
The dry landscape garden at Ryoanji
Temple in Kyoto, Japan, a UNESCO
world heritage site, intrigues hundreds

of thousands of visitors every year with its
abstract, sparse and seemingly random
composition of rocks and moss on an other-
wise empty rectangle of raked gravel1. Here
we apply a model of shape analysis in early
visual processing2,3 to show that the ‘empty’
space of the garden is implicitly structured
and critically aligned with the temple’s
architecture. We propose that this invisible
design creates the visual appeal of the 
garden and was probably intended as an
inherent feature of the composition.

Created during the Muromachi era (AD

1333–1573), a period of significant innova-
tion in the visual arts in Japan, the
unknown designer left no explanation for
the layout of the Ryoanji garden (Fig. 1).
The rocks have been considered to be sym-
bolic — representing, for example, a tigress
crossing the sea with her cubs, or strokes of
the Chinese character meaning ‘heart’ or
‘mind’4. Such symbolic interpretations do

not relate to the experience of visually per-
ceiving the garden, however, and provide
little insight into the attraction that it holds
even for naive viewers.

To examine the spatial structure of the
Ryoanji garden, we computed local axes of
symmetry using medial-axis transforma-
tion2,3, a shape-representation scheme that
is used widely in image processing as well as
in studies of biological vision. To under-
stand the concept of medial-axis transfor-
mation, imagine drawing the outline of a
shape in a field of dry grass and then setting
it alight: the medial axis is the set of points

where the inwardly propagating fires meet.
It has been shown that humans have an
unconscious visual sensitivity to the axial-
symmetry skeletons of stimulus shapes5.

The result of transforming the garden’s
composition is shown in Fig. 2, in which
the dark lines indicate loci of maximal local
symmetry. The overall structure is a simple,
dichotomously branched tree that con-
verges on the principal garden-viewing area
on the balcony. The connectivity pattern 
of the tree is self-similar, with the mean
branch length decreasing monotonically
from the trunk to the tertiary level. Both
features are reminiscent of actual trees.

The trunk of the medial axis, along
which the view of the garden provides 
maximal Shannon information about the
scene6, passes close to the centre of the main
hall, which would traditionally have been
the preferred point from which to view the
garden4. We found that imposing a random
perturbation of the spatial locations of indi-
vidual rock clusters in the garden layout
destroys these special characteristics of the
medial-axis skeleton (see supplementary
information), supporting the idea that the
origin of the structure of the visual ground
was not accidental.

There is a growing realization that scien-
tific analysis can reveal unexpected structur-
al features hidden in controversial abstract
paintings7,8. We have uncovered the implicit
structure of the Ryoanji garden’s visual
ground and have shown that it includes an
abstract, minimalist depiction of natural
scenery. We believe that the unconscious
perception of this pattern contributes to the
enigmatic appeal of the garden.
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Visual structure of a Japanese Zen garden
The mysterious appeal of a simple and ancient composition of rocks is unveiled.

Figure 2 Medial-axis transformation of the layout of the Zen garden, showing the rock clusters (top) and building plan (AD 1681) of the

temple (outlined in white). Red square, the main hall; circle, the traditionally preferred viewing point for the garden; rectangle, alcove 

containing a Buddhist statue. If the positions of the rock clusters are rearranged randomly, features that were incorporated deliberately

into the original design of the garden are destroyed (see supplementary information).

Figure 1 The Zen garden at Ryoanji Temple in Kyoto, Japan, showing the simple arrangement of rocks that constitutes its design.
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types of female: those with wild-type bab
function (normal, light pigmentation) and
those with only one functional bab copy
(bab�/bab� heterozygotes; darker, male-like
pigmentation). Chromosomes either con-
taining or lacking the bab locus were placed
in a wild-type genetic background derived
from a D. melanogaster stock founded by
females collected during 2000 in Arkansas
and Louisiana (‘ArkLa’). Dark and light
females were respectively produced by mating
ArkLa males with females from two deficien-
cy strains, Df(3L)Ar12-1 and Df(3L)Ar11.
(The former strain was also used by Kopp et
al.) Both deficiencies are similar in size and
were created in the same genetic back-
ground, but Df(3L)Ar12-1 deletes the bab
locus, producing dark heterozygous females
(average pigmentation score, 16.4�0.09
(s.e.)), whereas females heterozygous for
Df(3L)Ar11, which does not delete the bab
locus, are lighter (average score, 11.2�0.15).

ArkLa males that were given a choice
between bab� and bab� heterozygous
females did not discriminate between these
types (94 ‘dark’ matings, 88 ‘light’; �2�0.2,
P�0.67). These results differ significantly
(G�38.3, P�1�10�9) from the combined
results of Kopp et al.1, who observed 23
‘dark’ and 105 ‘light’ matings.

In our second experiment, we produced
females of varying pigmentation in the F2

generation of a cross between an outbred
stock of D. melanogaster collected in Win-
ters, California, during 2000 and a ‘light’
female stock produced by combining two
inbred lines from the same locality and col-
lected in 2000 (S. Nuzhdin). Males from the
outbred stock were given a choice between
dark and light F2 females, with mean
pigmentation scores of 11.9�0.17 and
7.5�0.24, respectively. Again, males
showed no significant discrimination
between dark and light females (81 ‘dark’
matings, 61 ‘light’; �2�2.82, P�0.095).

Our two replicate experiments were sta-
tistically homogeneous (G�0.94, P�0.33),
but our combined data differed significant-
ly from those of Kopp et al. (G�52.0,
P�1�10�10). Far from showing a strong
preference for light females, our wild-type
males showed an insignificant tendency to
mate with darker females.

We suggest that Kopp and colleagues’
results may be attributed to their comparing
mutant or inbred strains with dissimilar
genetic backgrounds, so that ‘light’ and
‘dark’ females in each trial differed in many
of their genes. This idea is supported by the
extraordinarily high proportion of trials
observed by Kopp et al. in which neither

female mated (42 out of 170, 24.7%; A.
Kopp, personal communication), compared
with the low proportion of such trials in our
experiments (14 out of 324, 4.3%). This dif-
ference is highly significant (G�43.8,
P�1�10�10). Although sexual selection
may account for the differences in pigmenta-
tion among Drosophila species, we find no
evidence that it operates in D. melanogaster
in the way suggested by Kopp et al.
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Kopp et al. reply — To appreciate how new
morphological traits arise in the course of
evolution, we need to understand both the
genetic basis of phenotypic changes and 
the selective forces that promote them. 
We presented evidence that evolutionary
changes in the regulation of the bab gene
could account for the origin of sexually
dimorphic abdominal pigmentation in 
D. melanogaster; we also investigated
whether sexual selection could explain the
origin and maintenance of this trait.

We found that, given a choice between
wild-type and bab-mutant females (which
have ectopic male-like pigmentation), D.
melanogaster males discriminated in favour
of normally pigmented females. This effect
was observed in several combinations of
bab-mutant and wild-type strains, but was
abolished when white-mutant males, which
are effectively blind, were used in mate-
choice experiments. On this basis, we sug-
gested that sexual selection against darkly
pigmented females can account for the
maintenance of sexual dimorphism.

However, Llopart et al. argue that this
mechanism is unlikely to operate in nature.
The difference between our findings is 
presumably due to the choice of model fly
strains. As Llopart et al. point out, both the
males and females used in our experiments
were derived from highly inbred laboratory
strains, and extrapolation to natural popu-
lations seems not to be supported.

The questions remain –– why did 
male-specific pigmentation evolve in D.
melanogaster but not in other Drosophila
lineages? Why is it absent in females? And
what selective pressure has maintained this 
dimorphism for over 20 million years? For
now, the answers are that we do not know.
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Fruitflies

Pigmentation and mate
choice in Drosophila 

Many species of the fruitfly Drosophila
are either sexually dimorphic for
abdominal pigmentation (the post-

erior segments in males are black and those
of females have thin dark stripes) or sexually
monomorphic for this pigmentation (both
sexes show striping). Kopp et al.1 report a
correlation in two Drosophila clades between
the expression of the bric-à-brac (bab) gene,
which represses male-specific pigmentation
in D. melanogaster females, and the presence
of sexually dimorphic pigmentation. They
suggest that sexual selection acted to produce
sexual dichromatism in Drosophila by alter-
ing the regulation of bab, on the grounds
that D. melanogaster males show a strong
mate preference for females with lightly
pigmented abdomens, and that this discrim-
ination helps to maintain sexual dichroma-
tism by preventing males from wasting time
by courting other (darkly pigmented) males.
Here we show that the mate discrimination
observed by Kopp et al.1 may in fact have
resulted from the nature of the strains and
comparisons they used in their study and so
could be irrelevant to mate choice in nature.

Kopp et al. did not record the specific
pairs of female strains used in their ‘light ver-
sus dark’ comparisons (A. Kopp, personal
communication), so we could not repeat
their experiments exactly. They did, however,
use inbred stocks or genetic strains that were
not controlled for their genetic background,
so that mate choice could be affected by
many factors besides pigmentation. We car-
ried out two sets of experiments in which we
eliminated this possibility by using females
with homogeneous genetic backgrounds
derived from the wild. In contrast to Kopp et
al.1, we found no evidence that males choose
less-pigmented females.

We replicated Kopp and colleagues’
methods1 by placing one wild-type male in a
vial containing two virgin females that had
different degrees of abdominal pigmenta-
tion (all flies were 4 days old), and observing
each pair for 30 min. In all vials in which
matings occurred, we scored the degree of
pigmentation of the A5 and A6 abdominal
segments of mated and unmated females
using the procedure described by David et
al.2. This method generates pigmentation
scores ranging from zero (no pigmentation)
to 20 (both segments 100% pigmented).

In our first experiment, we compared two
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