
ginia, USA. Photographs and measurements were taken twice to
account for measurement error due to positioning and digitization
(rendering a total number of 252 measurements for each of the 60
variables (30 two-dimensional landmarks)). The statistical signifi-
cance of FA was assessed by testing for an individual-by-side
interaction using a Procrustes ANOVA (using the individual-by-
side-by-measurement as error term). The FA-component, i.e. the
specimen-specific deviation from symmetry adjusted for direc-
tional asymmetry, was then extracted (using the function
bilat.symmetry in the R-package geomorph [31]).

(c) Functional genetic manipulations
To test whether developmental variability predicts the effects of
developmental genetic perturbations, we tested how functional
genetic manipulations affect horn shape. To this end, we
measured individuals generated for several previous functional
genetic experiments that investigated the effects of RNA interfer-
ence (RNAi) or pharmacological manipulations of several major
developmental pathways in the development of horn length. We
chose these pathways because their previously documented
function in the development of horn length raised the possibility
that they may also be affecting horn shape, thereby putting us in a
position to compare and contrast these effects to those of devel-
opmental variability as assessed by FA. Specifically, we chose
functional genetic manipulations of the following pathways:
(i) serotonin signalling: inhibition of serotonin biosynthesis
through the application of alpha-methyl-p-tyrosine (AMPT)
[25], (ii) Notch signalling: RNAi-mediated gene expression
knockdown of serrate (ser) [23], (iii) limb patterning: Distal-less
(Dll) RNAi [26], (iv) sex determination: doublesex (dsx) RNAi
[27], (v) insulin signalling: Forkhead box, subgroup O ( foxo)
RNAi [28], (vi) Fat signalling: dachs (d) (Hu et al. in preparation)
and (vii) histone (de)acetylation: histone deacetylase 3 (HDAC3)
RNAi (Hu et al. in preparation). For each functional manipu-
lation, we acquired Procrustes coordinates (as described above)
for individuals subjected to RNAi or pharmacological treatments
as well as the respective control injections. Procrustes ANOVAs
(with randomized residual permutation procedure and type II
sums of squares, as implemented in the R packages geomorph
and RRPP [33]) were used to test for the effects of each develop-
mental manipulation on horn shape. We fitted horn shape
(Procrustes variables) as a function of log centroid size (CS),
treatment (T ), morph (M ) and all interactions as follows:

S ~b0 þ b1CSþ b2T þ b3Mþ 1,

where S represents the matrix of Procrustes shape variables (30
two-dimensional landmarks), b0 is a vector of intercepts, b1 is
the vector of partial regression coefficients for centroid size, b2

for treatment and b3 for morph, respectively. 1 is the error
term. Non-significant interactions were removed. For each analy-
sis, we only included those control individuals that were reared
simultaneously with the treatment groups (e.g. we only com-
pared Dll dsRNA-injected animals to control animals that
were reared for the same experiment (i.e. [26]), and not all
buffer-injected animals generated across studies).

To test whether functional genetic manipulations of different
pathways had similar or divergent morphological effects on each
morph, we quantified the shape deformation caused by each
manipulation using separate multiple multivariate models. For
each manipulation and morph, we fitted horn shape (Procrustes
variables) as a function of treatment (T; i.e. dsRNA/pharmaco-
logical injection versus buffer injection) and log centroid size
(CS), as follows:

S ~b0 þ b1CSþ b2T þ 1,

where S represents a matrix of Procrustes shape variables and b1

and b2 are the vectors of partial coefficients relating to the shape
deformations due to size and treatment, respectively. The treat-
ment vector (b2) then describes the effect on horn shape caused
by the manipulation of a specific pathway (e.g. serotonin signal-
ling) while accounting for the confounding effects of allometric
variation. If significant, the partial effects of treatment for each
developmental manipulation were extracted and compared to
each other. The similarity between shape effects was quantified
using pairwise vector correlations as follows:

r bj , bk
¼ jbj � bkj

kbjk � kbkk
,

where the numerator denotes the dot product of the two vectors
of partial coefficients for the effect of treatments j (e.g. dsxRNAi)
and k (e.g. foxoRNAi) on shape, while the denominator represents
their norms [34,35]. This vector correlation provides a quantitat-
ive assessment for the alignment between the effects of the two
developmental manipulations being compared. Values close to
1 indicate that manipulations induce very similar shape changes.
If r is close to 0, the shape effects of different manipulations are
unrelated. Bias-corrected and accelerated bootstrap (BCa) confi-
dence intervals were calculated based on 9999 non-parametric
bootstrap replicates.
(d) Comparing the phenotypic effects of developmental
perturbations with fluctuating asymmetry

To test whether the shape changes due to FA aligned with develop-
mental manipulations we used two complementary approaches.
First, we extracted the variance–covariance matrix of the FA shape
component D, which summarizes developmental covariance. To
test whether the treatment effects of functional genetic manipula-
tions align with D, we computed pairwise vector correlations
between the vectors of coefficients related to treatment effects bi

(e.g. bdsx) and the first two principal components ofD that together
accounted for 64 per cent of the total variation. We then tested
whether the observed vector correlations were larger than expected
under a uniform distribution (see [36]). Although our dataset con-
tains 60 landmark variables, Procrustes superimposition and semi-
landmark sliding results in the loss of four dimensions for position,
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scaling, and rotation as well as approximately half a dimension for
each semi-landmark, leading to the loss of 30 out of all 60 dimen-
sions. We thus used the expected distribution of correlation
coefficients under a unifrom distribution in 30 dimensions to
assess the significance of our observed vector correlations.

Second, we quantified the amount of FA variance in the
direction of the shape change vectors associated with the
functional genetic manipulation as follows:

ebi
¼ b0

iDbi

jbij2
,

where β is the shape deformation vector and D is the variance–
covariance matrix of the FA component (see [37] for a similar
approach). This gives the amount of FA variation in the direction
of the shape change caused by the developmental manipulation
(this is equivalent to estimates of evolvability that quantify the
amount of variation in the genetic (co)variance matrix G in the
direction of a selection vector, e.g.: [38]). If developmental manip-
ulations cause shape deformations primarily in directions of D,
we expect ebi

to be large (i.e. close to the first eigenvalue of D).
To test whether ebi

is larger than expected under a null model,
we used two complementary approaches. First, we permuted
the FA shape component 10 000 times. For each iteration, we cal-
culated D and ebi

, and tested whether our observed value is
larger than expected under this null model. Second, we gener-
ated 10 000 random variance–covariance matrices with the
same dimensionality and trace as our original D. The first 30
eigenvalues of the simulated matrices were forced to be identical
to those of D while the remaining eigenvalues were set to zero
(using the R-package clusterGeneration [39]). We then tested
whether the observed relationship between bi and D is larger
than between bi and the simulated matrices.

(e) Environmental plasticity
To test whether developmental variability is aligned with the
effect of environmental plasticity, we compared FA to the effect
of rearing temperature. To this end, we measured horn shape
in males from four populations throughout the North American
range that were reared at 19°C or 27°C (see [40]). Because very
few minor males developed at 27°C, we were unable to test for
temperature effects on minor/intermediate horn shape. A Pro-
crustes ANOVA was used to test for the effects of rearing
temperature (Tem) on horn shape while accounting for population
differences (Pop) and log centroid size (CS) as follows:

S � b0 þ b1CSþ b2Popþ b3Temþ 1:

We then extracted the partial coefficients of the temperature
effect and compared it to the effects of functional genetic manip-
ulations and FA as described above. The effect of population was
not significant, indicating that the recently established populations
in North America do not differ in horn shape.

( f ) Evolutionary divergence
We investigated the extent to which developmental variability
predicts evolutionary divergence at three different levels. First,
we tested for intraspecific population differences among O.
taurus collected in the Eastern US and Western Australia [41],
the two most divergent populations in terms of static horn
length allometry and life history [42]. These animals were
reared simultaneously under laboratory conditions (note that
the analysis of thermal plasticity (above) did not indicate signifi-
cant levels of divergence among populations in the recently
established North American populations). Second, we investi-
gated macroevolutionary divergence in horn shape between O.
taurus and its sister species O. illyricus (collected at Monte
Cucco, Italy in 2021). Both taxa are morphologically very similar
although they diverged ca 3–4 Ma [43]. Lastly, to investigate horn
divergence on a larger evolutionary scale, we also compared O.
taurus to D. gazella, a species in a different genus that also devel-
ops a paired set of head horns with a similar morphology [24].

To test for evolutionary divergence at the population, sister
species and genus level, we used Procrustes ANOVAs fitting
horn shape as a function of evolutionary lineage (L) (i.e. Ameri-
can versus Australian population of O. taurus, O. taurus versus
O.illyricus or O. taurus versus D. gazella) taking log centroid
size and male morph, as well as all interactions into account.
We then extracted partial coefficients of population or species
divergence for each morph from the following model:

S � b0 þ b1CSþ b2Lþ 1:

These partial coefficients were compared to the effects of func-
tional genetic manipulations, FA and environmental plasticity
using vector correlations as described above.
3. Results and discussion
(a) Developmental variability in dung beetle horn

shape
To quantify developmental variability, we investigated pat-
terns of FA. Horn shape of major males showed significant
levels of FA (individual-by-side interaction tested against
the individual-by-side-by-measurement interaction: F62,126 =
3.29, p < 0.001, n = 252), indicating environment and geno-
type-independent developmental variation. FA was related
to the curvature of the horn, suggesting that random develop-
mental perturbations are most likely to cause changes in horn
curvature, rather than other components of horn shape. If
such developmental bias shapes plasticity and evolution,
we expect the latter to fall along major axes of FA variation.

(b) Correlated effects of functional manipulations and
fluctuating asymmetry indicate developmental bias

All functional manipulations that were previously shown to
affect horn length also affected horn shape, although the var-
iance explained by treatment effects was often small in the
multivariate models (see electronic supplementary material,
table S2). These effects were often morph-specific and in
some cases also affected nutritional scaling itself (see electronic
supplementary material, table S2). Especially strong effects
were found when manipulating dsx expression in minor
males and d, HDAC3, and Dll in major males (figures 2
and 3). While some manipulations increased the relative
width of the horn in major males (e.g. HDAC3RNAi, dRNAi

and DllRNAi), a vast majority affected its curvature (figures 2
and 3). This was also evident when quantitatively comparing
shape change vectors (figure 4). Almost all manipulations
found in minor males correlated with each other. Similarly
strong alignments were found in major males. This alignment
could be explained if all functional genetic manipulations
ultimately target the same developmental genetic, cellular
transduction or metabolic pathway. However, the RNAi and
pharmacological targets selected in this study manipulate pro-
ducts that do not, at least on the surface, function in the same
process. For instance, Dll encodes a transcription factor that
patterns proximo-distal axis formation by determining distal
identity and is expressed in very few select tissue regions
(e.g. the tip of the horn, [26]), foxo encodes a transcription
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1 mm
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DIIRNAi

dRNAi HDAC3RNAi

Figure 2. Examples of the effect of functional genetic manipulations on major male horn shape. RNAi-mediated gene expression knockdown of Distal-less (DllRNAi),
dachs (dRNAi) and Histone deacetylase 3 (HDAC3RNAi) had strong effects on horn shape and strongly increased the curvature of the horn compared to buffer-injected
control animals. (Online version in colour.)
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factor that is best known for regulating growth responses to
nutrient depletion across the entire body (e.g. [44]), HDAC3
encodes an enzyme that alters heterochromatin accessibility
by removing acyl groups, dsx encodes an alternatively spliced
transcription factor that conveys somatic sex identity [45] and
in males is expressed in the entire horn primordium, whereas
serotonin is a biogenic amine that has primarily been studied
in its function as a neurotransmitter [46]. When considering
the diversity of biochemical products targeted by our manipu-
lations, the correspondence in phenotypic changes seen across
treatments can therefore not be explained through their partici-
pation in a simple, singular developmental pathway. However,
developmental systems giving rise to complex traits such as
beetle horns often integrate inputs from diverse sources.
Hence, although gene products may perform independent
functions on the level of organelles, cells or tissues, they may
well act in combination and/or through each other in the for-
mation of larger structures. For instance, DSX may help
determine which cells in the developing horn primordium
are responsive to FOXO and which are not by designating a
larger or smaller population of cells as male depending on
nutritional conditions (somatic sex determination in insects is
typically mosaic, with most epidermal cells not possessing
any identity; [47]). Alternatively, or in addition, DSX and/or
DLL may determine in a region-specific manner how
HDAC3 shapes chromatin configurations in horn primordial
cells, thereby regulating the accessibility of genes such as ser
and d to other transcription factors. If so, the similarity in phe-
notypic effects across diverse manipulations would reflect the
action of a tightly integrated network of developmental inter-
actions that is more likely to affect the curvature of the horn
than any other morphological aspect. In other words, the phe-
notypic effects of functional genetic manipulations might be
driven by developmental variability.

To assess whether functional manipulations align with
the main axes of developmental variability, we next tested
for an alignment with FA. Surprisingly, the effects of all
developmental genetic manipulations were aligned with
either the first or the second PC of the fluctuating asymmetric
shape component (explaining 39.4 and 24.8% of the total



buffer injection

serRNAi

buffer injection
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dRNAi
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HDAC3RNAi
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dsxRNAi
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(b)

Figure 3. Effect of functional genetic manipulations on major (a) and minor (b) horn shape. Deformation grids show changes relative to the average shape of
control-injected individuals (the effect of serotonin signalling manipulation (AMPT injection) on horn shape was magnified twofold). DllRNAi and dsxRNAi could only
be assessed in majors or minor males, respectively.
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variation, respectively; figure 4) and were more strongly
aligned with the developmental (co)variance matrix D than
expected by chance (all p < 0.001). This indicates that natu-
rally occurring developmental covariance due to FA
predicts the phenotypic effects of developmental manipula-
tions induced by RNAi or pharmacological treatments. The
similarities between the phenotypic effects of functional gen-
etic manipulations of various, seemingly unrelated pathways
and the association with FA therefore suggest that develop-
mental variability shapes and channels the effects of
developmental genetic perturbations.

(c) Environmental plasticity and evolution along
‘developmental lines of least resistance’

To assess whether developmental variability also predicted
environmental plasticity and heritable variation, we next inves-
tigated thermal plasticity and population and species
divergence in horn shape. We found significant horn shape
differences due to thermal plasticity (F1,97= 3.00, p = 0.033,
electronic supplementary material, table S3), population differ-
entiation in major males between American and Australian
populations (F1,66= 13.86, p = 0.001; but not in minor males:
F1,40= 2.31, p = 0.100, electronic supplementary material,
table S3), and species differences betweenO. taurus and its syn-
topic sister species O. illyricus (major males: F1,355 = 51.59, p <
0.001; minor males: F1,163 = 227.32, p < 0.001). These effects
were again related primarily to the curvature of the horn (see
figure 5) and were aligned with the effects of various develop-
mental manipulations (figure 4). For instance, in major males,
the effects of gene expression knockdowns of d, Dll and ser
not only correlated with the effects of serotonin biosynthesis
inhibition, but also the changes associated with population
differentiation between North American and Australian popu-
lations that were first established in the late 1960s [48,49].
Similarly, the effects of DllRNAi and HDAC3RNAi correlated
not just with each other but also with the interspecific differ-
ences between O. taurus and its sister species O. illyricus.
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Figure 4. Pairwise correlations between the effects of functional genetic manipulations, plasticity, evolutionary divergence and FA on horn shape (PC1 (explaining
39.4% of the total variation) and PC2 (24.8%) of the covariance matrix of the FA shape component). Only manipulations that had significant effects in the respective
morph are shown. Correlations larger than expected under a uniform distribution in 30-dimensional space are indicated with an asterisk (see [36]). (Online version in
colour.)
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Figure 5. Phenotypic changes associated with FA (PC1 (a) and PC2 (b)), thermal plasticity (c) and evolutionary divergence on different levels for major horn shape
(d–f ), (d ) population divergence in O. taurus, (e) divergence between sister species and ( f ) divergence between distantly related speices. Pictures show defor-
mations relative to the average shape (magnification is indicated).
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While these alignments may indicate that the pathways are
causally involved in shaping plastic or genetic divergence, it
is also possible that the developmental bias discussed above
might shape these overlapping patterns.

To assess the potential role of developmental variability in
shaping evolution on longer timescales, we next testedwhether
FA aligned with macroevolutionary divergences. We found
that the vector of evolved differences between the sister species
O. taurus and O. illyricus aligned with the direction of the first
principal component of the developmental (co)variance matrix
D (r = 0.67) andwasmore closely alignedwithD than expected
by chance (p < 0.001) even though the two species diverged ca
3–4 Ma [43]. This is consistent with the hypothesis that devel-
opmental architectures bias macroevolutionary divergence.
Furthermore, D as well as functional genetic effects were
related to evolved morphological difference between O.
taurus and D. gazella, members of two lineages that shared
their last common ancestor about 38 Ma [50]. These findings
recapitulate patterns in other specieswheremutational covaria-
tion predicts evolutionary divergences across millions of years
(e.g. [51]) and systems where developmental integration pre-
dicts phenotypic covariation among individuals [15–17,52].
Collectively, our results support the hypothesis that changes
in horn shape—whether brought about by plastic responses
to environmental change, functional genetic perturbations, or
short and long-term evolutionary divergences—are biased by
the developmental system underpinning horn shape.

It is unclear what mechanisms are responsible for the align-
ment between developmental variability and evolutionary
divergence. One possibility is that developmental variability
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shapes the genetic covariation within a population (i.e. the G
matrix), which, in turn, shapes evolutionary trajectories. If so,
evolution along genetic lines of least resistance [8] may be
underpinned by ‘developmental lines of least resistance’. That
is, the degree towhich genetic variation at a locus is able to con-
tribute to phenotypic changes is channelled by the
developmental systems within which this genetic variation
contributes to interactions among component parts. The obser-
vation that FA correlates with evolutionary divergences on the
level of populations and species further suggests that evolution
does not ‘override’ the effects of developmental covariation.

Lastly, while developmental bias may be an emerging
property of the mechanics of development, it is of course
also an evolved property. This raises the possibility that the
alignments between developmental variability and genetic
divergence reported here could result from developmental
biases shaped by prior periods of selection [6,12,53]. Beetle
horns function in direct male–male combat and, at least horn
length, is related to the likelihood of winning [20]. Horn mor-
phology matches ecology [54] and, in some species, horn
shape matches fighting styles [55,56]. Horn shape is thus
very likely to be under strong (nonlinear) selection. Future
studies in closely related species and estimates of multivariate
selection on horn shape will be necessary to assess whether
developmental variability biases responses to selection, or
whether, in addition, developmental variability evolves such
as to align with axes of variation favoured by selection.
4. Conclusion
Our multivariate analysis of developmental, environmental and
evolutionary variation in horn shape indicates that developmen-
tal variability of complex traits aligns with plastic and micro- as
well as macroevolutionary variation. This is consistent with a
major role of developmental variability (or bias) in shaping phe-
notypic variation, plasticity and evolutionary changes over
considerable timespans. The finding that FA aligns with the
effects of functional genetic manipulations suggests that FA,
which has mostly been discussed in terms of developmental
instability and integration [16,19], may be a useful tool to
study the role of developmental bias in evolution. More broadly,
our study adds to the growing literature suggesting that
developmental architectures influence evolutionary dynamics.
Future research will be necessary to investigate whether
developmental variability is adaptive and shaped by selection.
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