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Chamaerops humilis is decreasing in abundance in Mediterranean Europe, which has induced the European
community to call for its protection in Special Areas of Conservation. However, information about its genetic and
morphological variability, which is crucial to the development of any conservation strategies, is insufficient. The
present study aimed to investigate the genetic and morphological variability of C. humilis in Sicily, which was
selected as a model because of the high number of dense populations. The relationships between morphological
traits and climatic variables were studied to highlight patterns of adaptation to the environment, along with the
genetic similarity among the populations. Ten natural populations were sampled, analyzed using 28 specifically
designed SSR primers, and evaluated based on 29 morphological traits. The populations were clustered similarly
based on genetic and morphological traits. Heterozygosity was high and inbreeding coefficients were low. These
results, along with higher intra- than inter-population differentiation, suggest that C. humilis populations in Sicily
differentiated from a common ancestor and that inter-population variation arose from secondary evolution
processes induced by ecological adaptation. The correlations between climatic variables and morphological traits
suggest that the morphological adaptation to arid environments depends more on summer temperatures than on
evapotranspiration or rainfall and that autumn and winter temperatures are determinants of the species
establishment at new sites. Considering the response of C. humilis to seasonal temperatures, the present results
indicate this species as a candidate for tracking climatic changes in Europe. Further studies are needed to highlight
the adaptation of C. humilis to cold environments. Palaeo-climatological and -ecological studies could help clarify
its strategies for the colonization of new sites. © 2014 The Linnean Society of London, Botanical Journal of the
Linnean Society, 2014, 176, 66–81.

ADDITIONAL KEYWORDS: arid environment – climatic variables – drought tolerance – ecology – Medi-
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INTRODUCTION

Chamaerops humilis L. (European fan palm) is the
most northerly occurring palm in Europe, where it
plays an important ecological role in the semi-arid
Mediterranean vegetation system, especially in xero-
phytic shrub communities and degraded ecosystems,

as a result of its ability to grow in harsh conditions
such as rocky or poor soils or Mediterranean semi-
arid and arid climates. In addition, C. humilis is one
of the most cold-tolerant palm species and ranges all
along the Mediterranean seacoast up to the Portofino
promontory (Liguria, northern Italy), presently its
northernmost natural population. Despite the wide
Mediterranean distribution, the occurrence of natural
populations of C. humilis is progressively declining as*Corresponding author. E-mail: sergio.saia@entecra.it
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a result of several factors, such as anthropic distur-
bance (fire, plant and seed collection for ornamental
use, agricultural land reclamation, etc.), climate
change, and wild and domesticated animal grazing,
all comprising stresses that result in both the frag-
mentation of the habitats and a reduction in the
number of specimens per population, particularly
those on small Mediterranean islands. These factors
have motivated some European regions to call for
protection for the species in the form of Special Areas
of Conservation as defined in the European Union
Habitats Directive (92/43/EEC). However, many
European regions still lack such a protection law, and
the available information about the genetic and mor-
phological variability of the natural populations of the
European fan palm is insufficient. The quantification
of inter-population diversity is an important issue in
many diversity hotspots, especially when natural
plant populations are threatened. This information is
pivotal for estimating the extent of divergence among
populations, identifying evolutionarily significant
units, and preserving their genomes through the con-
servation of remnant populations of threatened
species and the establishment of management priori-
ties for the unthreatened ones. Presently, only two
varieties of C. humilis are formally described from a
botanical point of view (Govaerts & Dransfield, 2005),
depending primarily on leaf colour. However, the Kew
Checklist of Palms still reports > 20 unaccepted sub-
specific synonymic epithets among varieties, subvari-
eties, and formae, which implies that C. humilis
classification is variable and that the numerous taxa
described cannot be upheld.

Molecular approaches have been successfully used
in many plant studies to estimate population variabil-
ity (Juan et al., 2011). Recently, a specific SSR primer
set for C. humilis var. humilis has been developed
(Arranz et al., 2013), representing a suitable tool for a
genetic diversity evaluation of the natural popula-
tions of this taxon.

The present study aimed to investigate the genetic
and morphological variability of ten natural
C. humilis populations and their relationship with
the environment, to support a conservation strategy
for this species, to highlight the importance of the
genetic origin and the environment for the expression
of important morphological traits that could be used
as botanical descriptors, and to evaluate whether this
species can be used as a bioindicator of global climatic
change. To achieve these goals, Sicily was chosen as a
model because: (1) it is the area with the highest
number of natural populations in Europe; (2)
C. humilis populations still include a high number of
individuals, which ensures the collection of a geneti-
cally stable assortment of plants; (3) the island has
high environmental variability and is a genetic

hotspot, which may have contributed to a high differ-
entiation of the populations; and (4) some populations
are from small isolated islands, receiving only rare
influxes of genetic material from the main island.

MATERIAL AND METHODS
GERMPLASM COLLECTION AND CHARACTERIZATION OF

THE COLLECTION SITES

Samples were collected from C. humilis individuals in
natural populations distributed across Sicily, Italy
(Fig. 1). According to APAT indications concerning
germplasm collection from uniform populations, ten
individuals, half male and half female, were randomly
sampled from each population for morphological
analysis. Seven hundred and five individuals were
sampled for the genetic analysis. For each population,
the sample size (N) varied between 27 and 123 indi-
viduals, with a mean of 70.5 (Table 1).

The samples were collected during flowering and
fruit setting. Leaves, inflorescences, and fruiting
spates were collected for further analyses. A seed
bank and an in vivo, ex situ germplasm collection
were created at the Unità di ricerca per il recupero e
la valorizzazione delle Specie Floricole Mediterranee
(CRA-SFM), Bagheria, PA (Italy). Voucher specimens
from each population were also collected and depos-
ited at the CRA-SFM. For molecular analysis, fresh
young leaves were collected, frozen in liquid nitrogen
and stored at −80 °C for further analyses.

For each collection site, the main long-term climatic
parameters were obtained from data collected by the
closest weather station with at least 30 years of
consistent data, as reported by Cartabellotta et al.
(1998). The climatic data considered were rainfall (R);
mean maximum, mean minimum, and overall mean
temperatures (T) on a per season basis; the number of
rainy days per year; and mean maximum, mean
minimum, and overall mean potential evapotranspi-
ration (ETP) on a per-year basis. The climatic indices
calculated were: the FAO-UNEP aridity index as
R/ETP (AI); the Lang index (Ir), as R/T; the de Mar-
tonne index (Ia), as R/(T + 10); the Thornthwaite
index (Im), as (R × ETP)/ETP × 100; the Emberger
index (Iq) as [R/(TH2 − TC2)] × 100, where TH and TC
are the mean maximum temperatures of the hottest
and mean minimum temperatures of the coldest
months, respectively. The soil on the island of Lipari
was classified as Xerands according to the USDA Soil
Taxonomy. The soils from the other collection sites
were classified as Xerorthents.

MORPHOLOGICAL ANALYSIS

Morphometric descriptors were selected from those
reported by the IPGRI (2005) because of their
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discriminating efficiency. Twenty-nine plant morpho-
logical traits were measured: height and diameter of
whole plant, trunk, and crown, length of petiole and
lamina, depth of leaflet split, leaf hair density, mean
number of thorns on a whole petiole, thorn density on
the petiole base (10 cm from the insertion on the
trunk) and on the apex (10 cm from the insertion of
the leaflets), mean length of thorns, mean number
and size of inflorescences, infructescence size, fruit
shape, ratio of trunk height to plant height, ratio of
crown height to plant height, ratio of crown height to
trunk height, ratio of crown diameter to crown height,
crown and trunk volumes, ratio of depth of leaflet
split to the total lamina length, leaf area, and leaf
margin. For seeds and fruits (retrieved for only six of
the ten populations sampled), dimensions were taken,
and the area, perimeter, major and minor axis
lengths, elongation, roundness, Feret diameter (which
is calculated as the ratio between actual perimeter
and π) and compactness were measured on at least 80
fruits per population. This relatively high number of
plant morphological descriptors was needed to dissect
the relationship between morphological and environ-
mental variables.

MORPHOLOGICAL AND ENVIRONMENTAL DATA

ANALYSIS

All of the variables corresponding to proportions were
arcsine transformed before analysis to better fit a

Gaussian distribution. Two separate principal compo-
nent analyses (PCA) were performed on the plant
morphological data from the ten populations and on
the fruit and seed data from only six populations
considered in the present study (Princomp procedure,
SAS Institute, 2002) to highlight the importance of
different traits in explaining multivariate polymor-
phisms. The populations from Torre Salsa (TS), Capo
Gallo (CG), Favignana islands (IF), and Lipari (IL)
were not included in the fruit analysis because no
fruit was retrieved from these collection sites. Before
the PCAs, the values for each trait were standardized
to a mean of 0 and an SD of 1. The correlations among
variables were calculated and, when two or more
variables were highly correlated (r > 0.70), only one
was retained in the analysis to avoid element-
weighting distortion, as suggested by Pengelly &
Maass (2001). Those principal components exhibiting
an eigenvalue higher than or equal to 1 were retained
for cluster analyses (CA; Cluster procedure, SAS
Institute, 2002) according to Kaiser’s criteria (Kaiser,
1960). Euclidean distances were used as a measure of
dissimilarity, and the average method was used as
the clustering algorithm. The number of clusters was
estimated using pseudo F and t2 statistics (Milligan &
Cooper, 1985). Linear correlations among environ-
mental and morphological traits were calculated
(Corr procedure; SAS/STAT, 2002). A canonical corre-
spondence analysis (CCA; Ter Braak, 1986) was per-
formed in the SAS environment (SAS/STAT, 2002) to

Figure 1. Locations of the collection sites of the ten Chamaerops humilis populations in Sicily, Italy. Mean annual
rainfall is shown. Sites with the same symbol are from the same cluster as defined in the CA.

68 A. GIOVINO ET AL.

© 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 176, 66–81

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article-abstract/176/1/66/2416316 by St Petersburg State U

niversity user on 28 M
ay 2020



T
ab

le
1.

N
am

es
,

ac
ro

n
ym

s
an

d
cl

im
at

ic
va

ri
ab

le
s

of
th

e
te

n
si

te
s

w
h

er
e

th
e

C
h

am
ae

ro
ps

h
u

m
il

is
po

pu
la

ti
on

s
u

n
de

r
st

u
dy

w
er

e
co

ll
ec

te
d

C
ol

le
ct

io
n

si
te

F
av

ig
n

an
a

Is
la

n
d

K
ol

ym
be

tr
a

L
ip

ar
i

Is
la

n
d

M
ar

sa
la

’s
S

ci
ar

e

N
at

u
re

R
es

er
ve

of
C

ap
o

G
al

lo

N
at

u
re

R
es

er
ve

of
C

ap
o

R
am

a

N
at

u
re

R
es

er
ve

of
M

on
te

C
of

an
o

N
at

u
re

R
es

er
ve

of
To

rr
e

S
al

sa

N
at

u
re

R
es

er
ve

of
V

en
di

ca
ri

N
at

u
re

R
es

er
ve

of
Z

in
ga

ro

A
cr

on
ym

IF
K

O
IL

S
M

C
G

C
R

M
C

T
S

V
E

Z
I

N
51

27
37

82
71

65
12

3
69

70
11

0
L

at
it

u
de

37
°5

5.
95

2N
37

°1
7.

52
0N

38
°2

8.
38

9N
37

°5
2.

57
6N

38
°1

2.
94

3N
38

°0
8.

29
7N

38
°0

5.
96

6N
37

°2
2.

09
1N

36
°4

8.
22

3N
38

°0
5.

86
8N

L
on

gi
tu

de
12

°1
8.

96
4E

13
°3

4.
88

4E
14

°5
4.

08
2E

12
°3

1.
41

7E
13

°1
7.

71
9E

13
°0

3.
54

6E
12

°3
9.

68
8E

13
°2

1.
29

0E
15

°0
6.

14
5E

12
°4

7.
93

0E
M

ea
n

an
n

u
al

E
T

P
91

9
91

2
95

5
88

1
95

4
95

4
97

0
91

2
92

4
97

0
M

in
im

u
m

an
n

u
al

E
T

P
85

2
85

8
87

5
82

8
85

1
85

1
89

8
85

8
87

2
89

8
M

ax
im

u
m

an
n

u
al

E
T

P
10

28
11

27
12

21
10

00
10

33
10

33
11

80
11

27
10

85
11

80
M

ea
n

an
n

u
al

ra
in

fa
ll

45
0

51
6

62
0

67
8

68
3

68
3

49
1

51
6

45
2

49
1

M
in

im
u

m
an

n
u

al
ra

in
fa

ll
25

2
26

3
33

8
30

3
24

6
24

6
20

4
26

3
16

2
20

4
M

ax
im

u
m

an
n

u
al

ra
in

fa
ll

79
3

10
21

90
8

11
62

11
73

11
73

77
0

10
21

79
1

77
0

N
u

m
be

r
of

ra
in

y
da

ys
pe

r
ye

ar
60

59
72

77
72

72
61

59
42

61
%

W
in

te
r

ra
in

fa
ll

36
.7

40
.9

37
.5

39
.7

39
.8

39
.8

39
.1

40
.9

38
.1

39
.1

%
S

pr
in

g
ra

in
fa

ll
22

.8
22

.7
23

.0
23

.9
21

.5
21

.5
22

.3
22

.7
14

.8
22

.3
%

S
u

m
m

er
ra

in
fa

ll
3.

0
2.

9
5.

9
3.

9
3.

9
3.

9
2.

4
2.

9
5.

0
2.

4
%

F
al

l
ra

in
fa

ll
37

.6
33

.5
33

.6
32

.4
34

.9
34

.9
36

.2
33

.5
42

.1
36

.2
M

ea
n

w
in

te
r

te
m

pe
ra

tu
re

12
.3

3
12

.0
8

13
.5

3
10

.8
8

11
.8

3
11

.8
3

13
.2

8
12

.0
8

12
.4

5
13

.2
8

M
ea

n
sp

ri
n

g
te

m
pe

ra
tu

re
14

.7
5

14
.5

0
15

.7
0

14
.5

0
15

.1
2

15
.1

2
15

.4
0

14
.5

0
14

.6
3

15
.4

0
M

ea
n

su
m

m
er

te
m

pe
ra

tu
re

24
.7

7
24

.7
3

25
.1

2
24

.4
5

25
.5

5
25

.5
5

25
.4

7
24

.7
3

25
.1

7
25

.4
7

M
ea

n
fa

ll
te

m
pe

ra
tu

re
20

.0
3

21
.4

7
20

.9
5

18
.4

7
19

.9
0

19
.9

0
21

.1
5

21
.4

7
19

.9
3

21
.1

5
M

ax
im

u
m

w
in

te
r

te
m

pe
ra

tu
re

15
.1

7
15

.5
0

16
.5

0
14

.2
7

15
.1

3
15

.1
3

15
.9

3
15

.5
0

15
.7

7
15

.9
3

M
ax

im
u

m
sp

ri
n

g
te

m
pe

ra
tu

re
19

.5
7

19
.9

0
19

.8
7

20
.2

0
20

.6
3

20
.6

3
19

.8
3

19
.9

0
20

.0
7

19
.8

3
M

ax
im

u
m

su
m

m
er

te
m

pe
ra

tu
re

28
.5

7
29

.9
7

28
.6

0
29

.8
0

30
.5

7
30

.5
7

29
.4

3
29

.9
7

29
.8

7
29

.4
3

M
ax

im
u

m
fa

ll
te

m
pe

ra
tu

re
23

.3
0

24
.0

3
24

.3
0

22
.5

7
24

.0
0

24
.0

0
24

.4
3

24
.0

3
23

.2
7

24
.4

3
M

in
im

u
m

w
in

te
r

te
m

pe
ra

tu
re

9.
50

8.
67

10
.5

7
7.

50
8.

53
8.

53
10

.6
3

8.
67

9.
13

10
.6

3
M

in
im

u
m

sp
ri

n
g

te
m

pe
ra

tu
re

9.
93

9.
10

11
.5

3
8.

80
9.

60
9.

60
10

.9
7

9.
10

9.
20

10
.9

7
M

in
im

u
m

su
m

m
er

te
m

pe
ra

tu
re

20
.9

7
19

.5
0

21
.6

3
19

.1
0

20
.5

3
20

.5
3

21
.5

0
19

.5
0

20
.4

7
21

.5
0

M
in

im
u

m
fa

ll
te

m
pe

ra
tu

re
16

.7
7

18
.9

0
17

.6
0

14
.3

7
15

.8
0

15
.8

0
17

.8
7

18
.9

0
16

.6
0

17
.8

7
N

u
m

be
r

of
da

ys
w

it
h

te
m

pe
ra

tu
re

>
35

°
35

1
30

9
32

4
28

4
27

3
27

3
31

6
30

9
32

1
31

6
L

an
g

in
de

x
25

.0
0

29
.0

0
33

.0
0

39
.0

0
37

.1
2

37
.1

2
26

.0
0

29
.0

0
25

.0
0

26
.0

0
D

e
M

ar
to

n
n

e
in

de
x

16
.0

0
18

.0
0

21
.0

0
25

.0
0

24
.0

5
24

.0
5

17
.0

0
18

.0
0

16
.0

0
17

.0
0

E
m

be
rg

er
in

de
x

57
.0

0
58

.0
0

78
.0

0
75

.0
0

72
.1

0
72

.1
0

56
.0

0
58

.0
0

51
.0

0
56

.0
0

T
h

or
n

th
w

ai
te

in
de

x
–5

1.
00

–4
3.

00
–3

5.
00

–2
3.

00
–2

8.
41

–2
8.

41
–4

9.
00

–4
3.

00
–5

1.
00

–4
9.

00
H

u
m

id
it

y
in

de
x

0.
49

0.
57

0.
65

0.
77

0.
72

0.
72

0.
51

0.
57

0.
49

0.
51

E
T

P,
po

te
n

ti
al

ev
ap

ot
ra

n
sp

ir
at

io
n

.

GENETICS AND MORPHOLOGY IN CHAMAEROPS 69

© 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 176, 66–81

D
ow

nloaded from
 https://academ

ic.oup.com
/botlinnean/article-abstract/176/1/66/2416316 by St Petersburg State U

niversity user on 28 M
ay 2020



examine the relationships between noncorrelated
population traits and environmental variables.

MOLECULAR ANALYSIS

Leaf samples were freeze-dried (LIO5P; 5Pascal).
Approximately 40 mg of dried tissue was disrupted by
homogenization (Speed Mill P12; Analitik Jena).
Genomic DNA was isolated using the cetyltrimethyl-
ammonium bromide method (Doyle & Doyle, 1987). A
set of 28 microsatellite primer pairs developed for
C. humilis var. humilis (Arranz et al., 2013) was used
to genotype the samples (see Supporting information,
Table S1). Polymerase chain reaction (PCR) amplifi-
cation was conducted in a total volume of 8.0 μL
containing 0.2 mM dNTPs, 10 mM Tris-HCl, pH 9.0,
0.3 U of Taq DNA polymerase (AmpliTaq Gold PCR
Mastermix, Applied Biosystems), 0.3 μM each primer,
and 20 ng of template DNA. The PCR was performed
with an EpGRADIENT (Eppendorf) thermal cycler.
The cycling conditions for touchdown PCR were:
94 °C for 3 min; followed by 10 cycles of 94 °C for 30 s,
65 °C for 60 s with a temperature reduction of 1 °C
per cycle, and 72 °C for 60 s; 25 cycles of 94 °C for
30 s, 55 °C for 60 s, and 72 °C for 60 s; and a final step
of 72 °C for 7 min. Forward primers were labelled
with the fluorescent dyes NED, PET, VIC or 6-FAM
(Applied Biosystems). The PCR products were ana-
lyzed using an ABI 3130 Genetic Analyzer (Applied
Biosystems) in accordance with the manufacturer’s
instructions. GeneScan 500(-250) LIZ was used as the
internal size standard, and allele sizes were deter-
mined using GENEMAPPER, version 4.0 software
(Applied Biosystems).

MOLECULAR DATA ANALYSIS

The effective number of alleles (NE), observed (H0),
and expected (HE) heterozygosities and inbreeding
coefficient (FIS) were estimated using GENALEX,
version 6 (Peakall & Smouse, 2006). Maximum-
likelihood estimates of null allele frequencies were
obtained using the expectation-maximization algo-
rithm using FREENA (Chapuis & Estoup, 2007), and
the adjusted allele frequencies were then used to
recompute the expected heterozygosity values
[HE(null)]. The estimation of allelic diversity affected
by differences in sample size, the allelic richness (AR),
was calculated using FSTAT, version 2.9.3 (Goudet,
1995). An unbiased estimate of Wright’s fixation index
theta (FST) was calculated with FSTAT. The signifi-
cance of the genetic differentiation among pairs of
populations was tested by permutating the genotypes
among samples 1000 times. This method of permuta-
tion does not assume Hardy–Weinberg equilibrium.
FST may be overestimated when null alleles exist

(Chapuis & Estoup, 2007). We estimated the potential
effect of null alleles on genetic differentiation by cal-
culating FST values using the excluding null allele
(ENA) method implemented in FREENA. In addition
to FST, we also estimated genetic differentiation by
RST, which accounts for differences in allele size and
assumes a stepwise mutation model (Slatkin, 1995).
The presence of phylogeographical structure was
tested by comparing RST with its value after permu-
tating allele size within loci (pRST) using SPAGeDi,
version 1.2 (20 000 permutations) (Hardy &
Vekemans, 2002). According to Hardy & Vekemans
(2002), if RST is significantly higher than pRST, then
allele mutations contributed to the population differ-
entiation and can be interpreted as the presence of
phylogeographical structure. An analysis of molecular
variance (AMOVA) was performed using GENALEX.
This analysis was conducted at three hierarchical
levels (among populations, among individuals, and
within individuals) to determine whether the vari-
ance of the genetic structure is in agreement with the
geographical distribution of populations. The Mantel
test was also performed using GENALEX on matrices
of dissimilarity between populations considering
genetic distances and geographical distances. The
matrix of geographical distances was calculated from
the Euclidean distances between populations using
coordinates of latitude and longitude. The genetic
structure of C. humilis var. humilis populations was
investigated using two Bayesian clustering methods.
First, we used STRUCTURE, version 2.1 (Pritchard,
Stephens & Donnelly, 2000). Second, we used
GENELAND, version 3.14 (Guillot, Mortier & Estoup,
2005) because it may provide a better definition of
spatial genetic units by integrating the spatial coor-
dinates of samples. In STRUCTURE, we used the
admixture model, which estimates the fraction of
ancestry from each cluster for each individual, and
ran the analyses with correlated allele frequencies.
We performed ten independent runs for each K value,
which ranged from 1 to 15. We used a burn-in period
of 10000 generations and 105 Markov-chain Monte
Carlo (MCMC) replications. The most likely number
of structured populations, K, was then inferred from
the estimation of ΔK (Evanno, Regnaut & Goudet,
2005). In GENELAND, all of the parameters (includ-
ing K) were simultaneously processed using the
MCMC algorithm. We ran the MCMC five times (to
verify the consistency of the results), allowing K to
vary, with the parameters: 500 000 MCMC iterations,
maximum rate of the Poisson process fixed at 500,
uncertainty attached to spatial coordinates fixed at
1 km (i.e. the precision of our sample locations; see
above), minimum K fixed at 1, maximum K fixed at
15, and maximum number of nuclei in the Poisson–
Voronoi tessellation fixed at 200. Other parameters
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remained similar to those of the runs with a variable
K. We calculated the mean logarithm of posterior
probability for each of the 100 runs and selected the
ten runs with the highest values. The posterior prob-
ability of population membership for each pixel of the
spatial domain was then computed for each of these
ten runs (using a burn-in of 50 000 iterations). The
number of pixels was set to values similar to those
recommended, 150 pixels along the x-axis and 100
along the y-axis (values chosen to avoid having two
individuals in the same pixel). We then computed the
posterior probability of population membership for
each pixel of the spatial domain and the modal popu-
lation of each individual. Finally, we checked the
consistency of the results across these ten runs. We
also compared these results with those of three runs
with one million MCMC each to verify their consist-
ency with longer run lengths. In addition, we per-
formed a spatial analysis of molecular variance
(SAMOVA), which groups populations to maximize
the differentiation among groups. The SAMOVA was
used to identify groups of populations that are
geographically homogeneous and maximally differen-
tiated from each other. The method searches for K
groups of adjacent populations to maximize among-
group genetic variation (FCT). The underlying assump-
tion is that maximum genetic differentiation among
K groups best circumscribes spatially homogeneous
population clusters. We tested for K = 1–15,

performing 100 independent simulated annealing
processes.

RESULTS
ENVIRONMENTAL TRAITS

The climatic data (on a 30-years basis) indicated high
variability among the collection sites (Table 1);
however, some climatic traits were common to all of
the sites. In particular, all of the collection sites
experienced an ETP much higher than rainfall, as
shown by the Thornthwaite and humidity indices,
and a number of rainy days ranging from 42 to 77.
Spring and summer rainfall accounted for 26% of the
mean annual rainfall and ranged from 90 to 189 mm.

The similarity among the environments of the col-
lection sites was studied using PCA and CA (Fig. 2).
The environments were classified into six different
groups: the collection sites Torre Salsa, Kolymbetra,
and Favignana were characterized by low autumn
temperatures and a relatively high number of rainy
days per year. The environments of Monte Cofano,
Zingaro, and Vendicari were characterized by high
mean and maximum temperatures throughout the
whole year, especially during the winter, and high
ETP. The environments from Capo Gallo and Capo
Rama were characterized by high altitude, high
spring and summer temperatures, and a low number
of days with temperatures higher than 35 °C. Finally,

Figure 2. Principal components (PCs) biplot of the characteristics of Chamaerops humilis collection sites from Sicily,
Italy. Percentage of total variance accounted for by each principal component is shown in parentheses. The seven lines
intersecting at (0,0) represent the original variables. The length of each vector is proportional to its contribution to the
PCs. Sites with the same symbol are from the same cluster as defined in the CA. The oval-shaped dotted lines represent
the second order clustering defined in the CA using the pseudo F and t2 statistics.
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the environment of Marsala’s Sciare was in a group
by itself and was not characterized by any of the
evaluated traits. A second-order clustering was
defined in the CA using the pseudo F and t2 statistics.
Taking into account the second-order clustering, the
collection sites of Vendicari, Monte Cofano, Zingaro,
Kolymbetra, Torre Salsa, and Favignana experienced
a relatively arid environment compared with the
other collection sites, especially those of the Capo
Gallo and Capo Rama reserves.

PLANT AND FRUIT MORPHOLOGICAL TRAITS

Ten of the 29 morphological traits evaluated were
retained for the cluster analysis (Fig. 3, Table 2). Four
PCs exhibited an eigenvalue higher than 1 and
together accounted for 80% of the total cumulative
variance. High correlations were observed between
the observed traits and the four selected PCs. PC1
mostly correlated with the median leaflet length
(CLL), PC2 with hair density (HD), PC3 with the
depth of leaflet split to the total lamina length
(LF : CLL), and PC4 with the median leaflet width
(WCL).

Fruit and seed morphologies were also used to
discriminate among the studied populations. Seeds

were found in only six of the populations. Five of the
17 fruit and seed traits were retained for the PCA
(Fig. 4). Only the first two PCs exhibited an eigen-
value higher than 1. PC1 had an eigenvalue of 2.01
and primarily correlated with seed area (r = 0.65),
fruit width (r = 0.41), and fruit elongation (r = 0.51),
whereas PC2 showed an eigenvalue of 1.66 and was
highly correlated with seed elongation (r = 0.72)
and seed roundness (0.60). Notably, no correlation
was observed between seed and fruit elongations
(r = −0.05). The populations in which seeds were
retrieved were clearly differentiated by the PCA and
CA based on the fruit and seed traits. The population
from Marsala’s Sciare was characterized by large
fruit and seeds and a high flesh to fruit ratio, those
from Zingaro and Capo Rama were characterized by
high seed roundness, and those from Vendicari,
Monte Cofano, and Kolymbetra were characterized by
small fruit and seeds, relatively low seed roundness,
and a low flesh to fruit ratio.

Two separate cluster analyses were performed using
the data on plant morphology (Fig. 5) and on the seed
and fruit morphologies (see Supporting information,
Fig. S1), and two dendrograms of similarity among
populations were constructed. Based on the plant
morphological traits, five clusters were identified. The

Figure 3. Biplot for principal component (PC)1 versus PC2 calculated based on plant morphology for the ten natural
Chamaerops humilis populations collected in Sicily, Italy. Percentage of total variance explained by each principal
component is shown in parentheses. For the population acronyms, see Table 1. Populations with the same symbol are from
the same cluster as defined in an ad hoc CA (Fig. 2). Lines intersecting at (0,0) represent the original variables. The
length of each vector is proportional to its contribution to the PCs. The acronyms for the vectors are: HT, trunk height;
HF, crown height; DT, trunk diameter; CLL, median leaflet length; WCL, width of median leaflet; ELL, external leaflet
length; HD, hair density; DF : HT, crown diameter to crown height ratio; LF : CLL, depth of leaflet split to the total
lamina length; TD, thorn density.
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populations from Capo Rama and Lipari clustered
together (Fig. 5, Cl. 2) and were characterized by a
high ratio of depth of leaflet split to the total lamina
length, high thorn density, and low crown volume.
The populations from Marsala’s Sciare, Torre Salsa,
Zingaro, Kolymbetra, and Favignana also grouped

together (Fig. 5, Cl. 3) and were characterized by a
high crown diameter to crown height ratio, low hair
density, and low ratio of the depth of leaflet split
to the total lamina length. Finally, the Capo Gallo,
Monte Cofano, and Vendicari populations were
grouped into three one-population clusters. Capo Gallo

Table 2. Eigenvalues, variance (both as single and cumulative) of the first four principal components (PCs) and
correlation coefficients between the PCs and the ten selected plant morphological characters basing on the correlation
analysis of the plant morphological traits

PC1 PC2 PC3 PC4

Eigenvalue 3.59 2.57 1.98 1.47
Variance explained 0.30 0.21 0.17 0.12
Cumulative variance 0.30 0.51 0.68 0.80
Acronym Trait

HT Trunk height 0.41 0.22 −0.26 −0.27
HF Foliage height 0.37 0.01 0.28 −0.23
DT Trunk diameter 0.39 −0.05 0.14 0.38
Mean L Mean number of leaflets per leaf 0.44 0.00 0.20 0.10
WCL Width of central leaflet 0.29 0.29 0.24 0.33
HD Hair density 0.02 0.07 −0.42 0.50
AT Number of thorns in apical petiole 0.06 0.52 0.07 −0.36
LT Mean length of thorns −0.26 0.33 0.28 0.45
HF : HT Foliage height to trunk height ratio −0.23 −0.07 0.57 −0.02
DF : HF Foliage diameter to foliage height ratio −0.10 −0.15 0.37 −0.11
LF Depth of leaflet split to the total lamina length 0.01 0.54 0.06 −0.03
TD Thorn density −0.36 0.39 −0.10 −0.05

Figure 4. Biplot for principal component (PC)1 versus PC2 calculated on the basis of fruit and seed traits for the six
natural Chamaerops humilis populations collected in Sicily. Percentage of total variance explained by each principal
component is shown in parentheses. For the population acronyms, see Table 1. Populations from Torre Salsa, Capo Gallo,
Favignana, and Lipari were not included in the analysis because no fruit was retrieved from these collection sites.
Populations with the same symbol are in the same cluster as defined in an ad hoc CA (Fig. 2). Lines intersecting at (0,0)
represent the original variables.
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was characterized by a high width of median leaflet
and high external leaflet length, Monte Cofano was
characterized by a high thorn density and low crown
height, and Vendicari was characterized by a low thorn
density and high crown height. The CA performed
using the first 2 PCs calculated using the fruit and seed
data distributed the six populations from which fruits
were retrieved in three different clusters (see Support-
ing information, Fig. S1). The first cluster included the
Capo Rama and Zingaro populations; the second
cluster included Kolymbetra, Monte Cofano, and Ven-
dicari; and the third cluster only included the Marsa-
la’s Sciare population.

RELATIONSHIPS AMONG ENVIRONMENTAL

CHARACTERISTICS AND MORPHOLOGICAL TRAITS

In general, few morphological traits were related to
climatic characteristics (see Supporting information,
Table S2). Significant and negative correlations were
observed between the climatic traits related to
drought stress (ETP, seasonal temperatures) and
those indices related to plant vegetative growth, such
as the crown height to trunk height ratio and crown
height to plant height ratio. Similar results were
found for the morphological indices related to plant
growth during the juvenile stage (trunk diameter to
trunk height ratio). The morphological indices related
to drought tolerance/resistance (hair and thorn den-
sities) positively correlated with mean ETP but not
with any of the climatic indices calculated.

A CCA (Fig. 6) was performed on the morphological
and environmental variables selected before the
PCAs. The first canonical axis accounted for 77.76% of
the total variation (Eigenvalue = 0.020248; P < 0.01)
and primarily correlated with the mean ETP
(r = +0.42) and the number of days with temperatures
higher than 0 °C (r = +0.31), whereas CA2 accounted
for 11.17% (Eigenvalue = 0.002909; P < 0.01) of the

total variation and correlated primarily with the
maximum summer temperature (r = 0.22), mean ETP
(r = +0.16), and mean R (r = +0.13). CA3 accounted
for 7.84% (Eigenvalue = 0.0020425; P < 0.01) of the
total variation and was negatively correlated with the
maximum summer temperature (r = −0.35) and
minimum autumn temperature (r = −0.15). Some
populations from similar environments (TS, KO, and
MC) exhibited a high association in the CCA. A high
association was also observed between the ZI and CR
populations despite their origin environments appear-
ing different in the PCA (Fig. 2). The association
between ZI and CR was primarily a result of simi-
larities in hair density (HD) and crown height (HF).
Finally, a strong association was observed between
the SM and IF populations, derived from relatively
different environments (Fig. 2). In general, most of
the populations (MC, TS, CG, KO, SM, and IF) tended
to be located in relatively arid environments, with low
rainfall and ETP, low autumn and winter tempera-
tures, and a low number of days with temperature
higher than 0 °C. The VE and IL populations were
located in environments with high winter tempera-
tures, whereas CR and ZI were in environments with
relatively high rainfall and high ETP. Similar results
were observed in the ordination between CA1 and
CA3.

MOLECULAR ANALYSIS

Genetic diversity estimates are reported in Table 3.
All of the C. humilis var. humilis populations ana-
lyzed exhibited similar levels of genetic variability
(HE and AR) with overlapping 95% confidence inter-
vals. The mean gene diversity (HE) was 0.374 ± 0.011,
ranging from 0.290 (TS) to 0.408 (ZI). The gene diver-
sity corrected for the presence of null alleles [HE(null)]
exhibited the same pattern, with the ZI population
being the most diverse (0.448) and the TS population

Figure 5. Dendrogram classification based on the plant morphology of C. humilis populations clustered with the average
method, truncated at the five-group level (vertical dotted line), according to pseudo F and t2 statistics. For the population
acronyms, see Table 1.
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the least diverse (0.317). Nevertheless, [HE(null)]
values based on only three loci (GRD72UV01AQ5SS,
cons56, and GRD72UV01AJTQW), displaying a low
frequency of null alleles (2%–3%), were similar to
those estimated using the complete set of markers
(data not shown). Allelic richness (AR) ranged from
2.47 (KO) to 4.75 (ZI) with a mean of 3.666 ± 0.013.
Wright’s inbreeding coefficient within populations
(FIS) exhibited no significant deviation from zero at
any of the multilocus estimates (at P > 0.05; Table 3).
The mean value of FIS was slightly positive
(0.095 ± 0.023), ranging from −0.159 (TS) to 0.192
(CG). The mean FST value at multilocus estimates was

0.181, ranging from 0.09 to 0.195. After ENA correc-
tion, the overall FST was only slightly lower
[FST(ENA) = 0.177] (data not shown). The comparison of
the ten populations revealed significant differences in
the observed proportions of heterozygotes, with popu-
lations from IL containing more heterozygotes than
the other populations. By contrast, there were no
significant differences in expected heterozygosity
between the other populations. In addition, CG exhib-
ited significantly higher values of inbreeding coeffi-
cients (mean FIS = 0.192) than the other populations
in the study (Table 3). The estimates of FST within the
ten populations ranged from 0.39 (TS) to 0.63 (IL).

Figure 6. Ordination triplot for CA1 versus CA2 calculated based on the canonical variables calculated using the plant
morphological traits (hatched-pointed black lines) weighted based on the characteristics of the selected collection sites
(continuous red lines). Units of measure for Axis 1 and Axis 2 are the same (0.1). Percentage of total variance explained
by each canonical axis is shown in parentheses. Percentage of variance explained by CA3 (not shown) is 7.84%, and the
ordination along CA3 was similar to that along CA2. For the population acronyms, see Table 1. Populations with the same
symbol are in the same cluster as defined in the PCA + CA performed based only on morphological traits. Each symbol
represents the population centroid within CA1 and CA2. Bars represent the SE of the distribution of each population.
Vectors (‘VAR’ groups, with the names in italics) intersecting at (0,0) represent the original variables. For the vector
acronyms, see Fig. 3. The contribution of environmental variables (‘WITH’ groups, in red and bold font) to the plant
morphological variability is shown: mean annual potential evapotranspiration (Mean ETP); mean (Mean R) and minimum
(Min R) rainfall; maximum summer temperature (Max S t); and minimum fall temperature (Min F t). Populations that
are close to each other are similar in morphological traits corrected for the effects of the environment. Populations
that share a common VAR vector positively co-vary in plant morphological traits. In a similar way, similar directions of
specific VAR with specific WITH vectors mean that an association occurs between plant morphological and collection site
traits.
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However, no significant differences were observed in
FST among the populations under study. The mean
pairwise multilocus estimates of population differen-
tiation were FST = 0.257 and RST = 0.237 among popu-
lations and FST = 0.527 and RST = 0.494 within
populations, indicating that population differentiation
was higher within than among populations. Mean
pairwise RST and FST did not differ among the popu-
lations, whereas FST was significantly larger than RST

among populations. In addition, the estimated RST

values among populations were larger than the pRST

(0.454) for the multilocus estimate, indicating that
the stepwise mutations contributed few to genetic
differentiation among the populations in the present
study. The hierarchical AMOVA indicated that 3%
(ΦSC = 0.03, P < 0.001) of the genetic variance was
allocated among populations, indicating that most of
the variation was found among individuals (52%;
P < 0.001) or within individuals within populations
(45%; P < 0.001). By analyzing the ten populations
separately, we obtained the same patterns of varia-
tion within and among individuals for all of the col-
lection sites on the main island; the IL population

differed from this pattern: the greatest variation
was found among populations (66%) and not within
populations (34%). The Mantel randomization test
indicated no significant relationship between geo-
graphical and genetic distance (r = 0.0689, P = 0.406).
The STRUCTURE analysis revealed the highest ΔK
value at K = 3 (Fig. 7). The populations of CR, CG,
and MC exhibited a higher proportion (39%) of mean
membership to cluster 1, whereas most of the other
populations exhibited a higher proportion (51%) of
mean membership to cluster 2. The IL population
exhibited an intermediate proportion (21%) of mean
membership to cluster 3. The mean FST values corre-
sponding to the divergences of clusters 1, 2, and 3
from the hypothetical ancestral population were
0.152, 0.009, and 0.097, respectively; the population
of cluster 2 showed a lower divergence from the
hypothetical ancestral population, whereas the popu-
lation of cluster 1 showed a higher divergence. The
genetic structure analysis using SAMOVA generally
confirmed the STRUCTURE results, and two major
groups of populations were identified (FCT = 0.17).
Results of the spatial Bayesian clustering analysis

Table 3. Size (N); effective allele number (NE); allelic richness calculated with the rarefaction method (AR); expected
heterozygosity (HE); expected heterozygosity calculated on allele frequencies adjusted for null alleles [HE(null)]; observed
heterozygosity (HO); and inbreeding coefficient (FIS) of the ten Chamaerops humilis populations included in the present
study

Accession N NE AR HE HE(null) HO FIS

CR 65 1.869 4.25 0.373 0.328 0.363 0.094
CG 71 1.915 4.13 0.388 0.379 0.368 0.192
MC 123 1.844 3.89 0.374 0.411 0.376 0.017
KO 27 2.002 2.47 0.401 0.435 0.391 0.128
IF 51 1.831 3.13 0.366 0.396 0.318 0.187
ZI 110 2.025 4.75 0.408 0.448 0.385 0.098
TS 69 1.467 4.63 0.290 0.317 0.369 –0.159
VE 70 1.775 2.58 0.346 0.391 0.333 0.143
SM 82 2.048 3.95 0.396 0.361 0.344 0.188
IL 37 2.062 2.88 0.396 0.360 0.416 0.057
Mean 64.6 1.884 3.666 0.374 0.383 0.366 0.095
SD 0.052 0.013 0.011 0.013 0.015 0.023

Figure 7. Genetic structure of Chamaerops humilis populations. Mean proportion of membership of each population for
the inferred number of K clusters = 3. For the population acronyms, see Table 1.
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displayed as a map of posterior probabilities indicate
K = 3 clusters for populations of C. humilis (see Sup-
porting information, Fig. S2). Therefore, in agreement
with STRUCTURE, this spatial model identified
three spatially distinct, genetically differentiated
groups of populations of C. humilis.

DISCUSSION

In the present study, plant and seed morphologies of
the European fan palm, C. humilis, were studied in
relation to both its genetic variation and the climatic
variability within the study area. In general, the
populations in the present study were clustered simi-
larly by the genetic and morphological analyses, with
the exception of the populations from MC, CG, and
CR. Other studies comparing genetic and morphologi-
cal variations have reported contrasting results
(Kjaer et al., 2004; Hatziskakis, Tsiripidis &
Papageorgiou, 2011; Cecchi et al., 2013): in a regional
analysis of sago palm (Metroxylon sagu Rottb.), Kjaer
et al. (2004) found little or no relationship between
genetic distance and morphology except for petiole
thickness and width. However, a significant correla-
tion was observed between genetic and geographical
data and such an effect was attributed to human
transportation of specimens from one collection site to
another. Additionally, Hamza et al. (2011), who ana-
lyzed several Phoenix dactylifera putative subpopula-
tions in southern Tunisia, found no correlation
between morphological and molecular variations
based on nine morphological traits and five molecular
primer pairs, although some significant correlation
was observed between fruit maturity period and con-
sistency and between molecular and quantitative
morphological traits. In the present study, specimens
were collected in natural managed reserves where
European fan palm populations are undisturbed, and
analyses were run for a relatively high number of
both morphological and genetic markers. Nonethe-
less, both the expected and observed heterozygosities
were higher (Table 3) than those of other long-lived
perennial outcrossing species (Hamrick & Godt,
1996), and the inbreeding coefficient, despite being
positive, was not different than zero, suggesting that
each population was at Hardy–Weinberg equilibrium.
This result can imply that C. humilis populations in
Sicily differentiated from a common ancestor and that
their inter-population variations arose from second-
ary evolutionary processes induced by ecological
adaptation, which can explain the similarity between
genetic and morphological clustering. This hypothesis
is consistent with the observations of higher intra-
than inter-population differentiation and relatively
low allelic richness in the present study. Indeed, in
obligate outcrossing species, such as the European

fan palm, genetic diversity after a site colonization
event proceeds from a reorganization of the genetic
structure of the founder (García-Verdugo et al., 2009;
Stuessy et al., 2014) through mating between neigh-
bouring relatives, recombination (Lefèvre et al.,
2004), nonrandom dispersal (Garant et al., 2005), and
reproductive dominance (Luna, Epperson & Oyama,
2007). In contrast to other species (e.g. Gypsophila
struthium L.; Martínez-Nieto et al., 2014), C. humilis
is an isolated species in Sicily and thus has experi-
enced no or few genetic introgressions from its rela-
tives, which may imply a high environmental
pressure and thus a strong relationship between
genetic and morphological distances. In addition,
C. humilis is subject to dispersal limitation, which
hinders gene flow between different regions
(Blach-Overgaard et al., 2010); this hindrance may
explain the relatively low values of expected heterozy-
gosity in the present study. From a genetic point of
view, populations from MC, CG, and CR were clus-
tered together based on both molecular (Fig. 7) and
morphological analyses (Fig. 5). Two of these popula-
tions (MC and CR) appeared similar because of their
high thorn density and small plant size (HF and DT)
(Fig. 3), traits that were strongly and negatively cor-
related in the CCA. In many species, thorn density
has been characterized as a defence mechanism
against herbivory (Milewski, Young & Madden, 1991)
or attributed to evolutionary causes, such as heat
balance (Nobel, 1980) or drought resistance (Janzen,
1986). In European fan palm, thorns are larger at the
petiole base than at its apex, plant size is usually
< 1.5 m, and the leaflets can be eaten by mammals,
which suggests that, in this species, thorns have no
role against herbivory. However, considering that
thorns grow especially in the petiole base and thus
near the infructescence, they could still have a role in
protecting fruits from animals. Indeed, in the natural
reserves where the palms under study were retrieved,
summer coincides with a low natural availability of
nourishment for wildlife because the high aridity is a
major limitation to plant development and fruiting. In
these environments, C. humilis is one of the few plant
species able to produce high-energy seeds and fruits
during the summer (Giovino et al., 2013) and thus can
play a major role in feeding wildlife. In this context,
thorns could play the role of reducing ingestion by
wildlife when fruits are still immature and attached
to the fruiting rachis. Indeed, a significant correlation
was observed between thorn density and ETP, and, on
the CCA, thorn density was highly correlated with
maximum summer temperatures and minimum rain-
fall, which suggests that in the European fan palm,
thorns may play a role in genetic adaptation to arid
environments. In addition, the crown height to trunk
height ratio negatively correlated with ETP, and the
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crown height to plant height ratio negatively corre-
lated with both ETP and spring and summer tem-
peratures. Considering that trunk height is somehow
related to plant age, these ratios are related to the
availability of nutrients, especially water and light.
Reductions in crown size and the number of leaves
with increasing drought have been observed in other
Mediterranean species (Corcuera, Camarero &
Gil-Pelegrín, 2004). Accordingly, in other palm
species, trunk height has been related to drought
resistance (Lakmini, Nainanayake & de Costa, 2006).
This relationship could explain the negative correla-
tion between the crown height to trunk height ratio
and ETP. In addition, the European fan palm is
among those palm species adapted to relatively cold
conditions, which can explain its short height com-
pared to other palm species.

In the present study, a negative correlation was
also observed between winter, spring and summer
temperatures and the crown height to trunk height
ratio (r < −0.64) and between mean spring tempera-
tures and crown diameter (r = −0.61) and trunk diam-
eter to trunk height ratio (r = −0.68), although no
correlation was observed between leaf hair density
and temperature (see Supporting information,
Table S2). The decrease in the crown height to trunk
height ratio and crown diameter at increasingly
colder conditions suggests that C. humilis decreases
in size and assumes a more ‘cushion-like’ canopy
shape as the mean temperature decreases, whereas
the trunk diameter to trunk height ratio is an indirect
measure of the availability of nutrients and the
amount of GDD. Gianoli et al. (2004) found reductions
in plant and leaf size in an Antarctic compared to an
Andean Colobanthus quitensis (Kunth) Bartl. (Caryo-
phyllaceae) ecotype. Usually, morphological adapta-
tions of a plant to environmental stresses (such as
cold) involve changes in canopy shape, leaf size, and
leaf hair density (Bliss, 1962). However, leaf hair
density may depend upon several factors, including
the genotype (Ramesar-Fortner, Dengler & Aiken,
1995) and leaf size (Roy, Stanton & Eppley, 1999).
Also in the present study, hair density was signifi-
cantly correlated with leaf area (r = −0.51) but not
with the length of the leaf margin (r = −0.28). In
many plant species, cold adaptation is controlled pri-
marily by quantitative trait loci (QTL), for which the
effects on plant phenotype are small and can be
influenced further by a genotype × environment inter-
action (Howe et al., 2003). Howe et al. (2003) also
suggest that QTLs for cold tolerance can have pleio-
tropic effects on other traits, such as the timing of bud
set and spring bud flush. In the present study, we did
not measure any phenological traits, although the
flesh thickness of the fruit (which is related to bud
flush and the length of time available for fruit

growth) was negatively related to the mean and
minimum temperatures and ETP (r < −0.72), and the
pulp to fruit ratio was positively correlated with rain-
fall, especially winter and spring rainfall (r > 0.87),
and the number of rainy days per year (r = 0.90). The
flesh thickness of fruits and fruit size depends upon
several environmental and growth conditions, such as
GDD, water availability, and the seed-dispersing
system (Mazer & Wheelwright, 1993). In the Euro-
pean fan palm, the fruit pulp both acts as a defence
against invertebrate seed predation and inhibits seed
germination (Fedriani & Delibes, 2011). In other
palms, the fruit contains inhibitory compounds that
can be removed by water soaking (Broschat &
Donselman, 1987); thus, it is possible that the flesh
thickness and the pulp to fruit ratio in the European
fan palm are adaptive traits related to water avail-
ability and temperature during germination. Further-
more, in the CCA, the populations under study tended
to aggregate in environments with low ETP, low
autumn and winter temperatures, and a low number
of days with a temperature > 0 °C, which suggests
that the establishment of a C. humilis population
depends on temperature rather than on water avail-
ability. This result agrees with the recent findings by
Kissling et al. (2012) who showed that the distribu-
tion and latitudinal limit of palms depends on tem-
perature seasonality and the minimum temperature
in both continental and island environments.

CONCLUSIONS

A strong relationship was observed when clustering
the populations based on genetic and morphological
traits. Correlations between genetic variation and
environmental characteristics have been observed in
many plant species (Parisod & Christin, 2008; Eckert
et al., 2010). In addition, many morphological traits
appear to be related to environmental characteristics.
Despite this relation, intrapopulation variation was
higher than inter-population variation, and allelic
richness was low. This result could imply that the
differentiation of populations of C. humilis in Sicily
arises from secondary adaptation to the environment.
Finally, population clustering in the CCA was driven
by autumn and winter temperatures, which are
important for seed germination, and by water-energy
availability (i.e. ETP, rainfall, and the number of
rainy days per year), which are parameters that
impact seedling survival rather than adult plant
growth and are referred to as the strongest climatic
predictors of palm diversity patterns (Eiserhardt
et al., 2011; Kissling et al., 2012). The European fan
palm is among the most cold-tolerant palm species
but, on the northern extreme of its natural distribu-
tion range, it only occurs near the sea; thus, it is
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possible that frost damage, photosynthesis depres-
sion, and other temperature-dependent traits limit
the spread of the dwarf fan palm to more northern
sites. This limitation implies that the European fan
palm could be used to track climatic changes in
Europe. However, further studies are needed to iden-
tify the adaptations of C. humilis to relatively colder
environments, as well as the effects of temperature
and water availability on the plant’s germination and
competitiveness with other cold-tolerant species.

In conclusion, three main subpopulations of
C. humilis were observed using genetic screening,
whereas morphological screening suggested that two
main morphotypes are present in Sicily, differentiated
mainly according to autumn and winter temperatures
and the number of days with a temperature > 0 °C
(i.e. according to autumn and winter aridity). These
findings suggest that genetic and morphological tools,
in addition to statistical tools such as CCA, need to be
coupled to structure an efficient conservation strategy
that takes into account both the genetic variability
within and among the populations targeted in the
conservation programmes and the functional traits of
the targeted genotypes.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Dendrogram classification based on the seed morphology of Chamaerops humilis populations
clustered with the average method, truncated at the five-group level (vertical dotted line), according to pseudo
F and t2 statistics. For the population acronyms, see Table 1.
Figure S2. Genetic analysis based on microsatellite data with K fixed to three and maps of the posterior
probability of individual Chamaerops humilis. Black dots represent the sampling sites. Probability of cluster
membership increases with lighter shading.
Table S1. Sequences of 28 microsatellite loci from Chamaerops humilis (Arranz et al., 2013) used in the present
study. F, forward primer; R, reverse primer; labels used are given in bold; Ta, optimal annealing temperature.
the GenBank accession number is shown.
Table S2. Linear correlation coefficients between morphological traits of the ten analyzed populations of
Chamaerops humilis from Sicily, Italy, and climatic variables of the collection sites.
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