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Abstract
Understanding the evolution of evolvability—the evolutionary potential of populations—is key to predicting adaptation to 
novel environments. Despite growing evidence that evolvability structures adaptation, it remains unclear how adaptation to 
novel environments in turn influences evolvability. Here we address the interplay between adaptation and evolvability in the 
peacock fly Tephritis conura, which recently underwent an adaptive change in ovipositor length following a host shift. We 
compared the evolvability of morphological traits, including ovipositor length, between the ancestral and the derived host 
race. We found that mean evolvability was reduced in females of the derived host race compared to the ancestral host race. 
However, patterns of multivariate evolvability (considering trait covariances) were very similar in both host races, and popu-
lations of the derived host race had diverged from the ancestral host race in directions of greater-than-average evolvability. 
Exploration of phenotypic integration patterns further revealed relatively high levels of independent variation in ovipositor 
length compared to other measured traits, allowing some degree of independent divergence. Our findings suggest that adap-
tation to novel environments can reduce mean evolvability without major changes in patterns of variational constraints, and 
that trait autonomy helps facilitate divergence of functionally important traits.
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Introduction

Variation is the raw material for adaptive evolution. Natural 
selection acts on variation in genotypes, phenotypes and fit-
ness, and the evolutionary potential for response to selec-
tion is determined by standing genetic variation (Barrett 
& Schluter, 2008). There is mounting evidence that evolu-
tionary potential is highly variable across traits and species 
(Hansen & Pelabon, 2021) and that a lack of evolutionary 
potential may constraint adaptive divergence (Arnold et al., 
2001; Bolstad et al., 2014; Bradshaw & McNeilly, 1991; 
Houle et al., 2017; McGlothlin et al., 2018; Opedal et al., 
2023; Schluter, 2000; Voje et al., 2023). A key question is 
therefore how evolutionary potential evolves, and how this 
interacts with patterns of selection to produce specific pat-
terns of evolutionary divergence (Berner et al., 2010; Erouk-
hmanoff & Svensson, 2011; Henry & Stinchcombe, 2022; 
Opedal et al., 2022).

Phenotypic variation plays a prominent role in the theo-
retical framework of evolutionary quantitative genetics, 
as summarized by the ‘Lande equation’ Δz = �� (Lande, 
1979), where Δz represents the change in the population 
trait mean in response to an episode of selection ( � ). This 
framework yields the additive genetic variance–covariance 
matrix ( � ) as a key measure of evolvability, representing 
the response per unit strength of selection ( � = Δz∕� ). 
If G remains relatively stable over time, adaptive evo-
lution could be well understood by combining a single 
G-matrix estimate with data on the dynamics of selec-
tion. However, if G itself evolves (Arnold et al., 2008; 
Jones et al., 2003; Milocco & Salazar-Ciudad, 2022), the 
predictive power associated with a contemporary estimate 
of G is critically dependent on our understanding of the 
dynamics of G (McGlothlin et al., 2018; Steppan et al., 
2002; Walsh & Blows, 2009). Previous work suggests 
that G can evolve, and potential drivers have been identi-
fied through simulations (Jones et al., 2004, 2007, 2014; 
Milocco & Salazar-Ciudad, 2022; Pavlicev et al., 2011). 
Empirical studies assessing evolutionary divergence in G 
have provided somewhat conflicting results, with many 
studies reporting apparent stability over a broad range of 
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time-scales (Henry & Stinchcombe, 2022; Houle et al., 
2017; McGlothlin et al., 2022; Opedal et al., 2022; Puentes 
et al., 2016; Voje et al., 2023) while others have reported 
that G can change rapidly (Björklund et al., 2013; Cano 
et al., 2004; Doroszuk et al., 2008; Walter et al., 2018).

One challenge in studies assessing the dynamics of G is 
the difficulty of formulating testable hypotheses (Pélabon 
et al., 2010). For example, the structure of variance–covari-
ance matrices may be altered following selection (Penna 
et al., 2017; Revell et al., 2010) and ancestral bottlenecks are 
expected to affect current evolvability by reducing genetic 
variation (Nei et al., 1975). A bottleneck may also increase 
genetic variance, however, if there are allelic combinations 
hidden under effects of epistasis, dominance, or the envi-
ronment (Paaby & Rockman, 2014; Whitlock et al., 2002). 
Gene flow among diverging lineages can also alter the struc-
ture of G (Guillaume & Whitlock, 2007), either through 
hybridization in sympatry, or as a consequence of selection 
for avoiding gene flow. For instance, sympatry between two 
recently diverged conspecific species of woodrats have been 
suggested to impact the phenotypic covariance as gene flow 
may increase the combinations of traits available to selection 
(Dochtermann & Matocq, 2016), and experimental sympatry 
in Drosophila increase genetic variance (Blows & Higgie, 
2003).

A pressing question in a changing environment is if spe-
cific selection pressures can reshape trait covariances (Melo 
& Marroig, 2015), hence altering the future potential for 
adaptation. To improve our understanding of the effect of 
selection on evolutionary potential, empirical studies that 
compare variational properties of diverging populations with 
known histories of selection are needed. Estimating G-matri-
ces can be logistically challenging and is rarely achieved for 
more than a few populations. An alternative approach is to 
focus on the structure of the phenotypic variance–covariance 
matrix (P) reflecting the sum of genetic, environmental and 
developmental effects. Assuming that G and P are structur-
ally similar, studies of P can provide a powerful approach to 
the study of how variational properties evolve. In this work, 
we apply the analytical framework of evolutionary quantita-
tive genetics to study the evolution of phenotypic covariance 
structure, which allow us to include a larger set of popula-
tions. This approach has been debated (Willis et al., 1991) 
because developmental and plastic effects can cause P and 
G to differ in structure. However, there is now both theo-
retical (Cheverud, 1988) and substantial empirical (Kohn & 
Atchley, 1988; Porto et al., 2009; Roff & Mousseau, 2005; 
Sodini et al., 2018) evidence that genetic and environmental 
variances are correlated (Hansen et al., 2011). The result-
ing correlation between phenotypic and genetic variances is 
particularly strong for morphological traits, as demonstrated 
e.g. by recent work with fruit flies (Houle et al., 2017; Roh-
ner & Berger, 2023; Saito et al., 2023).

Colonization of new environments provide excellent 
opportunities to address how variation in characters under 
selection evolve, as changes in selection pressures can be 
inferred from niche differences, and comparisons to ances-
tral states provide a natural control. Host shifts are especially 
well suited to assess how evolutionary potential evolves in 
a novel environment because we know a priori that ances-
tral and derived populations are evolving towards different 
phenotypic optima (Assis et al., 2016). Because changes in 
P following a host shift can arise from either stochastic loss 
of variation (genetic drift) during the colonization process 
or effects of selection on variation, comparing traits hypoth-
esized to be under divergent vs. stabilizing selection in the 
ancestral and novel environments may yield insights into the 
relative importance of these processes. Here, we leverage a 
recent host shift in the peacock fly Tephritis conura (Diegis-
ser et al., 2006a, 2006b, 2007, 2008; Nilsson et al., 2022; 
Steward et al., 2023) to empirically study the evolution of 
variation during population divergence.

Adult T. conura flies oviposit into the buds of Circium 
thistles, and larvae and pupae develop within the buds. The 
ancestral host plant is Cirsium heterophyllum, and some 
flies have undergone a recent host shift to C. oleraceum in 
Northern Europe (Romstock-Volkl, 1997). Whole-genome 
sequencing data support the presence of two genetic clusters, 
one for populations infesting the ancestral host race C. het-
erophyllum and one for populations infesting C. oleraceum 
(Steward et al., 2023). The patterns of population clustering 
and historical population sizes are consistent with coloniza-
tion of the C. heterophyllum specialized populations east 
of the Baltic and the northern population west of the Baltic 
from the east, whereas the southern population differs in 
genomic composition (Steward et al., 2023). The derived 
host race appears to have originated prior to the last glacial 
maximum, and the populations that have colonized from 
the south are genetically similar east and west of the Baltic 
(Fig. S1; Steward et al., 2023). The presence of populations 
of both host races from both east and west of the Baltic pro-
vides a possibility to test the effect of host race on variation 
across a set of different environments. Moreover, the host 
races specializing on the two different host plants coexist 
geographically in a broad zone where the southern C. olera-
ceum and the northern, ancestral, C. heterophyllum are both 
common (Fig. 1a), enabling us to test if regional coexistence 
with the other host race affects variation.

There is evidence of adaptation to the specific host plants, 
most clearly in the length of the ovipositor. Flies infesting C. 
oleraceum have shorter ovipositors (mean = 1.65 ± 0.1 mm) 
than flies infesting C. heterophyllum (1.76 ± 0.1 mm; Nils-
son et al., 2022), matching the respective bud sizes of the 
plants (Romstock-Volkl, 1997). This pattern is consistent 
with selection on the ovipositor to match the bud size of 
the derived host plant (Diegisser et al., 2007; Nilsson et al., 
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2022) and is likely genetically determined (Diegisser et al., 
2007). Other traits have diverged less between the host races 
(Table S1-2; Nilsson et al., 2022). Given the observed diver-
gence we expect historical and potentially current directional 
selection on the length of the ovipositor in the derived host 
race (Diegisser et al., 2007; Nilsson et al., 2022), whereas 
selection has likely been stabilizing in the ancestral host 
race. Moreover, there is empirical evidence for strongly 
reduced survival on the alternative host plant (Diegisser 
et al., 2008), suggesting strong host-plant-mediated selec-
tion. Such selection may have altered the structure of the 
phenotypic variance–covariance matrix (P) in the derived 
host race. In this study, we test hypotheses about the evolu-
tion of evolvability following colonization of a new host 
race by assessing variational patterns following population 
divergence in T. conura.

Methods

To assess variation in evolvability and how this is affected 
by the colonization of a new niche in T. conura, we meas-
ured morphological traits of flies (see “Quantification of 
Trait Values” section) from the ancestral and derived host 
races (see “Population Sampling” section and Fig. 1a) to 
estimate P-matrices, which were in turn used to quantify 
evolvability (see “Estimating P-Matrices and Measuring 
Evolvability” section). First, we test the hypothesis that 
the host shift has altered evolvability (see “The Effect of a 
Host Shift on Evolvability and P-Matrices” section). To this 
end, we compared mean evolvability and P-matrix structure 
between the host races. Second, to test the hypothesis that 
the evolvability in populations that coexist regionally with 
the alternative host race is higher than in allopatric regions 
due to gene flow between the host races, we compared mean 

evolvability between sympatric and allopatric populations 
(see “The Effect of Coexistence on Evolvability” section). 
To test the additional hypothesis that the inferred direc-
tional selection on the ovipositor in the derived host race 
has affected the phenotypic independence (autonomy) of the 
ovipositor from other traits compared to what is seen in the 
ancestral host race, we also quantified conditional evolvabil-
ity and autonomy (see “Ovipositor Independence” section) 
and compared these between host races. Finally, we test the 
hypothesis that ancestral variation can constitute variational 
constraints on evolutionary divergence (Bolstad et al., 2014; 
Houle et al., 2017; McGlothlin et al., 2018; Opedal et al., 
2023). To do so we first estimated a divergence matrix of 
variance across mean phenotypes across all populations and 
assessed its alignment with the P-matrix of the ancestral host 
race. Then, we specifically asked whether populations of the 
derived host race had diverged in directions of greater-than-
average ancestral variation (see “The Effect of Ancestral 
Evolvability on Divergence” section).

Population Sampling

To examine the distribution of phenotypic variation within 
and among fly populations specialized on the derived and 
ancestral host plant we sampled flies from four populations 
of each host race (Fig. 1a). The two host races are largely 
reproductively isolated due to differences in mating behav-
ior, phenology and reduced survival on the alternative host 
plant (Diegisser et al., 2008; Romstock-Volkl, 1997), yet 
there is tentative evidence of gene flow between them (Die-
gisser et al., 2006b; Steward et al., 2023). To examine how 
variational properties (P-matrix structure) vary across host 
plant races and between allopatric and sympatric regions, 
we sampled two allopatric and two sympatric populations 
of each host race, one on each side of the Baltic (Fig. 1a). 

Fig. 1  Sampling design, host 
plants, and traits investigated. a 
Parallel sampling of allopatric 
and sympatric populations of 
the two host races of T. conura 
flies east and west of the Baltic. 
CH denotes the C. heterophyl-
lum host race and CO denotes 
the C. oleraceum host race. 
b Size measurements of T. 
conura. c The ancestral host 
plant, C. heterophyllum. d The 
derived host plant, C. oleraceum 
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We use the terms sympatric and allopatric to refer to the 
presence of one or both thistle hosts on a regional scale. 
We collected thistle buds infested by T. conura during the 
pupal stage and eclosed adults in a common laboratory envi-
ronment as described in Nilsson et al. (2022). In total, we 
sampled 573 flies (285 females and 288 males) from eight 
different populations with sample sizes ranging between 16 
and 47 (median = 38) for females and between 17 and 50 
(median = 36.5) for males (Table S3).

Quantification of Trait Values

The data collection and data are described and illustrated 
in detail in Nilsson et al. (2022) and can be summarized as 
follows. After collecting T. conura adults, one female and 
one male per bud were euthanized by freezing a few days 
after eclosion. To quantify morphology we used a Cele-
stron 44308 USB microscope to take magnified images. 
We took one lateral image of the fly body after removal 
of the wings and one dorsal image of the right wing on a 
transparent background to enable quantification of melaniza-
tion. We measured body length, ovipositor length (Fig. 1b), 
wing length, wing width and wing area digitally from these 
images. Trait measurements in units of pixels were con-
verted to units of mm using a scale that was included in 
all photographs. All length and width measurements were 
subsequently  loge-transformed, while the area of the wing 
was square rooted, then  loge-transformed to account for dif-
ferences in trait dimensionality. The melanised area of the 
wing was measured through an automated script developed 
in MATLAB (Matlab, 2017) as in Nilsson et al. (2022). 
Because  loge-transformation scale traits proportionally, they 
are comparable to mean-standardization and the measures 
of variance derived from these measurements can be inter-
preted as proportional variances (Houle et al., 2017; Voje 
et al., 2023). All subsequent statistical analyses were per-
formed in R version 3.6.1 (R Core Team, 2019).

Estimating P‑Matrices and Measuring Evolvability

Evolutionary potential—evolvability—can be measured as 
a mean-scaled additive genetic variance (Houle, 1992). For 
multivariate phenotypes, evolvability measures are typically 
derived from mean-scaled additive genetic variance matrices 
(G) (Hansen & Houle, 2008) obtained from quantitative-
genetic breeding experiments. In the following analyses of 
mean-scaled phenotypic variance matrices (P) we will refer 
to patterns of variation as ‘evolvability’ but note that this 
rests on the assumption of strongly correlated environmental 
and genetic variation (Hansen et al., 2011).

We estimated P-matrices by fitting multivariate mixed 
models with the MCMCglmm R package (Hadfield, 2010) 
and subsequently postprocessed the posterior distributions 

with tools from the evolvability R package (Bolstad et al., 
2014). For each model, we sampled the posterior distri-
butions for 1 million MCMC iterations, with a burn-in of 
500000 and a thinning interval of 500. We set uninforma-
tive priors for fixed effects (Hadfield, 2010). We estimated 
different P-matrices to address each research question. To 
test for differences in evolvability between host races, we 
estimated mean P-matrices for each host race while includ-
ing population as a fixed factor. To test for differences in 
evolvability between allopatric and sympatric populations, 
we estimated mean P-matrices for allopatric and sympatric 
populations, while keeping population as a fixed factor. To 
assess whether the sampled populations differed in evolv-
ability, we estimated and compared P-matrices for each 
population separately.

To illustrate the distribution of variation within and 
among populations, we fitted separate univariate linear 
mixed-effect models to  loge-transformed trait values, with 
population as a random effect. We then computed the 
among-population variance component as the variance 
among populations divided by the sum of the among-popu-
lation and residual (within-population) variance.

The Effect of a Host Shift on Evolvability 
and P‑Matrices

To test for differences in evolvability between host races, we 
compared the estimated P-matrices in several ways. First, we 
tested for differences in mean evolvability by deriving poste-
rior means and credible intervals of mean evolvability from 
each estimated P-matrix, and by assessing posterior support 
for a difference in mean evolvability (i.e. the proportion of 
posterior estimates for which the evolvability was greater for 
the more evolvable host race). Then, to assess differences 
in P-matrix shape (i.e. patterns of covariances) between the 
ancestral and derived host race, we correlated the expected 
responses to a set of random hypothetical selection gradi-
ents for the two P-matrices (Hansen & Houle, 2008). We 
generated 1000 random selection gradients drawn from the 
unit sphere, and used the evolvabilityBeta function of the 
evolvability R package (Bolstad et al., 2014) to compute the 
evolvability (expected response) along each selection gradi-
ent for each matrix. Highly correlated expected responses 
would indicate similar shape of the P-matrices.

The Effect of Coexistence on Evolvability

To test the hypothesis that phenotypic variance is higher in 
sympatric flies that coexist with the other host race than in 
allopatric flies, we compared mean evolvability between host 
races in the same way as above.



Evolutionary Biology 

Ovipositor Independence

Patterns of trait divergence allowed us to formulate hypoth-
eses about past or current patterns of selection on differ-
ent traits. The ovipositor is shorter in the derived host race 
(Diegisser et al., 2007; Nilsson et al., 2022), and is thus 
likely to either be or have been under directional selection to 
match the bud size of the derived host plant. The directional 
selection on ovipositor length in the derived host race may 
have depleted the variation in ovipositor length, and of the 
available combinations of ovipositor length and other traits 
within the fly populations. By comparing the autonomy, i.e. 
the fraction of variance in a trait that is not bound up in 
correlations with other traits (Hansen & Houle, 2008), of 
ovipositor length between the ancestral host race and the 
derived host race, we examined if there was evidence for 
reduced autonomy in the derived host race. If the derived 
host race has a lower autonomy of ovipositor length than 
the ancestral host race, it may be an effect of reduced avail-
able variation. We further assessed if the autonomy of the 
ovipositor differed from the autonomies of other traits by 
comparing the autonomy of each individual trait conditioned 
on ovipositor length to the pairwise autonomies of the same 
traits conditioned on other non-ovipositor traits. We also 
evaluated the effect of trait covariances on evolvability using 
the concept of conditional evolvability, which is the response 
to selection in a trait given that correlated traits does not 
change (Hansen et al., 2003). Conditional evolvabilities 
are directly related to autonomy in that conditional evolv-
ability = evolvability × autonomy (Hansen & Houle, 2008). 
To obtain evolvability of traits conditioned on ovipositor 
length, we first conditioned the entire P-matrix on ovipositor 
length by using the conditionalG function of the evolvability 
package (Bolstad et al., 2014), and then computed the ratio 
of the mean evolvability of this conditioned matrix and the 
mean evolvability of the original matrix with the ovipositor 
excluded.

The Effect of Ancestral Evolvability on Divergence

Our sampling of both the ancestral and derived host race also 
allowed us to assess whether populations of the derived host 
race have diverged in directions of comparatively high evolv-
ability. We address this by asking whether patterns of host 
race divergence align with variation within the ancestral host 
race, resulting in divergence in a direction of comparatively 
high evolvability (Schluter, 1996). We investigated this ques-
tion in two complementary ways, following Opedal et al. 
(2023). First, we estimated a variance–covariance matrix 
among  loge-transformed population means (divergence 
matrix, D), and assessed its alignment with P estimated for 
the ancestral host race. Second, we considered the diver-
gence of each population of the derived host race from the 

mean phenotype of the ancestral host race. We computed 
divergence vectors Δxlog from a focal population to the 
mean of the ancestral host race as Δxlog = log(x1) − log(xA ), 
where xA is the vector of mean phenotypes for the ances-
tral host race. We then computed the evolvability along 
Δxlog as e(Δxlog ) = Δxlog TP Δxlog , and compared this to the 
minimum, mean and maximum evolvability of the ancestral 
P-matrix (Opedal et al., 2023; Voje et al., 2023). Divergence 
in a direction of greater-than-average evolvability would be 
consistent with some influence of ancestral variance on 
divergence.

To assess whether the ovipositor plays a particular role in 
driving patterns of divergence, we repeated the divergence-
vector analyses using three different measures of evolvabil-
ity, namely (1) raw evolvability, (2) evolvability conditioned 
only on ovipositor length, and (3) overall conditional evolv-
ability. A different pattern of evolvability in the direction 
of divergence for the latter would indicate that the oviposi-
tor plays a special role in driving patterns of population 
divergence.

Results

Differences among populations explained an average of 
13.4% (range across traits = 2.6–21.9%) of the female trait 
variance in the ancestral host race, and an average of 33.7% 
(range = 26.9%–42.4%) in the derived host race (Fig. 2).

The Effect of a Host Shift on Evolvability 
and P‑Matrices

We found small but detectable differences in evolvability 
between females of the two host races. The mean evolv-
ability for females of the derived host race was 21.9% 
lower than that for females of the ancestral host race (mean 
difference 2.44 ×   10–4 ± 3.94 ×   10–6, posterior support 
99.98%; Fig. 3a and c). To illustrate host race differences 
in P-matrices, we graphically explored the two leading 
axes of the estimated P-matrices, which represented 91.1% 
(male) and 86.9% (female) of the total phenotypic varia-
tion (Fig. S2). Females of the ancestral host race had a 
slightly broader distribution along the first axis compared 
to the derived host race (Fig. 3a). The distribution along 
the second axis was similar for females of both host races 
(Fig. 3a). In contrast, male variances were similar between 
host races (Fig. 3b). More quantitatively, the ancestral and 
derived P-matrices were similar in structure, as indicated 
by a strong correlation between predicted responses to 
a set of random selection gradients (posterior mean  R2 
with 95% CI: 0.94 [0.88, 0.98]), yet the relationship dif-
fered from a one-to-one slope (posterior mean β with 95% 
CI 1.45 [1, 2.01]). The latter reflects the greater size of 
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the ancestral P-matrix and indicates that the derived P 
carries less variation than the ancestral P in directions 
of high variance (Fig. 3a, c). The host race difference in 
female evolvability when excluding ovipositor length is 
a 25.9% reduction in the derived host race (mean differ-
ence = 2.92 ×  10–4 ± 4.24 ×  10–6, posterior support 99.1%). 
Univariate evolvability in ovipositor of the ancestral host 
race was 3.08% higher than in the derived host race (CH-
flies = 0.115 and CO-flies = 0.111).

The male P-matrices were more similar between the 
host races than were the female P-matrices (Fig. 3b), and 
we failed to detect a difference in evolvability between 
males of the two host races. Even though the evolvability 
was 10% lower in the derived host race compared to the 
ancestral host race, the posterior support for a difference 
was moderate (79.6%; Fig. 3d; Table S4).

The Effect of Coexistence on Evolvability

We found no support for the hypothesis that gene flow 
increases evolvability, as there were no detectable differ-
ences in mean evolvability between allopatric and sympat-
ric flies of either sex. Contrary to our prediction, we found 
a 9.7% increase in evolvability in allopatric compared to 
sympatric populations in females (posterior support 23.9%; 
Fig. 3c; Table S4). The patterns in males mirrored those 
found in females (posterior support 13%; Fig. 3d; Table S4).

Ovipositor Independence

The length of the ovipositor was less integrated with the 
other traits investigated, as indicated by greater auton-
omy for traits conditioned on ovipositor length than when 

BL OL WL WW WA MA

Fig. 2  Proportional trait variance among and within populations for 
females of each host race. The lighter portion of each bar represents 
variance among populations and the darker portion represents vari-

ance within populations. Trait abbreviations are BL body length, OL 
ovipositor length, WL wing length, WW wing width, WA wing area 
and MA melanised area
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conditioned on the average trait, consistently in both host 
races (Fig. 4). In females of the ancestral host race, the 
autonomy of an average trait conditioned on ovipositor 
length was 81.2%, whereas it was 89.7% for females of 

the derived host race. In contrast, the autonomy of traits 
when conditioned on the average trait (other than ovipositor 
length) was 45.4% for the ancestral host race and 55.4% for 
the derived host race.

Fig. 3  Comparisons of evolvability between host races, between sym-
patric and allopatric populations, and among populations. a and b 
Representation of phenotypic variation along the first two eigenvec-
tors for females (a) and males (b). Purple represents flies belonging 
to the C. heterophyllum host race and green represents flies belong-
ing to the C. oleraceum host race. Solid squares represent host race 
means, open squares represent population means. Solid ellipses show 
95% confidence interval of the overall measurements per host race, 

whereas the dashed ellipses show 95% confidence interval of the pop-
ulation measurements. c Population and host race mean evolvability 
for all traits in females. d Population and host race mean evolvabil-
ity for all traits in males. Colors indicate host races; triangles denote 
sympatric populations and circles allopatric populations. Solid lines 
represent mean evolvability and dashed lines represent 95% con-
fidence intervals of the mean evolvability, and individual error bars 
represent 95% confidence intervals for each population
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The Effect of Ancestral Evolvability on Divergence

To assess if populations have diverged in directions of high 
evolvability, and thus how well P predicts divergence, we 
correlated the magnitude of evolutionary divergence among 
populations to the magnitude of standing variation in the 
ancestral host race, as given by the diagonal of P. The traits 
line up almost perfectly (β = 1.26 ± 0.41,  R2 = 0.98; Fig. 5).

To complement the trait-focused analyses, we also 
asked if populations of the derived host race had diverged 
in directions of greater-than-average evolvability from the 
ancestral host race. As shown in Fig. 6, this was generally 

the case. The populations of the derived host race had 
diverged by about 13–18% from the mean phenotype 
of the ancestral host race, and always in directions of 
greater-than-average evolvability and conditional evolv-
ability (Fig. 6, Table S5). Patterns were very similar for 
ovipositor-conditioned evolvability, comparative to overall 
conditional evolvability. We also detected a tendency for 
populations diverging in directions of greater evolvability 
to have diverged slightly more (Fig. 6), which corroborates 
the strong correlation between variation and divergence 
(Fig. 5).

ed

Fig. 4  Autonomy (proportional remaining evolvability) of any indi-
vidual trait when conditioned either on ovipositor length or on any 
other trait. Traits are body size, wing length, wing width, wing area 
and melanisation area. Shaded bars represent traits conditioned on 

ovipositor length and filled bars traits conditioned on the average of 
traits other than ovipositor length. Colors represent host race or mode 
of coexistence. Error bars represent 95% credible intervals
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Discussion

We addressed to which extent a recent host shift, exerting 
directional selection on the length of the ovipositor, had 
altered P-matrices in the fly T. conura. Female P-matrices 
were smaller in the derived host race compared to the ances-
tral host race, yet the host races had retained very similarly 
shaped P-matrices. This result is consistent with the find-
ing of reduced overall variation in mice subject to artificial 
selection (Penna et al., 2017). The authors also found that 
evolvability increased in the direction of selection, in con-
trast to our finding. Although we infer net selection on the 
ovipositor from the shorter ovipositor of the derived host 
race and its correspondence with host-plant bud size (Rom-
stock-Volkl, 1997), rather than through direct estimates, this 
difference would be interesting to follow up on in future 
studies. One explanation for the reduction observed in our 
data is past or current directional selection acting on sev-
eral traits following the host shift (Diegisser et al., 2006a, 
2006b, 2007, 2008; Nilsson et al., 2022). Alternatively, 
reduced variation may reflect stochastic losses of variation 
when a subsample of the population colonized the new host 
plant. Interestingly, the variance reduction in the derived 

host race is less pronounced in males (Fig. 3), which holds 
true when comparing females without ovipositor and males 
(Fig S3). Males have similar levels of evolvability as females 
of the derived host race. This difference could reflect his-
torically strong selection on ovipositor length, which may 
have had effects on correlated traits in males, as there is 
no strong evidence for sex differences in additive variation 
generally (Wyman & Rowe, 2014). Exploring further sex 
differentiated trait correlations in this system would be very 
intriguing.

The length of the ovipositor is functionally impor-
tant because a mismatch between ovipositor length and 
bud size results in reduced female reproductive success 
(Romstock-Volkl, 1997). Therefore, the difference in ovi-
positor length between the host races (Diegisser et al., 
2007; Nilsson et al., 2022) likely reflects adaptation to 
the derived host race. Historical directional selection may 
have caused the observed reduction in standing variation 
in females of T. conura, yet it is unclear whether there 
is current directional selection on the length of the ovi-
positor. If the population mean phenotype is already close 
to the optimum associated with the new host plant, the 
ovipositor may currently be under stabilizing selection. 

Fig. 5  Relationship between 
evolutionary divergence 
(D-matrix) and ancestral within-
population variation (P-matrix) 
for all traits. Circles represent 
traits melanisation area, wing 
area, wing width, wing length, 
ovipositor length and body 
length, from left to right. Pos-
terior mean  R2 = 98% [95% CI 
0.96, 0.99]. Thus, evolutionary 
divergence was strongly corre-
lated to the ancestral within-
population variation
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Under this scenario, the reduction in variation may result 
from a combination of the influence of past directional and 
current stabilizing selection on the ovipositor, and possi-
bly correlated responses to stabilizing selection on other 
morphological traits. Future work measuring selection on 
the ovipositor would be necessary to shed light on current 
selection pressures.

The influence of selection on the ovipositor on correlated 
traits would be reduced if the ovipositor can evolve inde-
pendently from other characters (Armbruster et al., 2014; 
Klingenberg, 2008; Wagner & Altenberg, 1996; Wagner 
et al., 2007). Using the concepts of conditional evolvability 
and autonomy, we demonstrated that this is at least partly 
true, because the covariance between ovipositor length and 
other traits reduced available variation less than did the 
covariances among other traits when conditioned among 
themselves (Fig. 4). This suggests that the ovipositor may 
be, to some extent, developmentally and functionally sepa-
rated from the other study traits. Because autonomy has not 
changed between the host races, this “quasi-independence” 
might have been in place in ancestral populations and facil-
itated the observed divergence. Our results are consistent 
with previous work suggesting slow evolution of autonomy 
(covariance patterns) and thus a role of trait covariances as 

variational constraints in nature (McGlothlin et al., 2022; 
Pélabon et al., 2014).

One possible explanation for the observed variance reduc-
tion in the derived host race is that a stringent bottleneck 
event occurred during the host transition phase, as suggested 
by the lower variation in mitochondrial haplotypes in the 
derived host race (Diegisser et al., 2006b). This would sub-
stantially reduce the variation available within the ancestral 
gene pool (Nei et al., 1975), and potentially evolvability. 
Moreover, the host races overlap in phenology by only 16% 
(Romstock-Volkl, 1997), and larval survival on the alter-
native host plant is 10% (Diegisser et al., 2008) suggest-
ing strong selection on phenological adaptation and genes 
involved in larval metabolism, in addition to selection on 
the ovipositor.

The host shift has reduced the size of P in the derived host 
race in females, as expected if multifarious selection to adapt 
to the novel host plant has contributed to the overall reduc-
tion in variation. Interestingly, our analyses suggested lim-
ited changes in the shape of P (Fig. 3a, b). Our findings add 
to the evidence that P (or G) may change following diver-
gence (Björklund et al., 2013; Eroukhmanoff & Svensson, 
2011), and revealed that the change can take place without 
changing the pattern of variational constraints. Given the 
small change in the structure of P-matrices across popula-
tions, it is not surprising that the contemporary P-matrices 
align well with the pattern of divergence among populations. 
Our results corroborate a growing body of evidence that the 
standing variation of contemporary populations are corre-
lated with divergence in a wide range of taxa and time scales 
(Opedal et al., 2023; Voje et al., 2023). Our study adds a 
novel dimension to this line of research in that ours is one 
of the few that have compared populations evolving under 
clearly different phenotypic optima. Provided multiple lines 
of evidence for the adaptation associated with the host shifts 
in this species (Diegisser et al., 2007; Nilsson et al., 2022), 
it is puzzling why it did not change the covariance pattern 
at all. While the mechanistic basis of adaptation without 
alterations of genetic architecture underlying phenotypic 
covariances will be a question for future investigation, our 
study demonstrates that standing variation of contemporary 
populations may enable predicting and explaining patterns 
of evolution over long time scales even when dramatic adap-
tations are involved in these processes.

An additional factor that could affect evolvability 
is gene flow between the host races, as gene flow could 
increase the available genetic variation and thereby 
increase evolvability in sympatry (Blows & Higgie, 
2003; Dochtermann & Matocq, 2016; Gompert et  al., 
2017). Contrary to this prediction, allopatric and sympa-
tric populations had similar levels of evolvability. Thus, 
there is no indication that gene flow affects evolvability 
in T. conura. One interpretation of this result is that novel 
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Fig. 6  Patterns of evolvability along divergence vectors from each 
population of the derived host race to the mean phenotype of the 
ancestral host race. Horizontal black lines indicate the minimum, 
mean and maximum evolvability of the ancestral P-matrix. Horizon-
tal stippled grey line indicates mean conditional evolvability of the 
ancestral P-matrix. Note that all populations have diverged in direc-
tions of greater-than-average evolvability, ovipositor-conditioned 
evolvability and conditional evolvability. Error bars represent 95% 
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genetic variants introduced by gene flow does not neces-
sarily have phenotypic consequences. This may be the case 
particularly because the traits in our study most likely have 
highly polygenic genetic architecture (Noble et al., 2017). 
Alternatively, the lack of effects on the evolvability of T. 
conura could be explained by the age of secondary sym-
patry, as evolvability is predicted to increase following 
early gene flow due to linkage disequilibrium, but may be 
reduced to normal levels after a period of recombination 
(Tufto, 2000). Alternatively, genetic drift may play a role 
in the lack of differences between sympatric and allopat-
ric populations, as several of the sympatric populations 
were sampled from the edges of the distributions of the T. 
conura host races. There, effective population sizes may 
be smaller than in range center populations. Genetic drift 
affects the phenotype (P) but in stochastic ways (Roff & 
Mousseau, 2005), and a comparison of P and neutral sites 
would be needed to assess the effects of drift on T. conura 
evolvability.

We have employed phenotypic covariance structure 
(P) rather than genetic covariance structure (G) in this 
study. The advantage of focusing on P rather than G is 
that P can more readily be estimated for a large set of 
populations. The potential downside is that P may dif-
fer structurally from G, so that P yields biased estimates 
of expected response to selection. Although we left the 
flies to hatch in a common environment, larval develop-
ment took place inside the buds of two different host plants 
and in many different locations. Hence, it is possible that 
plastic responses to environmental effects from the early 
larval life stage could have contributed to our estimates of 
variational properties examined in this study. We partly 
addressed this by studying two replicates for each of the 
four host-locality combination so that each type of popula-
tion experienced at least two different environments. The 
patterns found were largely consistent between replicates, 
suggesting that our main results are not driven by plastic 
responses to local weather or microclimates. Moreover, 
previous studies have shown that P and G are often aligned 
with the environmental variance–covariance (E, including 
plasticity) in a variety of traits (Noble et al., 2019) includ-
ing size and shape traits in Diptera (Rohner & Berger, 
2023; Saito et al., 2023). Furthermore, the strong corre-
lation between P and divergence between the host races 
(Figs. 5 and 6) suggest that P indeed captures the general 
pattern of variational constraints, because we should not 
have been able to find such a strong correlation  (R2 = 0.98) 
unless P is correlated with G and E. Taken together, the 
data suggest that our results are not likely to be strongly 
influenced by our focus on P, yet further work estimating 
G and E would be an important step towards uncovering 
how (cryptic) genetic variation, plasticity, recombination, 

or adaptation may have generated the patterns we demon-
strated in this research.

Conclusions

We find evidence for reduced evolvability in response to 
past or current directional selection and potentially bottle-
necks in population size resulting from the colonization of a 
new niche in females, but to a much lesser degree in males, 
of T. conura. The differences between sexes could suggest 
that selection on the ecologically important ovipositor is 
responsible for the observed reduction in evolvability. The 
host races also retained very similar structures of pheno-
typic variation despite the reduction in overall variation in 
females. Our study adds to growing evidence that evolvabil-
ity is predictive of divergence between populations (Bolstad 
et al., 2014; Houle et al., 2017; McGlothlin et al., 2018; 
Opedal et al., 2023), and illustrates that evolvability is a 
dynamic entity that evolves when populations are exposed 
to novel environments.
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