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Abstract The males of the Brimstone butterfly (Gonepteryx
rhamni) have ultraviolet pattern on the dorsal surfaces of their
wings. Using geometric morphometrics, we have analysed
correlations between environmental variables (climate, pro-
ductivity) and shape variability of the ultraviolet pattern and
the forewing in 110 male specimens of G. rhamni collected in
the Palaearctic zone. To start with, we subjected the environ-
mental variables to principal component analysis (PCA). The
first PCA axis (precipitation, temperature, latitude) signifi-
cantly correlated with shape variation of the ultraviolet pat-
terns across the Palaearctic. Additionally, we have performed
two-block partial least squares (PLS) analysis to assess co-
variation between intraspecific shape variation and the varia-
tion of 11 environmental variables. The first PLS axis ex-
plained 93 % of variability and represented the effect of
precipitation, temperature and latitude. Along this axis, we
observed a systematic increase in the relative area of ultravi-
olet colouration with increasing temperature and precipitation
and decreasing latitude. We conclude that the shape variation
of ultraviolet patterns on the forewings of male Brimstones is
correlated with large-scale environmental factors.
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Introduction

The discovery that some animals perceive ultraviolet radiation
goes back to Darwin’s contemporary John Lubbock, the 1st
Baron Avebury (Lubbock 1882). Sensitivity to ultraviolet
light has been observed in many invertebrates (Lutz and
Richtmyer 1922; Lutz 1924, 1933b; DeVoe et al. 1969) and
later also in vertebrates (Huth and Burkhardt 1972; Wright
1972; Silberglied 1979; Tovee 1995). Around the same time,
it was also found that there exists a relationship between
ultraviolet patterns in flowers and some of their pollinators
(Lutz 1924). Moreover, UV-reflective surfaces with signalling
and communicative functions have been found in many clades
of invertebrates including butterflies (Lutz 1933a; Mazokhin-
Porshnyakov 1957; Nekrutenko 1965a; Silberglied and Taylor
1978; Silberglied 1979, 1984; Eguchi and Meyer-Rochow
1983; Brunton and Majerus 1995; Brunton 1998), spiders
(Heiling et al. 2003, 2005) and beetles (Pope and Hinton
1977).

As a model species for our study, we chose the
Common Brimstone (Gonepteryx rhamni, Linnaeus, 1758),
a Palaearctic species widely distributed from Western Europe
to Eastern Asia (see Fig. 1). The genus Gonepteryx has been
studied by zoologists since the early days of UV reflectance
research (Mazokhin-Porshnyakov 1957). The ultraviolet wing
pattern of G. rhamni was repeatedly under consideration as a
trait of potential taxonomic value (Nekrutenko 1965b, 1968,
1970; Kudrna 1975). Later, the Brimstone became a popular
model in studies focussing on the structural basis and physical
nature of UV colouration in butterflies (Wijnen et al. 2007;
Pirih et al. 2011; Wilts et al. 2011).
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Fig. 1 Locations (black dots) of the 110 specimens of the Brimstone butterfly (Gonepteryx rhamni) from the Palaearctic region

Previous studies of butterflies have shown an environmen-
tal dependence of different aspects of wing colouration such
as the variation in colour across the latitude (Hovanitz 1944),
intensity of ultraviolet reflectance (Meyer-Rochow and
Jarvilehto 1997), degree of melanization (Ellers and Boggs
2002; Karl et al. 2009; Fischer and Karl 2010), and seasonal
polyphenism together with variability in the expression of size
and composition of the eyespots (Brakefield 1987; Brakefield
and French 1999; Beldade and Brakefield 2002; Brakefield
etal. 2007; De Jong et al. 2010). The ultraviolet colouration in
butterflies may also be influenced by temperature and the
quality of food ingested during development (Kemp et al.
2006; Kemp and Rutowski 2007; Kemp 2008b). These stud-
ies, however, focussed mainly on the intensity and hue of the
UV pattern without taking into account the shape and relative
size of ultraviolet patches on butterfly wings.

Although a role of the size of UV patterns in sexual
selection has not yet been demonstrated in the Brimstone
butterfly, it has been shown that females of butterfly
Bicyclus anynana select males on the basis of the size and
brightness of the ultraviolet-reflecting pupils of dorsal eye-
spots (Robertson and Monteiro 2005). Moreover, the absence
or presence of ultraviolet wing pattern may serve as isolating
mechanism in New Zealand lycaenid butterflies (Meyer-
Rochow 1991). The importance of UV signals during mate
choice was directly evidenced in Eurema and Colias species
(Papke et al. 2007; Kemp 2008a). Based on an analogy with
related pierid butterflies, we suppose that male dorsal UV
patterns in G. rhamni may play a role in sexual selection and
that this may influence the observed variation of this trait in
the natural populations of the Brimstone.

Selection pressures acting upon the formation of animal
patterns are not necessarily limited to sexual selection.

@ Springer

Morphology can also be influenced by environmental selec-
tion, as demonstrated by classical examples such as the geo-
graphic patterns of body size (Bergmann 1847) and the length
of extremities in ectotherms (Allen 1877). Recent studies of
animal surfaces brought further evidence pertaining to geo-
graphic patterns of plumage colours in hummingbirds
(Schmitz-Ornés 2006), the elytral patterns in carabid beetles
(Kleisner et al. 2012) and colour patterns in bumblebees
(Williams 2007). The variation of some traits, however,
cannot be fully explained by an adaptive evolutionary
hypothesis (Gould and Lewontin 1979; Kleisner et al.
2012). Although particular traits may later be co-opted
for various functions such as sexual signalling, their
variation cannot be sufficiently explained by these new
selection pressures alone (Gould and Vrba 1982; Kleisner
2008, 2011; Maran and Kleisner 2010).

Our main goal was to find possible associations between
the shape of UV patterns in G. rhamni and broad-scale envi-
ronmental conditions (climate, productivity). We demonstrate
that environmental conditions indeed correlate with the rela-
tive size and shape of the patterns and conclude with a dis-
cussion of possible evolutionary and ecological causes of
these correlations.

Material and methods

Specimens

We have used a set of 110 individual male specimens: 59
observations were made in the Czech Republic and 51 obser-

vations come from the Palaearctic outside the Czech Republic.
Photographs of all specimens were deposited in the
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entomological collections of the Natural History Museum of
the University of Tartu (Estonia) and the National Museum in
Prague (Czech Republic). We have recorded the geographic
coordinates describing where each specimen was caught

(Fig. 1).
Acquisition of photographs in the ultraviolet spectra (UV-A)

We have used a FujiFilm IS Pro digital camera which, thanks
to its broad sensitivity to 330-900-nm spectrum, is suitable for
UV photography (Pike 2011). The camera was equipped with
an uncoated UV-transmitting lens. We used photographical
filters B+W 403 and B+W BG 53. Ultraviolet band-pass filter
B+W 403 (transmission range 290—410 nm with peak at
355 nm) filtered out the visible spectrum (400-700 nm) and
the B+W BG 38 filter (transmission range 290—750 nm with
peak at 500 nm) blocked the IR light (A>700 nm). To illumi-
nate the photographed objects, we have used a UVP MRL-58
Multiple-Ray Lamp (8 W, 230 V-50 Hz, 0.16 A) equipped
with mercury fluorescent lamp 8 W F8T5 long-wave 365 nm.
All objects were illuminated under the angle of 45° and
photographed in a standardized position (dorsal view).
Based on our previous experience with the model species,
the shape and size of ultraviolet pattern of G. rhamni remain
the same even after a considerable change of the angle, which
was also shown by Pirih et al. (2011). For all specimens, we
used the following setting of the FujiFilm IS Pro camera: ISO
400, shutter time 15" and aperture of 3.5. All images were
standardized using 18 % grey card, Kodak colour separation
guide and a 15-cm length scale.

Environmental and geographic correlates

As potential correlates of the UV patterns, we chose longitude,
latitude and altitude. These broad-scale variables describe the
spatial position of each specimen; we obtained them from
locality labels on the pinned specimens. Then, we used these
coordinates to assign (in ArcGIS 10.0; ESRI Inc.) to each
specimen the mean annual temperature and precipitation,
mean temperature in the warmest and coldest month, mean
precipitation in the wettest and driest month, net primary
productivity (NPP) and normalized difference vegetation in-
dex (NDVI) of the locality of the specimen. We have used
these variables as predictors as they were previously demon-
strated to affect insect distributions (Hawkins and Porter 2003;
Battisti et al. 2005), development (Dixon et al. 2009), body
size (Chown and Gaston 2010) and insect personality
(Tremmel and Miiller 2013). The data on temperature, precip-
itation and altitude came from 10 arc-min WorldClim layers
(Hijmans et al. 2005). Our NPP layer came from the Postdam
Institute for Climate Impact Research (Cramer et al. 1999): It
represents an averaged (over 1961-1990) net production of

organic compounds from atmospheric CO,. NDVI represents
the amount of green vegetation cover and was downloaded
from NASA Goddard DAAC. To mitigate the effect of poten-
tial geo-referencing errors, we used climatic data of a relative-
ly coarse resolution (note that finer, 2.5 and 5 arc-min, data
were also available). We made this decision in order to min-
imize the risk of assigning an inappropriate (spatially mis-
matched) climate to the specimens.

To avoid co-linearity between predictors, we performed
principal component analysis (PCA) on all climatic and geo-
graphic variables, centred to zero mean and standardized to
variance of 1 (package ‘stats’ in R software; R Development
Core Team 2012). We used only the first two axes of this PCA
for further analyses.

Landmark definitions and procrustes analysis

Ultraviolet digital photographs of the left forewing of each of
the 110 male specimens of G. rhamni were analysed using
geometric morphometrics. At each forewing, we placed 32
landmarks (including 12 semi-landmarks) using tpsDig2 soft-
ware ver. 2.14 (Rohlf 2009a). Landmarks are corresponding
points which can be placed on the forewing of each specimen
in the set, while semi-landmarks denote curves and outlines of
the forewing where proper landmarks cannot be defined (for
definitions of landmark and semi-landmark locations on the
butterfly forewing, see Fig. 2).

All configurations of landmarks and semi-landmarks
were superimposed by a generalized Procrustes analysis
(GPA) performed in tpsRelw ver. 1.49 (Rohlf 2008). This

Fig. 2 A definition of landmarks on the left forewing. Points 1-20
represent homologous anatomical landmarks found in all analysed sub-
jects: landmark 7, wing base (the connection of anal and cubital vein);
landmark &, wing apex. The other landmarks are located at vein endings
at the edge of the wing and the edge of the UV-reflecting pattern:
landmarks 2 and /2, first anal vein; landmarks 3 and /3, cubitus 3;
landmarks 4 and 74, cubitus 2; landmarks 5 and 15, cubitus 1;
landmarks 6 and /6, media 2; landmarks 7 and /7, media 1; land-
marks 9 and /8, radius 4; landmarks /0 and 79, radius 3; landmarks
11 and 20, radius 2. Points 21-32 represent semi-landmarks which
serve to denote curves
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procedure standardizes the size of objects and optimizes their
rotation and translation until the coordinates of corresponding
landmarks align as closely as possible. To reduce the dimen-
sionality of procrustes residuals, we carried out a principal
component analysis (PCA) in tpsRelw, ver. 1.49. The scores
on the 10 PC axes carrying information about the wing shape
were then saved and used for further analyses.

Correlations between environment and shape

To estimate the relationship between wing morphology and
environmental (and geographic) variables, we have used two
complementary analytical methods.

First, we applied the Permutational Multivariate Analysis of
Variance using Distance Matrices (Adonis) function in the
Vegan package in R (Oksanen et al. 2011) with Euclidean
distance measure. We fitted a multivariate multiple regression
model using Adonis, where the responses were the 10 shape
PC axes which explain 90 % of shape variability of forewing
and the predictors were the first two environmental PC axes. To
control for shape variation due to allometry, we added wing
size (computed as centroid size for each landmark configura-
tion) as a covariate in the model. Shape changes associated with
explanatory variables were visualized by thin-plate spline de-
formation grids available in tpsRegr, ver. 1.36 (Rohlf 2009b).

Second, we applied the two-block partial least squares (2B-
PLS) method (Rohlf and Corti 2000) in order to explore
covariation between the shape variables representing wing
morphology and 11 environmental/geographic variables
(unlike in the previous analysis, we used the original
environmental/geographic variables, not PCs). Landmark
configurations were transformed into partial warp scores
(Rohlf et al. 1996) and analysed in tpsPLS software, ver.
1.18 (Rohlf 2006). In particular, the 2B-PLS created a pair
of new variables which were linear combinations of variables
within both of the original data sets (blocks). These new
variables were produced so as to maximize covariation be-
tween the two original sets of variables (Rohlf and Corti
2000). Thin-plane splines were used to display the results in
form of deformation grids of observed variation along the first
PLS axis. These visualizations were made in tpsPLS 1.18
software (Rohlf 2006).

Geographic and environmental bias in specimen locations

There is a bias in the geographic distribution of our specimens
(Fig. 1), since about half of them (59 out of 110) come from
the small area of the Czech Republic, which contrasts with the
rest coming from all over the Palaearctic. Such bias is com-
monly found in many large-scale data sets extracted from
museum collections (Diniz-Filho et al. 2010). To assess
whether the geographic bias affects our shape-environment
correlations, we reran the 2B-PLS analysis using only
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specimens from outside the Czech Republic and compared
them with results obtained from the complete data set.

Results

The principal component analysis of 11 environmental and
geographical variables resulted in two interpretable PCA axes
(Fig. 3). The first PC axis explained 46 % and the second 16 %
of all variability. The first PC axis accounted mainly for the
mean annual temperature, mean annual precipitation, mean
precipitation in the wettest month, and latitudinal and longi-
tudinal variation. The second axis represented variation in the
NDVI and the mean precipitation in the driest month. Relative
loadings of geographic and environmental variables for the
first and second PC axes are presented in Table 1.

Multivariate multiple regressions (‘Adonis’ function in
‘vegan’ R package) of shape data on the two PCs extracted
from the predictors (with wing centroid size as a covariate)
showed that the first environmental PC axis significantly
affects the shape space of the forewing (F; j06=15.49,
p=0.0001, R*=0.12). The effect of the second PC axis was
significant but it explained only a small part of variance
(Fy.106=3.48, p=0.02, R*=0.027). The effect of the centroid
size was also significant (F; 106=3.05, p=0.029, R*=0.023).

All p values were based on 9,999 permutations. Specimens
inhabiting environments with higher precipitation and temper-
ature tend to have larger UV patches which cover most of the
forewing surface.

The two-block partial least squares (2B-PLS) analysis
(Rohlf and Corti 2000) focussed on covariation between the
shape variables and the ecological variables. The first PLS
axis accounted for 93 % of squared covariance (permutation
test for 9,999 iterations, p=0.0003), while the second PLS
axis accounted only for approximately 3 % and was not
statistically significant (»=0.999). Correlations between vari-
ables and shape vectors were 0.57 (»p=0.0001) for the first
PLS axis and 0.46 (p=0.0031) for the second PLS axis. We
have observed shape differences linked to the first PLS axis
(Fig. 4): The association was principally with precipitation,
temperature and latitude. Shape variation along the first PLS
axis revealed constriction/dilation along the anterior-posterior
axis of the wing. With an increase in temperature and precip-
itation and a decrease in latitude, the relative size of the
ultraviolet pattern markedly increases at the expense of the
UV non-reflective wing area (Fig. 4).

To examine the potential confounding effect of the remaining
environmental bias, we reran the 2B-PLS analysis only on
specimens from outside the Czech Republic. The relationship
between shape and ecological variables remained clearly signif-
icant, p<<0.001(permutation test for 9999 iterations); the first
PLS axis accounted for 94 % of squared covariance. The corre-
lation between variables and shape vectors was 0.65 (p<0.001).
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Fig. 3 Principal component analysis of environmental and topographical
variables (standardized, centred). The first and second axes explain 46
and 15.5 % of variability in environmental data respectively. The
first principal component accounts mainly for annual mean tem-
perature and precipitation, mean temperature in the warmest month
(max.temperature), and the latitudinal effect (latitude), while the second
axis can be interpreted as a joined effect of the normalized difference

Table 1 Relative loadings of geographic and environmental variables for
first (PC1) and second (PC2) principal component

Ecological variable PC1 PC2
Latitude 0.409 —0.092
Longitude -0.296 0.282
Temperature —0.408 —0.159
Precipitation -0.352 —0.241
Altitude —0.188 0.174
NDVI 0.210 —0.459
NPP —0.151 —0.208
Precipitation minimum 0.093 —0.641
Precipitation maximum —0.386 —0.046
Temperature minimum —0.306 —0.362
Temperature maximum —0.319 —0.001

NPP net primary production, NDVI normalized difference vegetation
index

vegetation index (NDVI) and the mean precipitation in the driest month
(min.precipitation). NPP net primary production. Thin-plate spline visu-
alizations are not part of the environmental principle component analysis.
They were added manually (based on the regressions of the shape data to
environmental principle components) to illustrate how the wing shape
changes across a range of environmental conditions

Discussion

We have demonstrated that the shape variability of ultraviolet
patterns and the overall shape of the forewing correlate with
the environmental conditions in which the specimens were
collected, which may suggest a causal link between the envi-
ronment and the observed variability. The area covered by the
UV patterns on the wings decreases towards cooler and drier
locations in higher latitudes, while specimens inhabiting
warmer and more humid environment tend to have broader
wings with UV patterns covering most of the forewing
surface.

The wing area covered by the UV pattern covaries with
forewing dimensions, and both are affected by the environ-
ment. The shape variation of the UV pattern and the shape
variation of the whole forewing are not, however, isomorphic
(see the deformation grids in Fig. 4), meaning that the area of
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Fig. 4 Two-block partial least squares plot for projections of Gonepteryx
rhamni specimens onto ordination vectors. Deformation grids on both
extremes of the x-axis show changes in shape associated with the first
axis. Vectors designate estimates of standardized scores for the mean
annual temperature, mean temperature in the warmest (max.temperature)

the wing covered by a UV pattern increases at a higher rate
towards lower latitudes and especially towards higher temper-
atures and amounts of precipitation than the UV non-reflective
wing area. This suggests that the UV pattern is more environ-
ment dependent than the overall forewing shape and that in
addition to the hypothesized sexual selection (Silberglied and
Taylor 1978; Silberglied 1984; Brunton and Majerus 1995;
Kemp 2006; Kemp and Rutowski 2007, 2011), the environ-
mental selection, too, may contribute to the variation of the
UV patterns. The role of sexual selection in formation of the
UV pattern in G. rhamni, however, has not been explicitly
evidenced yet.

Temperature, which has the highest correlation with the
first PLS axis, seems to be an especially significant environ-
mental factor. In ectotherms, thermoregulatory costs of main-
taining the main body temperature are rather high. It has been
shown, for instance, that temperature—but not the energy
supply—crucially affects the expression of sexually selected
UV colouration in male European green lizards (Bajer et al.
2012). Ambient temperature during larval and early pupal
development affects the metabolic rate of developing butter-
flies (Stevens 2004), which may further affect the expression
ofultraviolet patterns (Kemp et al. 2006; Kemp and Rutowski
2007; Kemp 2008b; Prudic et al. 2011). Moreover, cold
treatment of pupae in Aglais urticae led to a non-expression
of UV spots on the wings of the adults (Anonymous 1910). It
is thus possible that other ecological variables associated with
the shape of UV patterns, such as precipitation and latitude,
may affect the UV patterns indirectly.
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The role of ecology and nutrition of larvae in the formation
of wing scale morphology responsible for the reflectance and
potential signalling was thoroughly studied in Pieris butter-
flies. It was shown that differences in the density of pterin
granules deposited within the nanostructure of scales are
responsible for sexual dichromatism of many pierid species
(Morehouse et al. 2007). Although different dietary regimes
influence the development and phenotype of Pieris rapae, the
effect seems to be restricted to larvae (Morehouse and
Rutowski 2010). Feeding experiments using other butterfly
species have shown that composition of larval food (both the
plant species and the plant parts) significantly affects the
variation in UV patterns in the European Common Blue
butterfly, Polyommatus icarus (Knuttell and Fiedler 2000).
In Colias eurytheme and Eurema hecabe, the quality of larval
food resources also affects some properties of the ultraviolet
patterns, such as brightness (Kemp et al. 2006; Kemp and
Rutowski 2007; Kemp 2008b).

Another explanation is that the male UV pattern of
G. rhamni indicates a whole range of mate qualities (Kemp
and Rutowski 2011) including the accessibility of larval re-
sources, the ability to acquire and assimilate these resources,
thermal stability of pupal development, developmental stabil-
ity and resistance to environmental perturbations, or the effec-
tiveness of morphogenetic mechanisms responsible for the
partitioning of developmental resources to UV signalling
structures (Kemp 2006, 2008b; Kemp et al. 2006; Kemp and
Rutowski 2007). It seems that southern specimens have access
to relatively richer resources compared to the northern
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specimens. The costly UV pattern could be an indicator of
male’s ability to assimilate and utilize these resources and can
be subject to female sexual selection. Subsequently, the trade-
off between the availability of environmental resources and
the ability to assimilate these resources may be responsible for
the latitudinal variation in the UV patterns.

Alternatively, the UV patches could be a protective adap-
tation against high UV exposure at high altitudes and low
latitudes (Herman et al. 1999). If that were the case, UV-
reflective patterns would cover larger wing areas in specimens
from lower latitudes and higher altitudes (as in the case of
G. rhamni), while in fact the opposite occurs in Pieris napi
whose northernmost females possess brighter UV reflectivity
than their southern sisters (Meyer-Rochow and Jarvilehto
1997). Although our results may be seen as partially
supporting this conjecture, there is a serious problem. In
particular, one would need to find a good reason why such
protection against the high levels of UV occurs only in males
(as is the case of G. rhamni). Another possibility is that the
dorsal UV patterns in males are primarily sexual patterns
which were only later co-opted for a protective function.
Females thus lack the adaptation simply because they have
no dorsal pattern which could be used for such secondary
protective function.

In order to disentangle the complex links between the de-
velopment, environmental conditions, and the variation in the
UV pattern, one would have to carry out breeding experiments
with controlled exposure of the developing larvae to varying
environmental factors. We also note that despite our efforts to
account for it, our results could be affected by the uneven
spread of our specimens in the environmental space and future
research might benefit from a more systematic stratified ran-
dom sampling. Further research could also investigate whether
the comparatively smaller size of UV patterns in colder and
drier environments is in any way compensated, for example, by
higher intensity (or brightness) of UV reflectance. For the
moment being, we tentatively conclude that the shape variation
of UV patterns in male Brimstone butterflies may be due to a
combination of both sexual and environmental selection.
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