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Geographical patterns of morphological variation have been useful in addressing hypotheses about environmental adaptation. In

particular, latitudinal clines in phenotypes have been studied in a number of Drosophila species. Some environmental conditions

along latitudinal clines—for example, temperature—also vary along altitudinal clines, but these have been studied infrequently

and it remains unclear whether these environmental factors are similar enough for convergence or parallel evolution. Most clinal

studies in Drosophila have dealt exclusively with univariate phenotypes, allowing for the detection of clinal relationships, but

not for estimating the directions of covariation between them. We measured variation in wing shape and size in D. melanogaster

derived from populations at varying altitudes and latitudes across sub-Saharan Africa. Geometric morphometrics allows us to

compare shape changes associated with latitude and altitude, and manipulating rearing temperature allows us to quantify the

extent to which thermal plasticity recapitulates clinal effects. Comparing effect vectors demonstrates that altitude, latitude, and

temperature are only partly associated, and that the altitudinal shape effect may differ between Eastern and Western Africa. Our

results suggest that selection responsible for these phenotypic clines may be more complex than just thermal adaptation.
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How predictable are evolutionary responses to predictable envi-
ronmental variation? Geographical patterns of variation for eco-
logical variables provide opportunities to address such questions
about adaptive evolution, by providing evidence of association
between the environmental gradient of the putative agent of se-
lection and the target phenotype. Indeed, such studies of clinal
variation can often provide an initial indication for candidate adap-
tive phenotypes. This approach has been taken with a number of
Drosophila spp., and researchers have characterized geographi-
cal variation in many aspects of the Drosophila phenotype, in-
cluding physiological (e.g., Gibert and Huey 2001), biochemical
(Eanes 2010), morphological (e.g., Bubliy and Loeschcke 2005),

and life history (Schmidt et al. 2005, 2008; Rako et al. 2009).
These patterns of apparent clinal variation track a measured or
imputed ecological gradient (Starmer and Wolf 1997; James and
Partridge 1998; Hoffmann et al. 2002; Bubliy and Loeschcke
2005). Where clines are well-studied, covariation with the gra-
dient has been found for multiple characters; for example, the
latitudinal cline along the eastern coast of Australia has been
demonstrated to be predictive for several traits in D. melanogaster
including body size (James et al. 1997), egg size (Azevedo
et al. 1996), competitive ability (James and Partridge 1998), and
pigmentation (Telonis-Scott et al. 2011). Patterns of ecological
variation like these have been exploited by investigators working
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on the genetic and molecular basis of adaptive changes in these
traits: such as the genetics of body size clines (Gilchrist and
Partridge 1999; McKechnie et al. 2010; Paaby et al. 2010; Lee
et al. 2011) and temperature-related variation in the regulation of
heat shock protein expression (Sorensen et al. 2001). Furthermore,
pairs of potentially parallel clines can be compared to address the
issues of contingency/repeatability in phenotypic evolution (e.g.,
Huey et al. 2000; Gilchrist et al. 2001), and its genetic basis
(Turner et al. 2008).

Notably, the majority of work on clinal variation in the
Drosophila literature addresses latitude, with differentiation of
size-related traits being particularly well documented (Capy et al.
1993; Imasheva et al. 1994; James & Partridge 1998; Huey et al.
2000; Hallas et al. 2002). While there are a number of climatic and
ecological factors that may vary along a latitudinal cline, one of
the most predictable of these factors is temperature, with evidence
implicating it as a selective agent responsible for latitudinal clines
for several traits (Bubliy and Loeschcke 2000; Reeve et al. 2000;
Norry et al. 2001; Santos et al. 2006). One complication in mak-
ing inferences from latitudinal variation is that, while temperature
may vary predictably over latitude, there are many other factors
whose variation may be unpredictable over distances of even a
degree of latitude (which is more than 100 km). Comparison with
altitudinal gradients, which occur over much smaller distances,
may thus be informative.

Altitudinal gradients have, in common with latitudinal gra-
dients, an associated temperature gradient. If temperature rep-
resents an important agent of selection, we would predict that
adaptations to altitude would recapitulate adaptations to latitude
(Lencioni 2004). Although altitudinal clines have been widely
studied in other insects (reviewed by Hodkinson 2005), they have
been under-utilized by Drosophila researchers. Where such alti-
tudinal clines have been studied, clinal increases in size-related
traits—similar to those found along latitudinal clines—have been
documented in D. buzzatii (Dahlgaard et al. 2001; Sambucetti
et al. 2006), D. mediopunctata (Bitner-Mathe and Klaczko 1999),
D. birchii (Bridle et al. 2009), D. nepalensis, and D. takahashi
(Parkash et al. 2005) with some evidence for D. melanogaster
(Collinge et al. 2006). Bubliy and Loeschcke (2005) also col-
lected data from a potential altitudinal cline in D. simulans, but
found neither life-history nor morphological traits to be covary-
ing with altitude. While high altitude and high latitude share
low temperatures—which is likely to be important in small ec-
totherms like insects—there are other potential agents of se-
lection that may be important at high altitude but are unre-
lated to latitude. In particular, air density and therefore the
partial pressure of oxygen decreases with altitude, and both
have the potential to influence insect physiology (Dillon et al.
2006). In addition, with increased altitude come steeper local
temperature gradients (e.g., between shade and sunlight), in-

creased incident UV radiation, and increased rates of evapo-
ration due to decreased water vapor pressure (Somme 1989).
The widely touted "Bergmann’s Rule" of increased body size at
lower temperatures has support from some studies of altitudinal
variation in Drosophila (e.g., Bitner-Mathe and Klaczko 1999;
Dahlgaard et al. 2001) but not others (e.g., Norry et al. 2001;
Bubliy & Loeschcke 2005), and no pattern has been found in wild-
caught flies (reviewed by Dillon et al. 2006). Because reduced
temperature alone may select for increased body size (Reeve
et al. 2000), the lack of this pattern may be due to other alti-
tudinal factors or their interaction with temperature (Dillon and
Frazier 2006). In D. melanogaster, locomotor performance at high
altitude appears to be affected by just such an interaction between
temperature and air pressure, with flight performance being more
strongly reduced than walking speed (Dillon and Frazier 2006).
Wing morphology, therefore, might experience selection for clinal
variation even if body size did not.

An obstacle in assessing whether altitudinal and latitudinal
clines demonstrate similar associations with a phenotype (thus
implying a common agent of selection such as temperature) is
the “low dimensionality” of the measured phenotypes. For in-
stance, if we observe an increase of body size with both altitude
and latitude it may well be due to a common agent of selection
(such as temperature) acting on size. However, because body size
can only vary along a single axis (smaller–larger), there can be—
with sufficiently large sample sizes, and therefore high power—a
50:50 chance of both of the environmental gradients showing a
“significant” effect in the same direction. Working in this simple
phenotypic space therefore reduces our confidence that biolog-
ically important agents of selection act similarly across latitude
and altitude. However, as the dimensionality of the “trait” in-
creases, the chance of spurious changes in the same direction
(i.e., that independent vectors point in the same direction) de-
creases. In such cases it follows that an integrated multivariate
approach (working in a high-dimensional phenotypic space) is
advantageous, because we can ask whether the vector of changes
associated with both altitude and latitude are similar. Thus, a clear
multivariate approach may aid substantially in our understand-
ing of evolutionary trajectories, convergence, and parallelism
(Schluter 1996).

In this study, we ask how variation for multivariate wing
morphology in D. melanogaster is associated with altitude, lat-
itude, and rearing temperature, and how similar the associated
shape effects are among these different influences. Using isofe-
male lines derived from populations of D. melanogaster collected
at a range of altitudes and latitudes from across sub-Saharan
Africa, we model the influence of these factors and look at the
vector correlations between modeled effects in a 58-dimensional
representation of wing shape. Our results are consistent with a
small but significant influence of altitude on wing shape and size.
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Interestingly, the vector of effects for altitude and latitude only
show weak to moderate correlations with one another. We also
used a manipulation of rearing temperatures for a subset of lines
to assess the extent to which altitudinal variation might be related
to thermal plasticity for size and shape. Variation in wing mor-
phology associated with rearing temperature was more similar to
static allometric variation and latitude than to the altitudinal ef-
fects, and was consistent over different altitudinal ranges. Finally,
we find that the modeled directions of altitude-associated shape
variation from Eastern and Western sub-Saharan Africa are poorly
aligned, while allometric and sexual dimorphic effects across East
and West remain strongly correlated. This suggests that local al-
titudinal clines may be somewhat independent from one another.
We discuss these results within the context of the potentially re-
lated effects of altitude and latitude, and the underlying agents of
selection.

Methods
EXPERIMENTAL ANIMALS

We studied wild-derived isofemale D. melanogaster strains from
nine African population samples (Table 1 and Fig. 1A) that varied
across altitude and latitude. While flies were sampled from the
wild at a number of points between 2001 and 2009, this did not
appear to have a confounding effect (see section Analysis below).
Within a population sample, each strain (line) was founded by
a separate wild-caught female. For the primary experiment (ex-
periment one), all flies were reared in vials in a single incubator
at 24◦C under a 12:12h light:dark cycle and with humidity con-
trolled at 60%. Each line was maintained for two generations un-
der these constant conditions before adults were sampled for mea-
surement. All flies were reared on a standard cornmeal-molasses
Drosophila media. Once adults eclosed, they were phenotyped
using the “wing grabber” as described by Houle et al. (2003).

For the temperature-manipulation experiment (experiment
two), we reared flies under moderately density-controlled
conditions—because larval crowding is known to increase phe-
notypic variance in morphological traits (Imasheva and Bubliy
2003). Twenty females and twenty males were selected at ran-
dom and placed into a fresh bottle containing standard food and
allowed to oviposit for 3 days only. This rearing regime was repli-
cated for a subset of lines (Table 1.) at both 24◦C and 18◦C, but
with the same humidity and photoperiod as described above. Once
these flies eclosed, they were stored in ethanol, a single wing was
dissected and imaged from each individual (for sample sizes by
line see Table S1).

MEASUREMENT

For experiment one flies were imaged live—the right wing of
each fly was immobilized using the wing grabber apparatus,

as described in Houle et al. (2003), and photographed using a
Leica DFC400 camera mounted on a M125 microscope (with Le-
ica LAS software version 3.4.0). Images were saved in grayscale
as TIFF files. To capture landmark and semi-landmark data, we
followed a modified protocol (Houle et al. 2003) for the use of the
“WINGMACHINE” software. First, we used “tpsDig2” (Rohlf
2010) software to record the coordinates of the two starting land-
marks needed by WINGMACHINE; the humeral break on the
leading edge of the wing and the alula notch on the trailing edge,
which lie at either end of the wing hinge. After data formatting,
WINGMACHINE measures images by fitting nine B-splines to
the veins and margins of the wing in the image. Initially, we
set WINGMACHINE to measure 10% of our images, then vi-
sually checked the fit of the splines to the images, and adjusted
the splining parameters accordingly before setting WINGMA-
CHINE to measure all the images. After measuring the full image
set we reviewed each splined image and adjusting spline control
points (Fig. 1B) manually as necessary. We extracted landmark
and semi-landmark positions, and performed the Procrustes super-
imposition to separate shape information from size, position, and
rotation information (Zelditch et al. 2004). After superimposition,
the positions of the semi-landmarks were allowed to slide along
each segment of the wing margin/veins; this process is iterated
to achieve the minimum Procrustes distance from the reference
configuration for each wing, after which the mean semi-landmark
positions are evenly spaced between the landmarks at either end of
their segment. In the case of vein 4 there is no true landmark prox-
imal of the anterior cross-vein that can serve this purpose, and so
a semi-landmark is positioned at the point where vein 4 meets the
wing hinge to give the vein 4 B-spline a defined endpoint. After
superimposition and semi-landmark sliding this poorly defined
semi-landmark is removed from the dataset. Superimposition and
semi-landmark sliding was performed using custom MatLab code
(available from E. J. Marquez—see Acknowledgements).

The data were checked for visual outliers on scatter plots,
and putative outliers were examined, and fixed by hand if
necessary. The 48 pairs of Procrustes coordinates (14 two-
dimensional landmarks and 34 semi-landmarks) and centroid size
were passed to “R” for analysis. Procrustes coordinates were first
subjected to principal components analysis, because Procrustes
configurations—particularly when using semi-landmarks—by
definition will include dimensions without variance. In the case
of our data we have 96 Procrustes coordinates. The Procrustes
superimposition results in a deficiency of four ranks (one each for
removed size and rotation information, and two for position), and
each semi-landmark contributes approximately one dimension of
information (Adams et al. 2004; Zelditch et al. 2004), so we re-
tained the first 96 – (4 + 34) = 58 principal components whose
eigenvalues were nonzero. Upon empirical examination, all shape
variation in our data is represented in these 58 dimensions: that is,
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Table 1. Summary of the abbreviations used for populations, and the number of lines used in these experiments. See Table S1 for
numbers of individuals measured in each case.

No. of No. of
Country of Collection Map Collection Altitude of lines: lines:

Pop. ID origin locality reference date Collector(s) origin (m) Exp. 1 Exp. 2

KO Kenya Molo 0.25S, 35.73E Jan-09 J. Pool 2506 18 5
ED Ethiopia Dodola 6.98N, 39.18E Dec-08 J. Pool 2492 7 -
CO Cameroon Oku 6.25N, 10.43E Apr-04 J. Pool 2169 10 5
RG Rwanda Gikongoro 2.49S, 28.92E Dec-08 J. Pool 1927 20 -
EZ Ethiopia Ziway 7.93N, 38.72E Dec-08 J. Pool 1642 20 -
CN Cameroon Nkouondja 5.50N, 10.68E Apr-04 J. Pool 1121 10 5
MW Malawi Mwanza 15.62S, 34.52E Jul-01 B. Ballard 690 5 5
GA Gabon Franceville 1.65S, 13.60E Mar-02 B. Ballard and S.

Charlat
332 11 5

NG Nigeria Maiduguri 11.85N, 13.16E Sep-04 D. Gwary and B.
Sastawa

295 10 5

Total no. of
lines

111 30

Figure 1. (A) Map of approximate locations of the populations from which our lines are derived. (B) A representative wing image, with
fitted B-splines. The color-coded circles are the locations of the control points used to adjust the spline fit. (C) and (D) represent the spread
of variation in our sample. (C) shows the grand mean shape, with circles indicating the positions of the landmarks and semi-landmarks
extracted from the splines. The background blur is composed of the 112 within-line mean shapes from experiment one. (D) shows the
within-sex grand mean shapes, over a background blur composed of the 3008 individual wing shapes from experiment one.

4 EVOLUTION 2012



ALTITUDE AND WING MORPHOLOGY IN DROSOPHILA M ELANOGASTER

the total variation in these 58 principal components (sum of the
eigenvalues) is equal to the total variance present in the Procrustes
coordinates (the trace of their covariance matrix).

ANALYSIS

All analyses were run in R V2.13 (R Development Core Team
2011), on a node at the High Performance Computing Center in
the Institute for Cyber-Enabled Research (running 64-bit Red Hat
Enterprise Linux, V6.1), and mixed models were run using the
MCMCglmm V2.15 package (Hadfield 2010). All analyses can be
found in the scripts (Dryad doi:10.5061/dryad.r43k1), including
custom functions written for this study.

Modeling size variation
For experiment one, we fitted a generalized linear mixed model
(GLMM) to our wing centroid size data. Formally this model was:

y ∼ β0i j + β1 A + β2S + β3 La + β4 Lo + ε

β0i j ∼ N
(
β0 j , σ

2
β0

)
,

where y is the vector of wing size measures, β1 is the regression
coefficient for altitude, β2 is that for sex, β3 that for latitude, and β4

is that for longitude. We fitted latitude to compare the latitudinal
effect with the altitudinal. Additionally, fitting longitude has the
effect of modeling the population structure without specifying a
population term, but avoids the collinearity of population with
altitude. We treated “line” as a random effect (βj) and used the
relatively uninformative prior ∼IW(V = I1, v = 0.05) for both the
random and residual (G & R) covariance matrices. The MCMC
chain was run for 200,000 updates with a burn-in of 2000 and
thinning at intervals of 20 to minimize any autocorrelation in the
chain—we therefore had effective sampling of ≥19,800 updates.
To quantify variance accounted for, we also fitted the model as a
least-squares ANCOVA, expressing the data as within-sex within-
line means. We calculated an R2 value for the full model from the
ANCOVA, and we also estimated the influence of each factor
considered separately in two ways. First we report the R2 values
for single-factor models, and second we calculated the partial
R2 (coefficient of partial determination) for each factor, which
measures the marginal variance accounted for in the observed
response, given all other predictors are already included for in the
model (Kutner et al. 2004). These were estimated using a custom
function (PRsq) in R.

For the analysis of the rearing temperature-manipulation ex-
periment (experiment two) we modeled variation as described
above, but also included the influence of temperature. For both
analyses we examined models including interaction terms and as-
sessed model fit using the deviance information criterion (DIC).
For the experiment one, the additive model was the best fit to
the data (!DIC∼5), but for experiment two the best model in-

cluded interaction effects of rearing temperature, sex, and altitude
(!DIC∼10).

Modeling shape variation
We took an analogous approach to modeling wing shape, us-
ing a multivariate GLMM and expressing wing shape as the
58 nonzero principal components (which contain all of the varia-
tion for shape). This model was:

Y ∼ β0i j + β1 A + β2S + β3Cs + β4 La + β5 Lo + ε

β0i j ∼ N
(
β0 j , σ

2
β0

)
,

where Y is the matrix of shape variables, β1 is the vector of regres-
sion coefficients for altitude, β2 for sex, β3 for wing centroid size,
and β4 and β5 are those for latitude and longitude, respectively.
For these multivariate GLMMs, we fitted a purely additive model
in both cases because 58 parameters are estimated per "fixed"
predictor variable, leading to concerns of being able to estimate
all parameters without requiring a highly informative prior. The
only difference for the analysis of the temperature-manipulation
dataset was the addition of a temperature term to this model. We
treated “line” as a random effect (βj) and used the relatively un-
informative prior ∼IW(V = I58, v = 0.1) for both the random
and residual (G & R) covariance matrices. We avoided fitting
a completely unstructured covariance matrix for either the ran-
dom effect of line or for residual variation because this would
require the estimation of additional 1711 (co)-variances for each
matrix; which would be difficult to estimate (and would require a
highly informative prior to behave computationally). Therefore,
we used the "idh" function in MCMCglmm to fit matrices where
all off-diagonal (covariances) elements are fixed to zero. Because
we express shape as principal components, this is true by defi-
nition for the phenotypic covariance matrix. However, this same
structure must be assumed to also hold in the decomposition of
the genetic and residual covariance matrices. The posterior dis-
tribution was generated from 200,000 updates with a burn-in of
2000 and thinning of 20, thus our effective sampling was ≥19,800
updates of the Markov chain posterior. (NB: Some of the stocks
used here were collected at different times, (Table 1). To check
that laboratory adaptation/drift was not a confounding factor in
any differences between populations, we ran a model that included
a term for the “age” of the lineages (time since the progenitor fe-
males were collected and brought into the laboratory). This model
was a poorer fit to the data (!DIC∼4000), and the “age” effect ac-
counted for <0.5% of the variance and was not highly correlated
(0.36) with the fitted altitude effect.)

As with our analyses of size, we also fitted a least-squares
MANCOVA to within-sex within-line means from the shape data
to quantify variance accounted for. We computed a multivariate

EVOLUTION 2012 5



WILLIAM PITCHERS ET AL.

extension of the coefficient of determination (Claude 2008) as:

T r (VŶ )
T r (VY )

,

where Tr(VY) and Tr(VY) represent the trace of the estimated
covariance matrices for the model fitted values, and observed
values (for shape variables), respectively. This is equivalent to
the established "Procrustes variance" metric (e.g., Breuker et al.
2006). Identical results are calculated with Procrustes residuals or
with PCs (data not shown). We report these multivariate R2 values
from single-factorial MANOVAs for each predictor. In addition to
these measures, we wrote a function (shapePRsq) to calculate the
multivariate extension for the coefficients of partial determination
(partial R2) extending the derivation of Kutner et al. (2004).

To illustrate the shape cline as a measure of shape change per
meter of altitude we calculated a shape score for altitude (Drake
and Klingenberg 2008). Briefly, we projected the shape data onto a
line in the direction defined by the vector of regression coefficients
(β∗) from the above model. For altitude, the shape score s is:

s = yβT (ββT )−0.5,

which can be plotted against altitude (Fig. 2A) as a graphical
means to assess the strength and linearity of the clinal relationship
(Drake and Klingenberg 2008). In addition to using the vectors
of regression coefficients to calculate shape scores, we calculated
vector correlations between them to quantify the level of sim-
ilarity between the different modeled effects on shape. Vector
correlations were calculated as:

rvc = |a · b|
‖a‖ × ‖b‖

,

where |a · b| is the absolute value of the scalar product between
vectors a and b, while ‖a‖ and ‖b‖ are the magnitudes (norms) of
each vector. We computed the credible intervals as the 95% span
of highest posterior density for the value of this vector correlation.

In addition to applying this analysis framework to the data
from the main experiment and to the temperature-manipulation
dataset, we also partitioned the main dataset in two ways. First,
we separated the dataset into a western and an eastern group
of populations: the NG, CO, CN, and GA populations to the
West and the ED, EZ, KO, RG, and MW populations to the East
(Fig. 1A and Table 1). It is possible that this may be representative
of an underlying phylogenetic division between semi-independent
eastern and western radiations, because our choice of groups was
guided by the unrooted population distances assigned from FST

values by Pool and Aquadro (2006), however it should be noted
that FST values are low throughout most of this region. Second,
to assess the geographical scale over which the shape cline might
vary, we reanalyzed two subsets of the main dataset relating to
populations CO and CN (both from Cameroon) and to popula-

tions ED and EZ (both from Ethiopia) that varied altitudinally
(Table 1). In each case the same analysis framework was applied
to each subset separately, and vector correlations were computed
as described above.

Results
Previous work has demonstrated the influence of both latitude
(Gilchrist et al. 2001) and rearing temperature (Debat et al. 2009)
on wing size and shape in D. melanogaster. To investigate how
much influence altitude has on wing shape, we collected, reared,
and measured (see section Methods) flies from multiple popula-
tions from sub-Saharan Africa that vary greatly in altitude (Fig.
1A and Table 1). Size in particular is well known to increase
with latitude, across a number of continents (Capy et al. 1993),
with both strong genetic and temperature-mediated plasticity in-
fluencing these effects (Debat et al. 2009; McKechnie et al. 2010).
Consistent with these previous observations, we see a general in-
crease in wing size with altitude (Fig. 2B), although this effect
is not large—estimated at 0.07 mm2/km (95% credible interval
0.05–0.09 mm2/km)—it is more important than the effect of lat-
itude in our sample, which we estimated at 0.014 mm2/degree
(95% CI 0.012–0.016 mm2/degree). These effects are obviously
operating along different scales (1 degree of latitude is ∼110 km at
the equator), but equates to ∼5 orders of magnitude more change
per km, presumably reflecting the steepness of the altitudinal cli-
matic gradient. This effect of altitude is similar between the sexes
(no evidence of a sex by altitude interaction), as has been found
previously in several studies of latitudinal variation on wing size
(Morin et al. 1999; Zwaan et al. 2000). Our analysis also revealed
a comparatively strong sexual size dimorphism—males’ wings
were 0.56 mm2 smaller (95% CI 0.55–0.58 mm2) than females—
and a subtle trend of decreasing size with longitude estimated
at −0.002 mm2/degree (95% CI −0.001 to −0.004 mm2). Sex-
ual dimorphism (Fig. 1C) and variation between lines (Fig. 1B)
accounted for the majority of size variance (Table 2).

The principal focus of our study was on influence of altitude
on the shape of the wing. We fitted a fully multivariate GLMM of
shape modeled as a function of altitude, sex, wing size, latitude,
and longitude (see section Methods). Our 58-dimensional geo-
metric representation of wing shape includes 14 two-dimensional
landmarks representing positions where veins intersect veins and
the wing margin and 34 semi-landmarks along the margin and
veins. As shown in Figure 2C, the altitudinal shape change is par-
ticularly interesting, with the size-corrected shape effects show-
ing a proximal repositioning of the posterior cross-vein, a distal
repositioning of the anterior cross-vein, and a deepening of the
anal lobe, with only minor influences elsewhere. This is quite
different from what has been observed for shape/size relation-
ships previously (Debat et al. 2003), but whether this is due to
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Figure 2. The influence of altitude on wing morphology. (A) Wing shape, represented as model-adjusted shape score, plotted against
altitude. Each point is the within-sex mean for a single line. The altitude–shape relationship is similar in males and females. The black
line shows the altitude–shape relationship modeled with the sexes pooled, with the gray region indicating 95 random draws from the
posterior distribution. (B) The relationship between altitude and wing size; points are within-sex line means, and the gray regions indicate
95 random draws from the posterior distribution. Altitude is associated with an increase in wing size in both sexes. (C) Visualization of
the variation represented by the model-adjusted shape score, scaled to 3× the difference between lowest and highest populations. Most
of the changes seem to be localized to medial and proximal regions of the wings, including shifting of the cross-veins and an expansion
of the posterior lobe at high altitudes.

Table 2. Analysis of wing centroid size from the main dataset. The coefficients, credible intervals and pseudo-P values are from the
generalized linear mixed model, and the R2 statistics are from least-squares ANCOVA (see Methods section). Pseudo-P values <0.05 are
in italics. Both analyses include only additive effects, but the results were qualitatively unchanged when the analysis was run including
interaction effects. The “focal R2” values are for a model with the variable as the only predictor and the adjusted R2 value is for the full
model.

Posterior Lower 95% Upper 95% Pseudo-P Partial Focal Adjusted
Effect mean cred. int. cred. int. value R2 R2 R2

Altitude 7.11E−05 4.91E−05 9.46E−05 <0.001 <0.01 0.01 0.73
Sex −5.64E−01 −5.78E−01 −5.49E−01 <0.001 0.71 0.67
Latitude 1.41E−02 1.22E−02 1.59E−02 <0.001 0.05 0.01
Longitude −2.12E−03 −3.52E−03 −7.78E−04 <0.001 0.14 0.05
Line 2.77E−02 1.60E−02 4.13E−02
Residuals 3.88E−02 3.68E−02 4.07E−02
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a more complete representation of wing shape or the underlying
relationship to altitude is unclear.

Shape is clearly changing with respect to altitude, with a
similar magnitude for both males and females (Fig. 2A). How-
ever, while the shape score is informative about the magnitude
and rate of shape change, it does not tell us about the direction
of that change. To compare the directions of altitudinal shape-
change between the sexes, we calculated the vector correlation
between the vectors of model coefficients for altitude from sex-
specific models. The model-adjusted effects of altitude and size on
shape calculated from our model were weakly correlated (vector
correlation 0.11–95% credible interval between 0.01 and 0.50,
Fig. 4), suggesting that the allometric pattern of shape change
in the wing shares only a small degree of similarity with that
due to variation along the altitudinal cline. The altitude effects
on males and females are quite similar—their vector correlation
between altitude effects when the sexes were modeled separately
was 0.89 (95% credible interval 0.29–0.90). Altitude is associ-
ated with similar increases in wing size in both sexes (above) and
the size (allometry) and sex (dimorphism) effects were somewhat
correlated (vector correlation 0.14–95% credible interval 0.04–
0.23). Taken together, these statistics indicate that the altitudinal
variation and sexual dimorphism in wing shape are, in part, likely
to be mediated by allometry.

ALTITUDINAL EFFECTS VERSUS THERMAL

PLASTICITY FOR SIZE AND SHAPE OF THE WING

Flies at high altitude experience generally lower temperatures, and
thermal plasticity has been reported for wing morphology (Bubliy
and Loeschcke 2000, 2002; Santos et al. 2004, 2006; Debat
et al. 2009). Altitudinal adaptation might therefore be predicted
to proceed in the direction of the plastic developmental response
to temperature, as has been found for latitudinal variation (Bitner-
Mathe and Klaczko 1999; Dahlgaard et al. 2001). To determine
the extent to which (evolved) altitude effects are recapitulated
by (plastic) rearing temperature, we reared a subset of the lines
(Table 1) at controlled density at both 18◦C and 24◦C, and ex-
amined the joint influence of altitude, site of origin (latitude and
longitude), and rearing temperature and sex on both wing size
(Table 4) and shape (Table 5).

Consistent with our earlier observations, there was a strong
sexual size dimorphism effect at both temperatures—with fe-
males’ wings 0.47 mm2 (CI 0.39–0.56 mm2) larger than males—
and flies of both sexes reared at 18◦C were an average 0.37 mm2

(CI 0.29–0.45 mm2) larger than those reared at 24◦C. We also
measured a wing size increase with altitude of 0.18 mm2/km
(CI 0.09–0.27 mm2/km), consistent with the effect observed pre-
viously (Table 4). Our best model, as selected by DIC, revealed
interaction effects of altitude with sex and temperature. Males’
wings showed a 0.07 mm2/km less steep relationship with altitude

than females (CI 0.01–0.13), and flies reared at 18◦C showed a
0.11 mm2/km steeper wing size–altitude effect (CI 0.06–0.17, see
Fig. 3B). We did not detect latitude or longitude effects in the
temperature-manipulation data, which we assume to be due to the
much smaller size of this dataset, with commensurately reduced
power.

Shape change associated with altitude also seems to be par-
tially recapitulated by the rearing temperature treatment. The
model-adjusted temperature and altitude effects were weakly cor-
related, with a vector correlation of 0.20 (credible interval 0.00–
0.49). Moreover, when we re-ran the full model separately for
high altitude (populations CN, CO, and KO) and low altitude
populations (GA, MW, and NG—see Table 1), the effects of
temperature were very closely aligned, with a vector correlation
of 0.98 (CI 0.92–0.99). This suggests that despite the overall in-
fluence of thermal plasticity on wing size and shape, the influence
of altitude appears to be largely consistent.

We found that the influence of size (allometry) on shape was
moderately correlated with that for sex (dimorphism) in both ex-
periments (CIs 0.04–0.23 and 0.27–0.54, respectively), and that
allometry also correlated strongly with the temperature effect in
experiment two (0.75 CI 0.68–0.80). The rearing temperature ef-
fect was moderately correlated with both the altitude effect (0.20
CI 0.00–0.49) and with dimorphism (0.20 CI 0.05–0.35). The ef-
fects of altitude and sex also showed a consistent moderate corre-
lation in both experiments: 0.26 in the main dataset and 0.24 in the
temperature-manipulation dataset (CIs 0.00–0.53 and 0.00–0.56,
respectively). The comparison of allometry and altitude found a
somewhat less consistent correlation—it was estimated at 0.11
(CI 0.00–0.50) from the main dataset, and at 0.35 (CI 0.00–0.65)
from the temperature-manipulation experiment (Fig. 4.). The lat-
itudinal and altitudinal shape clines were moderately correlated
in both datasets—0.32 and 0.24, respectively (CIs 0.00–0.50 and
0.00–0.60)—but the latitude effect was much more strongly cor-
related with the effect of temperature (0.66 CI 0.19–0.80). These
results indicate that thermal plasticity mostly involves variation in
the same direction as allometric variation, and the moderately cor-
related direction of adaptation to altitude may be mediated by this
effect, but is less consistent. By comparison, the case for temper-
ature as a mediator of the latitudinal cline appears stronger. One
explanation for this pattern would be if the direction of allometry
was consistent among populations, but altitudinal adaptation had
proceeded in different directions.

CONTINGENCY OF ALTITUDINAL VARIATION?

To ascertain the consistency of altitudinal wing shape variation
between populations, we reanalyzed the main dataset in two ways:
grouping populations by latitude into a more westerly group and
a more easterly group (Fig. 1), and also grouping populations
by country of origin for Cameroon and Ethiopia (see section
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Figure 3. The joint influence of thermal plasticity and altitude of origin on wing morphology (A) The altitude–shape relationship for
both sexes and rearing temperatures. Points are within-sex line means. At 24◦C the relationship is similar between males and females.
This pattern changes at 18◦C, with the altitude–shape relationship maintained in females but weakened in males. (B) The altitude-wing
size relationship for both sexes at both rearing temperatures. Points are within-sex line means. Both sexes’ wings are larger at 18◦C, but
whereas the slope of the altitude–size relationship is consistent between temperatures in males, females show a steeper relationship at
18◦C than at 24◦C. (C) Visualizations of the altitude-shape effect, calculated separately within each rearing temperature. Between them
is their vector correlation (95% credible interval).
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Figure 4. Vector correlations between model-adjusted effects on shape. Points are vector correlations between posterior mean coef-
ficient vectors for pairs of modeled effects, with lines representing 95% credible intervals on the vector correlations. Coefficients are
calculated simultaneously from the full model for each experiment. While most vector correlations indicate weak to moderate relation-
ships between these effects, notably rearing temperature and allometric scaling effects appear very similar, as well as rearing temperature
and latitude of origin.

Methods). Altitude-related shape change is detectable in both the
western and eastern groups (Fig. 5A), but is greater in magni-
tude in the easterly group of populations (regression slope of
0.003) than in the westerly group (regression slope of <0.001).
While some of the lines generated from the western and eastern

populations were collected at different times (and thus vary with
respect to laboratory age of the lineages), there was little evidence
for a substantial age effect in the model (see section Methods).
One of the advantages of studying variation in a multivariate
fashion is that we can also address alignment; effects of similar
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Figure 5. Altitudinal covariation with shape differs between populations from Eastern and Western Africa. As demonstrated with both
the shape scores and vector correlations between altitudinal effects from Eastern and Western African populations, there appears to be
largely distinct influences on shape. (A) Altitude and wing shape, represented as model-adjusted shape score calculated separately for
western and eastern population groups (see Fig. 1). Each point is the within-sex mean for a single line. (B) Altitude and wing shape,
represented as model-adjusted shape score calculated separately for Cameroonian and Ethiopian populations. Each point is an individual.
(C) Visualizations of the shape effects associated with altitude calculated separately as labeled. Between pairs of effects are their vector
correlations (95% credible intervals).

magnitudes may be present in different phenotypic directions.
In this case the vector correlation between the modeled altitude
effects for easterly and westerly groups analyzed separately was
small at 0.14 (CI 0.00–0.58), indicating that the directions of these
vectors are poorly aligned (Fig. 5C). By contrast, the other shape
effects were consistent between easterly and westerly population
groups: sexual shape dimorphism effects were strongly correlated
at 0.92 (CI 0.82–0.94), and the directions of allometry were even
more strongly correlated at 0.95 (CI 0.90–0.97).

We subset the data in a further way; using the data from
the two countries (Ethiopia in the East, Cameroon in the West—
Fig. 1A) that contributed more than one population to the dataset.
Altitudinal shape clines still appeared divergent when we mod-
eled them within country of origin (Fig. 5B), with the slopes of
their altitudinal clines being an order of magnitude apart (0.01
for Ethiopia, 0.001 for Cameroon). Moreover, the directions of

these two country-specific altitudinal shape effects were almost
as divergent as those of the overall easterly and westerly pop-
ulation groups, with a vector correlation of 0.21 (CI 0.00–0.60,
Fig. 5C). As above, the effects of sexual shape dimorphism (0.86
CI 0.70–0.91) and of allometry (0.94 CI 0.87–0.96) were very
closely aligned between these populations. Thus, the magnitude
and direction altitudinal shape clines seem to be somewhat region
specific, whereas the magnitude and direction of sexual shape
dimorphism and allometry appear to be consistent across the
continent.

Discussion
How do we go from an observed association between an environ-
mental gradient and a phenotype to putative agents and targets
of selection? Clinal phenotypic variation is often correlated with
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latitudinal environmental variation; however, it is difficult to both
determine the direct targets of selection (such as body size, loco-
motory performance, or thermal tolerance) for the organism and
to identify the agents of selection (temperature, humidity). One
approach is to find other macroenvironmental gradients (such as
altitude) with some overlap of putative agents of selection (such as
temperature) and look for correspondence in the phenotypic traits.
Such data provides important evidence linking putative agents and
targets of selection. However, this leads to the additional question
of addressing when the effects across gradients (altitude and lat-
itude) are in fact similar, which can be particularly problematic
for univariate traits. In this study, we investigated the influence of
altitudinal and latitudinal clines for multivariate wing morphol-
ogy in populations of D. melanogaster from sub-Saharan Africa.
Wing size is associated with latitude, altitude, and temperature, but
with a univariate metric it is challenging to establish whether these
effects are actually equivalent. Using a 58-dimensional represen-
tation of wing shape, we demonstrate that while shape covaries
with both altitude and latitude, the explicit effects on shape are
only weakly related. If wing shape and size are direct targets of
selection, this suggests that different sets of selective agents are
acting on them across each gradient with only a subset (includ-
ing factors such as temperature) being common across them. The
multivariate approach of comparing the direction of the vectors of
effects (the vector correlations) is a sensitive measure that allows
for far more compelling inferences about the degree of similarity
of the association between the putative environmental variable
and the phenotype than simple univariate measures.

While both altitudinal and latitudinal predictors appear to in-
fluence (or at least covary with) shape and size, the magnitude of
the influence and the extent of variance accounted for is surpris-
ingly small (Tables 2–5). Indeed, the influence of genetic variance
(as estimated by line effects) and sexual dimorphism are the most
strongly predictive factors in the model. The sexual dimorphism is
not surprising because sexual dimorphism is well reported across
the whole melanogaster subgroup (Gidaszewski et al. 2009). The
genetic (line) effects may be an overestimate, as the isofemale
lines used in this study have likely undergone various degrees of
inbreeding, thus uncovering the phenotypic effects of many re-
cessive alleles (unlikely to be phenotypically expressed in large
natural populations). When we manipulated rearing temperature,
this factor was also an important predictor—particularly for wing
size (Table 4). This also fits well with the widespread finding of
thermal plasticity for Drosophila morphology, and in particular
for size related traits (e.g., James et al. 1997; Bitner-Mathe and
Klaczko 1999; Dahlgaard et al. 2001).

In both experiments there was a significant trend for wings
to be larger in samples originating from higher altitudes
(Figs. 2B and 3B, Tables 2 and 4), although this trend was more
pronounced in those flies reared for the temperature-manipulation

experiment. The modeled wing size difference between lowest
and highest altitude populations—an altitude difference of 2.2
km—was 0.15 mm2 (credible interval 0.11–0.20 mm2) from the
primary experiment (with much larger numbers of lines sam-
pled), as compared to 0.40 mm2 (CI 0.20–0.59 mm2), from the
temperature-manipulation experiment (this is equivalent to ∼4%
or ∼9% size increase, respectively). This stronger trend in the
temperature-manipulation experiment may be due to better con-
trol of larval density: Imasheva and Bubliy (2003) showed that
stress due to larval crowding in D. melanogaster can lead to an
increase in phenotypic variance, particularly of size-related traits,
and they point out that this finding is in agreement with vari-
ance effects of temperature stress (Bubliy and Loeschcke 2000,
2002). Our results for temperature qualitatively fit this pattern,
with a slight decrease in variance (from 0.16 mm4 to 0.13 mm4)
associated with the comparison between the more stressful 18◦C
treatment and the less stressful 24◦C group. There was no evidence
of a reduction in variance overall between the two experiments
however, as wing size in the main dataset had a comparable vari-
ance at 0.14 mm4. Altitude accounted for ∼1% of the variation
in wing size in the main dataset (Table 2), but for slightly more
(∼ 7%) in the experiment where rearing temperature, where den-
sity was also somewhat more controlled.

Analyses of both datasets revealed significant associations
between wing shape and altitude of origin, in addition to the in-
fluence of sexual dimorphism, wing size (allometry), and in the
main dataset; significant variation associated with latitude and
longitude (see Tables 3 and 5). The temperature-manipulation
dataset also showed an effect of rearing temperature treatment,
both as a main effect and in interactions with sex and altitude.
The fraction of the total shape variance accounted for by altitude
was not large (between ∼1% and 7%) in both cases. This is in
line with the level of morphological variation accounted for by
altitude in D. mediopunctata (Bitner-Mathe and Klaczko 1999).
The variation associated with temperature in the temperature-
controlled dataset was larger (between 15% and 31%) than that
accounted for by altitude. The vectors of shape change associ-
ated with altitude are extremely similar between the tempera-
ture treatments, with a vector correlation of 0.98 (CI 0.92–0.99:
Fig. 3C). That said, there is evidence that the effect of temper-
ature on wing shape may be partially mediating the altitudinal
effect, because the two directions of shape variance are some-
what correlated (vector correlation 0.20 credible interval were
0.01–0.49).

By contrast, there were some strong correlations among some
effect vectors (Fig. 4), particularly between latitude and rearing
temperature, as well as between size and rearing temperature. The
only vector correlations that we encountered that were stronger
than these were between the effects of a single factor in different
groups (see section Results), and in a “phenotype space” that has

EVOLUTION 2012 1 1



WILLIAM PITCHERS ET AL.

Table 3. Model summary table for least-squares MANCOVA on 58 principal components of shape from the main dataset, conducting
using the line means. See section Results for description of the complete multivariate mixed model. The “focal R2” values are for a model
with the variable as the only predictor and the adjusted R2 value is for the full model.

Effect df Residual df Wilk’s λ F approx. P value Partial R2 Focal R2 Model R2

Centroid size 58 155 0.13 17.99 <0.0001 0.02 0.15 0.26
Altitude 58 155 0.32 5.80 <0.0001 0.02 0.04
Sex 58 155 0.19 11.28 <0.0001 0.06 0.18
Latitude 58 155 0.47 2.96 <0.0001 0.01 0.03
Longitude 58 155 0.37 4.47 <0.0001 0.02 0.03
Residuals 212

Table 4. Analysis of wing centroid size measured from the temperature manipulation experiment. The statistics are from the generalized
linear mixed model, with the exception of the R2 measures; which are from least-squares ANCOVA (see section Methods). The “focal R2”
values are for a model with the variable as the only predictor and the adjusted R2 value is for the full model. Pseudo-P values <0.05 are
in italics.

Posterior Lower 95% Upper 95% Pseudo-P Partial Focal Adjusted
Effect mean cred. int. cred. int. value R2 R2 R2

Altitude 1.81E−04 8.91E−05 2.72E−04 <0.001 <0.01 0.07 0.77
Temperature −3.66E−01 −4.55E−01 −2.78E−01 <0.001 0.15 0.31
Sex −4.73E−01 −5.62E−01 −3.85E−01 <0.001 0.22 0.39
Latitude −3.54E−03 −1.66E−02 9.10E−03 0.58 0.01 0.03
Longitude −2.10E−04 −5.95E−03 5.57E−03 0.94 <0.01 <0.01
Altitude × Temp. −1.15E−04 −1.77E−04 −5.67E−05 <0.001 <0.01 0.31
Sex × Altitude −7.47E−05 −1.37E−04 −1.42E−05 0.02 <0.01 0.34
Sex × Temperature −9.23E−03 −1.41E−01 1.12E−01 0.89 0.00 0.71
Sex × Temp. × Alt. 9.55E−05 1.08E−05 1.81E−04 0.03 0.02 0.59
Line 2.32E−02 1.08E−02 3.84E−02
Residuals 4.96E−02 4.40E−02 5.59E−02

Table 5. Model summary table for LS MANCOVA on 58 principal components of shape measured from the temperature manipulation
experiment conducted on line means. See section Results for description of the complete multivariate mixed model. The “focal R2” values
are for a model with the variable as the only predictor and the adjusted R2 value is for the full model.

Effect df Residual df Wilk’s λ F approx. P value Partial R2 Focal R2 Model R2

Centroid size 58 56.0 0.02 44.08 <0.0001 0.04 0.07 0.26
Altitude 58 56.0 0.17 4.84 <0.0001 0.02 0.04
Temperature 58 56.0 0.04 21.16 <0.0001 0.03 0.04
Sex 58 56.0 0.06 15.31 <0.0001 0.04 0.08
Latitude 58 56.0 0.10 8.57 <0.0001 0.04 0.06
Longitude 58 56.0 0.19 4.21 <0.0001 0.02 0.03
Residuals 113

variance in 58 dimensions, close alignment of vectors by chance
is unlikely. The latitude-temperature vector correlation was esti-
mated at 0.66 (CI 0.19–0.80). While this is far from conclusive, it
provides evidence supporting the suggestion that temperature is
the strongest candidate for the selective agent responsible for lat-
itudinal size clines in Drosophila (Bubliy and Loeschcke 2005).
The vector correlation of size and temperature effects was 0.75
(CI 0.68–0.80), suggesting that the larger wings associated with

lower temperature (Fig. 3B) differ in shape predominantly along
the allometry vector; that is, wing shapes differ because they
differ in size. Also notable is the very close alignment of the
allometry vectors for shape when males and females were mod-
eled separately—their vector correlation was 0.95 (CI 0.91–0.97).
That is not to say that wing shape is not dimorphic—shape di-
morphism accounts for between 67% and 71% of the variance in
the main dataset and between 22% and 39% in the temperature
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manipulation dataset—rather that changes in wing size seem to
affect male and female wing shapes in a similar fashion. The shape
vectors associated with altitude, size, and sex show a moderate
level of correlation in both experiments, although the size–sex
effect correlation was less consistently estimated than that for sex
altitude (Fig. 4). Considered across both experiments, the clinal
shape variation associated with altitude shows some similarity to
the variation associated with allometry, sexual dimorphism, tem-
perature, and the latitudinal cline, but none of these relationships
is strikingly strong. This pattern could indicate that there are some
characteristics of altitudinal shape variation that do not overlap
with the other effects we were able to quantify here, and the pos-
sibility that we are actually measuring an amalgam of a number
of independent clines may exacerbate this by contributing to the
large credible interval on our estimates of correlations relating to
altitude.

Where wing size has been found to show (latitudinal)
clinal variation previously (e.g., Capy et al. 1993; Imasheva
et al. 1994; James & Partridge 1998; Huey et al. 2000; Hallas
et al. 2002), evidence has suggested temperature as the selective
agent responsible (Reeve et al. 2000; Norry et al. 2001). Whereas
temperature-related size effects could also be involved with al-
titudinal variation, there are other potential selective agents at
work—in particular reduced air density and partial pressure of
oxygen—and in any case the lack of an overall pattern relating
body size to latitude in Drosophila (reviewed by Dillon et al. 2006)
suggests that other factors are likely to be important also. Notably,
Dillon and Frazier (2006) found that low temperature and low air
pressure interacted to reduce the locomotor performance of D.
melanogaster—especially flight—more than would be predicted
by the effect of either factor measured in isolation. Our finding
that shape displays altitudinal clinal variation after controlling for
size and allometry would fit with a hypothesis of adaptation to
maintain wing function (either in flight and/or sexual signaling)
under the altered atmospheric conditions at altitude. However,
more direct tests would be needed to be confident that this is the
case. It is clear that we still do not know the agents of selection,
and indeed the direct targets (i.e., the vectors of shape change
for the wings that are directly under selection) that generate the
pattern of clinal variation.

The populations from which our lines are derived are quite
widespread geographically, spanning much of the latitude be-
tween the tropics and most of the longitude of equatorial Africa.
Given this spread it is perhaps surprising that the variation
jointly accounted for by latitude and longitude—that is, among
populations—is not larger, only 1–14% for size and 1–10% for
shape (Tables 2 and 5). Although generally accounting for more
variance than altitude, this interpopulation variance is dwarfed
by that accounted for by sexual dimorphism, genetic variation
(line), and rearing temperature. This implies that—at least for

wing morphology—there is a considerable amount of standing
genetic variance and plasticity to be found within these popu-
lations. When we separated our main dataset into western and
eastern groups (see Fig. 1A) we found different magnitudes and
directions of shape variance associated with altitude between the
groups (Fig. 5A). The correlation between the altitude effect in
the two longitudinal groups was 0.14 (CI 0.00–0.58), indicating
that these shape effects are quite different (Fig. 5C), despite the
similarity of sexual shape dimorphism and allometry across these
two broad geographic groups. For those two countries (Cameroon
in the West and Ethiopia in the East) where we had lines from
more than one population, we were able to test for altitudinal
effects within populations. This comparison revealed rather more
variation associated with altitude in Ethiopia than in Cameroon
(Fig. 5B) and, the altitudinal shape effects estimated in these
populations separately are also quite different (Fig. 5C), with
their vector correlation estimated at 0.21 (CI 0.00–0.60). The
other shape effects modeled simultaneously with altitude; sex-
ual dimorphism and allometry; were much more strongly corre-
lated both between East and West groups and between Ethiopian
and Cameroonian populations (>0.9 in both cases). Since be-
ing brought into the laboratory, the stocks may have evolved by
laboratory-adaptation and/or drift. However, because all stocks
here have been maintained as isofemale lines, there is little ge-
netic variance present within lines for selection or drift to act
upon. Although divergent drift may account for some of the dif-
ference in our measured altitudinal effects, it seems unlikely given
the pronounced similarity of the other shape effects measured. In-
deed laboratory adaptation has been shown to be quite repeatable
in the laboratory (Santos et al. 2004, 2005, 2006), at least when
temperature is the applied selective agent, so the divergence of
the altitudinal effect vectors here may be another indication that
there is more to altitudinal variation than the thermal cline alone.
We can have less confidence, however, that the altitudinal shape
clines we measured are adaptive. To confirm this we would need
to recapitulate these patterns of variance by direct manipulation
of putative agents of selection (e.g., Santos et al. 2004, 2006) or
by making comparisons between clines that we can be confident
are independent (e.g., on different continents: Huey et al. 2000;
Zwaan et al. 2000; Paaby et al. 2010).

Here we found clinal variation in both size and shape associ-
ated with altitude, although this variation accounted for little of the
total variance. The largest fraction of the variance we detected was
within rather than between populations. The association of shape
with altitude appears to be partly recapitulated by allometry and,
to a lesser extent, by temperature. Interpretation of continent-wide
patterns is complicated however, by the inconsistent directions of
shape associated with altitude among populations—suggesting
multiple clines with only limited convergence. Data from popu-
lations intermediate in location between some of those measured
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here, or from altitudinal clines on other continents, may clarify
these findings in the future.

ACKNOWLEDGMENTS
We wish to acknowledge the support of the Michigan State University
High Performance Computing Center and the Institute for Cyber En-
abled Research. Manipulation of data from WINGMACHINE was facil-
itated by MatLab code for which we thank E. J. Marquez (http://www-
personal.umich.edu/∼emarquez/). We are grateful to Alycia Kowalski
and Cody Porter for help with rearing, dissections, and microscopy.
This work was supported by NIH grant 1R01GM094424–01 and funds
from Michigan State University to ID. We thank Fiona Ingleby, Chris
Chandler, the associate editor (Dr. C. P. Klingenberg), and two anony-
mous reviewers for comments that improved this manuscript.

LITERATURE CITED
Adams, D., F. Rohlf, and D. Slice. 2004. Geometric morphometrics: ten years

of progress following the “revolution.” Ital. J. Zool. 71(1):5–16.
Azevedo, R., V. French, and L. Partridge. 1996. Thermal evolution of egg size

in Drosophila melanogaster. Evolution 50(6):2338–2345.
Bitner-Mathe, B., and L. Klaczko. 1999. Size and shape heritability in natu-

ral populations of Drosophila mediopunctata: temporal and microgeo-
graphical variation. Genetica 105(1):35–42.

Breuker, C. J., J. S. Patterson, and C. P. Klingenberg. 2006. A single basis for
developmental buffering of Drosophila wing shape. PLoS One 1(1):e7.
doi: 10.1371/journal.pone.0000007

Bridle, J. R., S. Gavaz, and W. J. Kennington. 2009. Testing limits to adaptation
along altitudinal gradients in rainforest Drosophila. Proc. R. Soc. Lond.
B 276(1661):1507–1515.

Bubliy, O., and V. Loeschcke. 2000. High stressful temperature and genetic
variation of five quantitative traits in Drosophila melanogaster. Genetica
110(1):79–85.

———. 2002. Effect of low stressful temperature on genetic variation of five
quantitative traits in Drosophila melanogaster. Heredity 89(1):70–75.

———. 2005. Variation of life-history and morphometrical traits in
Drosophila buzzatii and Drosophila simulans collected along an alti-
tudinal gradient from a Canary island. Biol. J. Linn. Soc. 84(1):119–
136.

Capy, P., E. Pla, and J. David. 1993. Phenotypic and genetic variability of
morphometrical traits in natural populations of Drosophila melanogaster
and D simulans. I. Geographic variations. Genet. Sel. Evol. 25:517–536.

Claude, J. 2008. Morphometrics with R. Springer Verlag, New York, USA.
Collinge, J., A. Hoffmann, and S. McKechnie. 2006. Altitudinal patterns

for latitudinally varying traits and polymorphic markers in Drosophila
melanogaster from eastern Australia. J. Evol. Biol. 19(2):473–482.

Dahlgaard, J., E. Hasson, and V. Loeschcke. 2001. Behavioral differentiation
in oviposition activity in Drosophila buzzatii from highland and lowland
populations in Argentina: plasticity or thermal adaptation? Evolution
55(4):738–747.
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