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Abstract

Sixteen populations of Cycas revoluta (Cycadaceae), covering almost all distribution areas on the Ryukyu Is-
lands and Kyushu, Japan, were examined to determine geographical differences in leaflet morphology. We as-
sessed four morphological characteristics of leaflets and applied one-way analysis of variance (ANOVA) to test the
difference in each morphological character. Cluster analysis based on four morphological properties resulted in
two clear major clusters comprising northerly and southerly populations that were demarcated north of Yorontou
and south of Tokunoshima Islands, respectively. Northern cycads tended to have leaflet margins with shallow re-
curving and narrower leaflet lamina width, while the southern populations had deeply recurved leaflet margins

and wider leaflet lamina width. The morphological differentiation may imply intraspecific differentiation.
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Introduction

Cycas revoluta Thunb. (Cycadaceae) is a cycad
that grows on coastal rocky terrain of islands,
including southern Kyushu and the most south-
ern Ryukyu Islands of Japan (Jones 1993 ;
Yamazaki 1989, 1995). The wide distribution
range of C. revoluta, i.e., >1,000 km in a north-
east to southwest direction, may imply geo-
graphical differences in morphology of the popu-
lations. Fertile seeds of cycads are generally
heavy and sink in water, and only inviable seeds
float (Jones 1993) . Nishida (1935) compared seed
morphology among cycads on three islands,
Amamioshima, Okinoerabujima and Okinawa,
and suggested the existence of geographical dif-
ferentiation, i.e., cycads from the former two is-
lands produce seeds with a short and rounded
base, whereas seeds from Okinawa Island are
longer and have a pointed base. However, Naka-
mura et al. (2005) did not find any geographical
differentiation in seed morphology of cycads from
four islands, Amamioshima, Okinawa, Ishigaki-
jima and Iriomotejima.

No comparative study of differentiation in
vegetative parts of cycads from different popula-

tions has been conducted. However, one of the
authors (Y. Maeda) has noticed differences in
leaflet morphology between the north and south
Ryukyu Islands during commercial trading in cy-
cads, i.e., the leaflet margin of the southerly cy-
cads tends to recurve on the adaxial side. The
recurved (revolute) leaflet margin has been recog-
nized as characteristics to C. revoluta among
other cycads (e.g., Jones 1993). In this study, we
compared leaflet morphology of C. revoluta
among populations on the Ryukyus and in
southern Kyushu.

Materials and methods

Leaf samples of C. revoluta were collected
from 16 populations (294 individuals) on the
Ryukyu Islands and Kyushu, covering almost
the whole distribution range (Fig. 1). For each
population of C. revoluta, all samples were col-
lected from natural habitats located in coastal
rocky terrain. A leaflet was collected from the
middle part of a mature pinnate compound leaf
from each individual, and a transverse section at
mid-length of the leaflet was measured (Fig. 2 A).
Four morphological characteristics of leaflets
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Fig. 1. Locations of the 16 collection sites of Cycas revoluta in Kyushu and the Ryukyu Islands. The distribution
range is shown by a broken line. Number of samples examined are shown in brackets.

Fig. 2. Measurement of leaflet morphology of Cycas
revoluta. A : position from which the leaflet sec-

tion was taken (arrow). B: transverse section of
leaflet. a, thickness of the leaflet midrib ; b, width
of the leaflet lamina; c, thickness of the leaflet
lamina ; d, height of recurving of the leaflet mar-
gin.

were assessed (Fig. 2 B) : thickness of the leaflet
midrib (a), width of the leaflet lamina (b), thick-
ness of the leaflet lamina (c) and height of re-
curving of the leaflet margin (d). All dimensions

were measured using eyepiece micrometer on
Olympus BX-51 microscope. One-way ANOVA

was applied to test the difference in each mor-
phological character, and post-hoc Tukey HSD
test was used to determine the significant differ-
ence between each population. The statistical
analyses were performed using SPSS version 10
(SPSS, Chicago) . Distances between populations
were estimated with rescaled distances based on
mean values, and dendrogram was generated by
cluster analysis using group average methods
implemented in package PVCLUST (Suzuki, R.
and Shimodaira, H. 2006. PVCLUST : Hierarchi-
cal clustering with p-values via multiscale boot-
strap resampling. http : //www.is.titech.ac.jp/~
shimo/prog/pvclust/) for R software version 2.8.1
(R Foundation, Vienna). Approximately unbi-
ased p-value was computed on each cluster by
1,000 multiscale bootstrap resamplings.
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Results and discussion

The four morphological characteristics were
normally distributed, and values were signifi-
cantly different among populations (ANOVA, p
< 0.001; Table 1). Thickness of the leaflet mid-
rib and thickness of the leaflet lamina (Fig. 3 A,
C) varied among populations but with no geo-
graphical cline, ranging from 1.02+0.17 mm
(meansstandard deviation ; Yorontou Island) to
0.73+0.15 mm (Akusekijima) and from 0.53+0.06
mm (Okinoerabujima) to 0.39+0.06 mm (Yamak-
awa of Kagoshima), respectively. Width of the
leaflet lamina suggested a weak geographical
trend, where some populations from southerly is-
lands (Chinen of Okinawajima, Miyakojima, Ishi-
gakijima, and Iriomotejima) showed a greater
width than the other populations (Fig. 3 B, Tur-
key HSD). The width of the leaflet lamina
ranged from 2.42+0.42 mm (Iriomotejima) to 1.40
+0.24 mm (Akusekijima). Height of recurving of
the leaflet margin implied distinct geographical
cline, as height tended to increase in samples
from southerly islands (Fig. 3 D, Turkey HSD).
The height of leaflet recurving ranged from 0.91
+0.20 mm ( Miyakojima ) to 0.54 + 0.17 mm
(Akusekijima) .

Cluster analysis using mean values of each
four morphological characters resulted in two
clear major clusters comprising northerly and
southerly populations that were demarcated
north of Yorontou and south of Tokunoshima Is-
lands, respectively (Fig. 4). However, affiliation

of three island populations, Tokunoshima, Oki-
noerabujima and Yorontou Islands, was over-
lapped : Okinoerabujima and Yorontou belonged
to northerly populations, whereas Tokunoshima
belonged to southerly populations, possibly as-
cribed to the wider leaflet lamina in Tokuno-
shima that tends to be common in the southerly
populations (Fig. 3B).

Our results indicate that C. revoluta shows
morphological differentiation in leaflet morphol-
ogy in terms of recurving of the leaflet margins
(and leaflet lamina width). Although its north-
south demarcation crosses at central Ryukyus
(between Tokunoshima and Yorontou Islands),
northern cycads tended to have leaflet margins
with shallow recurving (and narrower leaflet
lamina width), while the southern populations
had deeply recurved leaflet margins (and wider
leaflet lamina width). As the distribution range
of this cycad exceeds 1,000 km in a northeast to
southwest direction, the morphological differen-
tiation may imply intraspecific differentiation.
Comparative genetic studies should be under-
taken to supplement our understanding of cycad
morphological differentiation among the Ryukyu
Islands and Kyushu.

We thank Mr. N. Nakazato of Tokai Univer-
sity for giving us reference literature. This study
was supported by Grant-in-Aid for Scientific Re-
search (#13575011) from Japan Ministry of Edu-
cation, Culture, Science, Sports and Technology.

Table 1. Results of ANOVA for four morphological parameters

Source of variation SS dF MS F P

A. Thickness of the leaflet midrib (mm) Among populations 2.03 15 0.135 5.30 <0.0001
Within populations 7.09 278 0.025
Total 9.11 293

B. Width of the leaflet lamina (mm) Among populations 20.9 15 1392 122 <0.0001
Within populations 31.7 278 0.114
Total 52.6 293

C. Thickness of the leaflet lamina (mm) Among populations 0.41 15 0.027 7.40 <0.0001
Within populations 1.02 278 0.004
Total 1.42 293

D. Height of recurving of the leaflet margin (mm) Among populations 4.38 15 0.292 11.1 <0.0001
Within populations 7.34 278 0.026
Total 11.7 293

SS, Sum of Squares ; dF, degree of Freedom ; MS, Mean Squares ; F, F-statistics ; p, p value for the null hypothesis.
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Fig. 3. Means and standard deviations of dimensions of the thickness of the leaflet midrib, leaflet lamina width,

leaflet lamina thickness and the height of recurving of the leaflet margin in Cycas revoluta. Different abbre-

viation above the vertical bar means significant difference in post-hoc Tukey HSD test.
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Fig. 4. Population relationships represented by a dendrogram in Cycas revoluta based on morphological charac-
teristics of leaflets. Approximately unbiased p-values (%) are shown above the branches.
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