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Abstract The main aim of the present study was testing
the value of the morphological and anatomical character-
istics of the needles in distinguishing Cedrus atlantica,
C. libani and C. brevifolia. Nine populations were sampled in
their natural habit and 25 characters were used to describe
the variation of the brachyblast needles and to analyze the
differences between species. The results indicated that
morphological and anatomical needle characters provide
valuable tools in discrimination of the taxa. The scored
differences were statistically significant, as revealed in the
Tukey’s ¢ test, discrimination analysis and hierarchical
analysis of variation. The results support treating C. libani,
C. atlantica and C. brevifolia as independent species.
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Introduction

Cretaceous records on cedar have been described as petri-
fied wood from North-Eastern Asia and North-Western
North America (Blokhina and Afonin 2007) and Jurassic
records as pollen deposits in northern Asia (Ferguson 1967).
This finding supports the North-Eastern Asiatic origin of the
genus Cedrus Trew. From four remnant species, three are
known from the Mediterranean region [C. atlantica (Endl.)
G.Manetti ex Carriere, C. brevifolia (Hook. f.) Henry and
C. libani A. Rich], and one from the Himalayan region
[C. deodara (Roxb. ex D.Don) G.Don] (Browicz 1982;
Greuter et al. 1984; Charco 2001). All these taxa are examples
of Tertiary relicts and their ancestors were much widely dis-
tributed in Europe, Asia and Africa before the Quaternary
(Gaussen 1964; Ferguson 1967; Pons 1998; Magri and Parra
2002; Postigo-Mijarra et al. 2010; Manzi et al. 2011). The
reduction of the area of distribution of the genus and for-
mation of disjunctions in its range took place during the late
Tertiary as result of climate cooling (Thompson 2005;
Utescher et al. 2007; Ivanov et al. 2011). The increasing
isolation between the west-, east-Mediterranean and cen-
tral-Asiatic populations of the cedars was probably a reason
for formation of remnant taxa (Gaussen 1964; Pons and
Quézel 1985; Pons 1998; Qiao et al. 2007). The Pleistocene
climate oscillations were responsible for further reduction
of the genus range (Elenga et al. 2000; Svenning 2003; Fady
et al. 2008; Terrab et al. 2008; Cheddadi et al. 2009; Pos-
tigo-Mijarra et al. 2010). The contemporary distribution of
Mediterranean species reflects the overexploitation (Fig. 1),
during historical times. In fact, cedar wood was appreciated
and used for many purposes such as shipbuilding, temple
decoration, construction, furniture, etc. (Khuri et al. 2000;
Terrab et al. 2006; Sattout et al. 2007; Fady et al. 2008;
Postigo-Mijarra et al. 2010).
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Fig. 1 Geographic ranges of Cedrus atlantica (CA), C. libani (CL) and C. brevifolia (CB) with location of sampled populations (acronyms as in

Table 1)

The taxonomic position of the Mediterranean cedars
is controversial. This concerns mainly the position of
C. brevifolia, endemic to mountains of Cyprus, and C. atlan-
tica from the mountains of north-west Africa. C. brevifolia
has been described on the basis of needle and cone char-
acteristics as a variety C. libani var. brevifolia Hook. f. and
then advanced to the species rank (Gaussen 1964; Page
1990), but more frequently it is treated as subspecies
C. libani subsp. brevifolia (Hook. f.) Meikle (Coode and
Cullen 1965; Meikle 1977; Greuter et al. 1984; Eckenw-
alder 2009) or a variety of C. libani (Frankis 2000; Farjon
2010). Cedrus atlantica, described originally as Pinus
atlantica Endl., then transferred to Cedrus, also was treated
as an independent species (Gaussen 1964; Page 1990;
Charco 2001; Farjon 2010), as subspecies C. libani
A. Rich. subsp. atlantica (Endl.) Batt. et Trab. (Coode and
Cullen 1965; Eckenwalder 2009) or variety C. libani var.
atlantica (Endl.) Hook f.

Distinguished on the basis of the conical crown shape,
Cedrus libani, the species among Mediterranean cedars
with the largest but segmented geographic range (Browicz
1982; Boydak 2002), was divided into subsp. libani, known
from Lebanon mountain ranges and subsp. stenocoma
(O. Schwarz) Frankis, which is dispersed in the mountain
massifs of Anatolia (Frankis 2000; Farjon 2001; but see
also comment by Farjon 2010: 259).

The possibility of hybridization (Fady et al. 2003),
together with recent results of cytological (Bou Dagher-
Kharrat et al. 2001), isoenzymatic (Scaltsoyiannes 1999),
AFLP (Bou Dagher-Kharrat et al. 2007) and cpDNA and
mtDNA phylogeny analyses (Qiao et al. 2007) pointed out
the close genetic relationships among Mediterranean cedar
taxa and suggest for them the subspecific taxonomic rank.
The studies on genetic diversity and phylogeography of
C. atlantica (Terrab et al. 2006, 2008), genetic diversity of
C. libani (Semaan and Dodd 2008) and C. brevifolia
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(Eliades et al. 2011) described the high level of genetic vari-
ation and significant differences among studied populations of
compared species. The Mediterranean cedars differ in
respect to the length, width and shape of the male and female
cones and in the length of the needles (e.g., Gaussen 1964;
Kriissmann 1985; Vidakovi¢ 1991; Farjon 2010).

The detailed study on the needle anatomic construction
of cedar species is lacking. We hypothesized, that not only
length, but also other characteristics of the needles,
including anatomic ones vary among Mediterranean spe-
cies of the genus. The aim of the present study was the
comparison of C. atlantica, C. brevifolia and C. libani on
the material from the natural populations, using biometrical
analyses of morphological and anatomical characteristics
of the needle.

Materials and methods

Material for the study was collected in the natural localities
of C. atlantica in the Rif and Middle Atlas mountains,
C. brevifolia in the mountains of Cyprus and C. libani in
the Taurus, Antitaurus and Lebanon Mountains (Fig. 1;
Table 1). In total nine populations have been sampled by
collection of three 2-years old brachyblasts with uninjured,
fully developed needles from the insolated part of the
crown of 28-30 healthy trees in every population, except
for population CA_2, where only ten trees were sampled.
The old, cone-bearing trees were sampled at a distance no
less than 50 m from each other. The brachyblasts were
conserved in 70 % alcohol and stored at —20 °C before
sectioning. Every individual tree was represented by ten
1-year-old needles, omitting three first, three last and
damaged ones. Needle length (NL) was manually measured
and the 2 mm long section from the central part of
every needle were then embedded in the paraplast. The
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Table 1 Studied populations of Cedrus atlantica (CA), C. libani (CL) and C. brevifolia (CB)

Species Location No. of Acronym Longitude Latitude Altitude

individuals (N) (m)

C. atlantica Morocco, Rif Mountains, Jbel Anasan, 32 CA_l 5.03W 35.01 1600
Marocco, Middle Atlas, S of Azrou 10 CA_2 521W 3341 1750

C. libani Turkey, West Taurus, Golciik, between 30 CL_1 30.40E 36.64 1300

Kemer and Altinyaka

Turkey, West Taurus, Goltarla 30 CL_2 29.96E 36.58 1100
Turkey, Antitaurus, Giilek above Tarsus 30 CL_3 34.70E 37.32 1423
Turkey, Antitaurus, S of Goksun 30 CL_4 36.56E 37.96 1500
Lebanon, Ehden, Horsh Ehden 33 CL_5 35.99E 34.31 1565
Lebanon, Ammoua (Aakkar) 33 CL_6 36.26E 34.50 1743

C. brevifolia Cyprus, Cedar Valley 31 CB 32.69E 34.99 1450

semi-durable anatomic preparations were done following
Ruzin’s (1999) modified procedure from the slices of
12 pum thin, cut using Microtom HM310. The preparations
were then photographed under a light microscope Axio
Imager Al, using camera AxioCam MRc5. The measure-
ments of the most of the characters (Fig. 2a, b) were
conducted on the ten technically best images selected from
25-30 ones for every individual, using AxioVision 4.6. The
number of resin canals (NC), of stomata (NS), of fiber cells
inside the sclerenchymatous bundle sheath (NSC) and
percentages of every of three types of the cells surrounding
the resin canals (PSCF, PSCI and PSCT) were counted and/
or estimated for every individual preparation. The shape of
the cross-section of vascular bundle (VBS), epidermis cell
(ES) and hypodermis cell (HS) were expressed as ratios of
length/width. The shape of the needle cross-section is
scored in the range of one to seven distinguishable cate-
gories (Fig. 2c¢).

The set of the characters (Table 2) includes those used
in the keys to determination of cedars (Gaussen 1964;
Maheshwari and Biswas 1970; Kriissmann 1985; Vidakovié¢
1991; Eckenwalder 2009; Marin et al. 2009; Farjon 2010) and
detected as discriminating among taxa in the anatomical and
morphological examinations of the needle characteristics of
pines and firs (Boratynska and Bobowicz 2001; Boratynska
and Boratynski 2007; Boratynska and Lewandowska 2009;
Dorken and Stiitzel 2012; Sekiewicz et al. 2012).

Statistical analyses

To determine the possibility of utilization of multivariate
statistical analyses, the frequency distribution of every
character was verified using the Shapiro—Wilk test. Every
metrical and estimated character was standardized, and the
percentage of different types of fibrous cells around resin
canals were arcsine transformed prior to analyses (Stanisz
2007).

Fig. 2 Measured and estimated characters of the needle cross-section
(a), cuticle, epidermis and hypodermis (b) the character acronyms as
in Table 2 and (c) cross-section shape categories (1-7, the most
common types)

The statistic value of every character for differentiation
between species was verified in a post hoc RIR Tukey and
Kruskal-Wallis test for characters NC, PSCF, PSCI and
PSCT. The discrimination power of a particular character
was determined in discrimination analysis. The relations
among populations of particular taxa were estimated on the
scatter-plot of the discrimination function on the space
between the first discrimination variables, after stepwise
discrimination analysis on the whole set of characters
(Tabachnik and Fidell 1996; Sokal and Rohlf 1997). The
Euclidean distances among populations were estimated
using all characters except for ratios, and agglomeration of
populations on the shortest Euclidean distances according
Ward’s method were analyzed to verify the relations
between taxa revealed by discrimination analysis. The
hierarchical analysis of variance was applied to estimate
the percentages of variation of every character, which
differ between species and between populations within
species (Sokal and Rohlf 1997). Statistica PL 9.0 for
Windows (StatSoft PL) and JMP 9 (SAS Inc.) were used
for calculations.
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Table 2 Average values (mean), variation coefficient (V), discrim-
ination power testings (4 partial 4 value, P significance of 1) and
significance (**P > 0.01; *P > 0.05) of differences between

analyzed characters of needles of Cedrus atlantica, C. libani and
C. brevifolia detected in Tukey’s t test and/or Kruskal-Wallis test (for
explanation see also Fig. 2)

Character Acronym C. atlantica CA C. libani CL C. brevifolia Discrimination  Tukey’s 7 test
CB between and Kruskal-
species Wallis test
Mean V Mean V Mean V A P CA/ CA/ CL/
CL CB CB
Needle length (mm) NL 1330 13.69 1673 17.23 9.81 20.84 0.869 0.000 F* o EE o kx
Width of needle cross-section (pm) NwW 834.89 12.14 885.16 1026 910.89 11.64 0.966 0.029  ** Hk -
Height of needle cross-section (pm) NH 772.27 9.06 801.19 10.19 820.06 9.42 0950 0.005 - - —
Width of vascular bundle including VBW 307.97 1252 33723  11.06 317.82 1593 0998 0.852 **  — -
endodermis (pm)
Height of vascular bundle including VBH 282.09 11.44 302.83 11.03 288.49 1455 0939 0.001 ** - -
endodermis (pm)
Distance between resin canal and DY 154.09 17.81 141.60 24.82 12457 2429 0934 0.000 - O
vascular bundle (pm)
Diameter of resin canal (um) CD 60.30 2147 6029 25.82 102.34 2486 0.897 0.000 - Rk
Number of resin canals NC 1.28  37.27 1.26  32.48 0.78 5091 0915 0.000 - Rk
Height of epidermis cell layer (pm) EH 20.86 6.35 19.77 889 1933 7.86 0971 0.048 &+ xx
Height of hypodermis cell layer (um) HH 3047 13.48 21.76 12,57 2455 1136  0.853 0.000  #* ok ok
Cuticle thickness (um) CT 092 1697 0.81 21.31 0.71 1397 0995 0.572 - - *
Width of epidermis cell layer (um) EwW 20.78 796 18.72 8.86 17.84 9.26 0960 0.015  **  *k ok
Width of hypodermis cell layer (um) HW 25.68 10.21 2245 1059 2433 8.76 0911 0.000 **  * *E
Number of stomata in cross-section NS 747  14.96 939 14.56 8.68 1697 0947 0.003 ** ok k
Number of sclerenchyma cells inside ~ NSC 797 3301 1473  29.06 7.31 50.59 0956 0.009 ** = — *ok
the vascular bundle
Percentage of sclerenchyma cells
around resin canal:
Fiber cells with thick walls and PSCF 30.89 54770 2799 6533 574 153.64 0989 0324 - Rk
restricted lumen (%)
Fibrous cells with intermediate thick PSCI 54.09 4253 63.00 30.06 17.32 98.83 0.993 0465 - Rk
walls (%)
Cells with thin walls and wide PSCT 15.02 118.39 8.86 14289 78.02 23.11 0.625 0.000 * R Rk
lumens (%)
Shape of vascular bundle cross-section VBS 1.09 3.34 1.12 4.40 1.10 4.46 0.987 0.268 - - -
(VBW/VBH)
Shape of epidermis cell (EH/EW) ES 1.02 8.95 1.07 8.06 1.10  9.00 0997 0.749 - * -
Shape of hypodermis cell (HH/HW)  HS 1.20  11.78 098 11.36 1.03 1338 0.925 0.000 ** &k _
Shape of needle (NL/NW) SN 16.34 1897 1926 2140 11.00 19.07 0998 0.794  **  **k  *x
Proportion of needle/vascular bundle =~ PNVB 2.73 6.16 2.64 7.12 290 17.59 0969 0.033 - Rk
width (NW/VBW)
Proportion of needle width/resin canal PNRC 1521 17.76  16.06 1846 10.50 36.64 0917 0.000 - Rk
diameter (NW/CD)
Proportion of vascular bundle width/  PVBRC 556 20.22 6.08 2131 353 4043 0992 0410 - R Rk

resin canal diameter (VBW/CD)

Results
Evaluation of characters

The average values of particular characters with ranges of
oscillation and variation coefficients for every population
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were calculated and compared (Table 3). The highest val-
ues of variation coefficient were detected for percentages
of cells around resin canals types (PSCF, PSCI and PSCT).
Slightly lower V-values had also a number of the fibrous
cells inside the vascular bundle and a number of resin
canals (NSC and NC, respectively). The value of variation
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Table 4 Values of Pearson’s correlation coefficients between characters of needles of Cedrus altantica, C. libani and C. brevifolia; character

acronyms as in Table 2

NL NW NH VBW VBH DY CD NC EH HH CT EW HW NS NSC PSCF PSCI
NW 0.21
NH 012 0.66
VBW 024 0.76 0.73
VBH 021 0.69 081 094
DY 024 043 046 031 033
CD -025 042 030 016 0.18 -0.13
NC 017 0.7 -0.11 0.08 0.03 -0.02 -0.16
EH -0.10 0.05 023 016 016 0.06 0.04 -0.09
HH -0.33 -0.08 0.02 -0.11 -0.10 0.10 0.12 -0.05 0.34
CT 021 020 024 024 023 023 -002 011 -0.02 -0.01
Ew 012 005 015 010 0.08 026 -013 0.02 038 039 0.28
HwW  -0.20 0.14 022 0.08 008 025 015 -013 025 0.62 020 0.59
NS 035 056 055 059 062 028 016 -001 005 -034 005 -0.32 -0.26
NSC 047 020 020 035 031 006 -027 015 0.00 -033 -0.05 -0.19 -0.34 0.40
PSCF 0.23 -0.02 008 006 0.06 014 -0.22 004 -0.11 006 024 015 007 -003 0.23
pPsCI  0.20 -0.08 -0.08 004 0.01 0.12 -0.52 022 016 -0.17 -0.09 0.08 -017 007 033 -0.24
PSCT -0.35 0.09 0.03 -0.07 -0.05 -0.20 0.63 -0.22 -0.06 0.12 -0.07 -017 0.11 -0.05 -0.46 -0.46 -0.74

Bold values indicate statistically significant at p = 0.01

coefficient below 10 % was characteristic for EH, EW, ES,
VBS and in the most of the populations for HW, NH, and
PNVB (Table 3).

The metric characters of the needle and vascular bundle
were generally dependent for each other (Table 4). The
highest positive correlations were detected between
dimensions of the needle (NW and NH), dimensions of the
vascular bundle (VBH and VBW) and both these character
sets (Table 4). The dimensions of the hypodermis cell (HH
and HW) and width of hypodermis and epidermis cell
correlated positively (HW and EW), the number of stomata
with the dimensions of the needle and vascular bundle (NS,
NW, NH, VBW and VBH) and percentage of thick-wall
cells around resin canals with diameter of resin canals
(PSCT and CD) are also correlated with each other. The
matrices of Pearson’s correlation coefficients for C. libani,
C. atlantica and C. brevifolia showed the highest number
of statistically significant connections (P < 0.05) within
the first and lowest within the last species, 55, 37 and 21 %,
respectively.

Intra-population variation

The level of differentiation of individuals within each of
the nine tested populations is comparable independent of
taxon, except for CA_2 represented by only ten individu-
als. It is especially interesting, that the level of variation in
C. brevifolia was similar to the variable populations of

C. libani. The populations of the latter species from the
Lebanon Mountains revealed a relatively low level of dif-
ferentiation among individuals, in spite of comparable
values of the variation coefficient (Table 3).

The differentiation of individuals within particular
populations was determined mostly by such characters, as
NW and NH, then VBW and VBH, NL, PSCF, PSCI,
PSCT, NSC and NS. Among these characters the NW, NH,
VBW and VBH were found as relatively stable with a low
level of variation coefficient, but NL, PSCF, PSCI, PSCT,
NSC and NS were inversely related to the variables and
even were the most variable ones (Tables 2, 3).

Differentiation of populations

The Tukey’s test for characters with a normal and a
Kruskal-Wallis test for those of biased distribution (NC,
PSCF, PSCI and PSCT) revealed, that among all compared
populations at least two characters separate them at sta-
tistically significant level (P < 0.01). The NL, NSC, NS,
ES and CT differentiating among highest numbers of
populations (Table 5).

The length of particular needles (NL) on every dwarf
shoot differed strongly not only within individuals of every
compared population but also among 72 % of possible
pair-wise comparisons of populations. The needles of
C. brevifolia were 9.8 mm long in average, varying
between 5 and 18 mm (Tables 2, 3), those of C. libani were
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Fig. 3 Results of discrimination analyses: a dispersion of individuals
of Cedrus atlantica (CA), C. libani (CL) and C. brevifolia (CB) on the
space among the two first discrimination variables; b dispersion of
populations of C. atlantica (filled square CL_1, filled circle CL_2),
C. libani (plus CL_1, asterisk CL_2, open diamond CL_3, open circle
CL_4, open square CL_S, open triangle CL_6) and C. brevifolia
(filled triangle) (population acronyms as in Table 1) in the space
among three first discrimination variables

16.7 mm in average, ranging between 8 and 31 mm, with
the shortest needles in populations from the Lebanon
Mountains. The NL of C. atlantica was intermediate
between those of C. libani and C. brevifolia.

The highest values of NW, NH, VBW and VBH were
found in C. libani (CL_3 and CL_4), while the lowest in
C. atlantica (CA_2), nevertheless the absolute minima and
maxima of these characters were detected in C. brevifolia.
The highest average value of CD was characteristic for
C. brevifolia, lowest for C. libani (Table 2). The absolute
minimal values of these characters were detected in the
same taxa, while the maximal ones in C. libani populations
CL_1 and CL_5. The extremely wide resin canals were

observed in C. brevifolia, but the average number of them
(NC) was lower, when compare to other cedar taxa
(Table 2; Fig. 3).

The dimensions and proportions of the epidermis
cells (EH, EW and ES) were similar in every compared
population and taxon and did not differentiate them. The
average values of CT were also very close in compared
populations and taxa, except of C. atlantica from Mid-
dle Atlas (CA_2), which had the thickest -cuticle
(Table 3). Similarly, the highest average values of
dimensions and proportions of hypodermis cells (HH,
HW and HS) were detected in C. atlantica. The popu-
lations of C. libani and C. brevifolia had HS close to 1
(Table 3).

The number of stomata detected on the needle cross-
section (NS) ranged between 1 and 17, 9 in average for
whole genus, but was higher in C. libani and lower in
C. atlantica and C. brevifolia (Table 2). Within popula-
tions of C. libani, the populations sampled from the
Taurus Mountains had about 10 stomata on average, while
those from the Lebanon Mountains only about 8.5 on
average (Table 3).

Cedrus brevifolia had resin canals surrounded with
mainly thin-wall cells (PCST), inversely as in the two
other compared species. Inside the vascular bundle of
C. libani 15 fibrous cells (NSC) were detected on average,
while in C. atlantica and C. brevifolia only 8 and 7 cells
were counted, respectively (Table 3).

Among seven general types of the needle cross-section
(Fig. 2c), the most common were pentagonal, triangular
and rhomboidal (types 5, 1 and 2, respectively). In spite of
that, this character did not differ nor for individuals within
populations, and neither for populations within taxa.

Taxonomical differences

The Tukey’s test and Kruskal-Wallis test showed that
only the values of NH and VBS did not differ at a sta-
tistically significant level among species studied, while all
other characters could be used in separation of species at
least between two of them with P < 0.05 (Table 2).
Between three possible combinations of compared species,
NL, HH and SN differentiated at P < 0.01 and, addition-
ally, EW, HW and NS with 0.05 < P < 0.01. All other
characters vary between two combinations (Table 2).

The analysis of discrimination function revealed, that 13
of 25 tested characters of the cedar needles had high dis-
criminating power among taxa (P < 0.01) and another four
discriminate with P < 0.05 (Table 2). The dispersion of
individuals on the space between the two first canonical
values U; and U, (responsible for 100 % of the variation
among species) demonstrated three dispersed “clouds” of
single trees, representing three compared species (Fig. 3a).
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The canonical variable U; was determined mostly by
PSCT, CD, NL, NSC, while the U, by HH. It is notewor-
thy, that all individuals of C. brevifolia are inside the 95 %
confidence interval and did not enter, neither area delimited
by the confidence interval of C. libani individuals, nor of
C. atlantica (Fig. 3a). The individuals of the latter two
species are partly intermingling, also two individuals of
C. libani, both from anti Atlas population CL 3, entered the
confidential area of C. brevifolia.

Dispersion of centroids of populations, in this case
among three canonical variables U,, U, and Us, responsi-
ble for more than 85 % of the total variation among pop-
ulations, confirming the high level of multivariate
difference of C. brevifolia population from all other pop-
ulations (Fig. 3b). On the same scatter plot, the separation
of C. atlantica from C. libani populations was well marked.
The differences between two populations of C. atlantica
appeared to be high, but CA_2 is represented by only ten
individuals, which can influence this result.

The six populations of C. libani formed three geo-
graphic groups, CL_1 and CL_2 from the West Taurus,
CL_3 and CL_4 from the Antitaurus and CL_5 and CL_6
from the Lebanon Mountains (Fig. 3b). Most of the men-
tioned populations were well discriminated by the first and
second canonical variables, only those sampled from the
West Taurus mountains are significantly differentiated also
by Us. The U,, responsible for about 40 % of variation,
was determined mostly by PSCT, NL, SN, HH, CD and
NSC, while U,, bearing about 29 % of information on the
total variation, was correlated mostly to HH, PSCT, CD
and NS, Uj; responsible for about 15 % of the total detected
variation, is determined by ES and CT. The matrix of
discrimination classification indicate the 100 % of correct
classification of individuals to the populations of C. at-
lantica and to C. brevifolia, but 62-83 % of correct clas-
sification of individuals to particular populations of
C. libani. The variation ranges of the populations of the
latter species were partly overlapping.

The agglomeration of populations on the shortest
Euclidean distances indicated a higher level of difference
of Cypriote C. brevifolia (Fig. 4), when compare to pop-
ulations of C. libani, than to C. atlantica. The differentia-
tion of populations of C. atlantica and C. libani confirmed
taxonomic differences between them, but also revealed geo-
graphic differentiation of six populations of the latter. The
populations of C. libani sampled in the Lebanon Mountains
appeared closest to each other and different from those from
the West Taurus and Antitaurus Mountains (Fig. 4), as it was
detected in the discrimination analysis (Fig. 3b).

The hierarchical analysis of variance showed, that spe-
cies were differentiated at the highest significance
(P > 0.01) by CD, HH, NSC, PSCI, PSCT and PVBRC.
Statistically significant at a lower level (0.01 > P > 0.05)
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Fig. 4 Relations among populations of Cedrus atlantica, C. libani
and C. brevifolia (acronyms of populations as in Table 1) on the
shortest Euclidean distances obtained from leaf anatomical charac-
teristic of the brachyblasts

were also HW, HS, NC, PSCF, SN and PNRC (Table 6).
The populations within species differentiated at a statisti-
cally significant level for all characters except for NC and
VBS, while individuals within populations differed at a
statistically significant level in respect to all analyzed
characters.

Discussion
Differences between species

Among the analyzed set of characters of needles only NL
(partly also NW and NH) were used to discriminate
C. atlantica, C. libani, C. brevifolia and C. deodara (Gaussen
1964; Maheshwari and Biswas 1970; Farjon 2010; Vidak-
ovi¢ 1991; Brunetti et al. 2001). Unfortunately, only Farjon
(2010) indicated the origin of the needles described by him
from the long shoots. The long shoot needles are generally
longer than those of brachyblasts, which are used in the
present study. The average NL for every studied species
(Tables 2, 3) seem to be shorter, with ranges of this char-
acter either smaller or comparable to those in the published
sources. The average values for NL of C. atlantica were
detected as 13.3 mm, ranging between 7 and 19 mm.
Those values are smaller than 1-2.5 (3) cm reported by
Gaussen (1964) and Farjon (2010). The average NL of
C. libani, found in our study was 16.7 mm and ranging
between 8 and 31 mm, can be compared to the data of
Vidakovi¢ (1991) and Farjon (2010). The C. brevifolia aver-
age NL detected as 9.8 mm (ranging between 5 and 18 mm),
is also comparable to those reported earlier (Gaussen 1964;
Vidakovi¢ 1991; Farjon 2010).
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Table 6 Hierarchical analysis of variance based on the needle traits
Character Variance component df F Percent of variation P
CD Between species 2 22.24 53.34 0.001
Between populations of certain species 6 5.99 4.33 0.000
Between individuals of certain population 233 3.08 15.01 0.000
NC Between species 2 13.47 9.67 0.004
Between populations of certain species 6 1.30 0.34 0.258
Between individuals of certain population 237 1.82 13.36 0.000
HH Between species 30.77 47.66 0.001
Between populations of certain species 4.28 247 0.000
Between individuals of certain population 237 241 11.56 0.000
HW Between species 2 7.17 15.38 0.024
Between populations of certain species 6 4.58 3.94 0.000
Between individuals of certain population 237 2.04 14.62 0.000
NSC Between species 2 13.55 37.81 0.005
Between populations of certain species 6 5.54 4.93 0.000
Between individuals of certain population 237 343 20.21 0.000
PSCF Between species 2 5.14 16.54 0.044
Between populations of certain species 6 4.93 6.46 0.000
Between individuals of certain population 232 3.02 28.35 0.000
PSCI Between species 2 11.49 39.32 0.007
Between populations of certain species 6 7.26 6.67 0.001
Between individuals of certain population 232 2.52 16.42 0.000
PSCT Between species 67.43 70.29 0.000
Between populations of certain species 3.57 1.51 0.002
Between individuals of certain population 232 2.82 9.71 0.000
HS Between species 6.36 19.26 0.032
Between populations of certain species 7.64 6.37 0.000
Between individuals of certain population 237 1.87 11.61 0.000
SN Between species 2 10.31 43.01 0.011
Between populations of certain species 6 8.61 8.31 0.000
Between individuals of certain population 235 5.32 23.30 0.000
PNRC Between species 2 6.54 20.56 0.028
Between populations of certain species 6 5.88 6.36 0.000
Between individuals of certain population 233 2.30 18.66 0.000
PVBRC Between species 2 11.51 26.63 0.007
Between populations of certain species 6 3.92 3.83 0.001
Between individuals of certain population 233 2.57 20.40 0.000

Character acronyms as in Table 2

df Degrees of freedom, F statistic value

Needles shorter than those detected for three species in
the present study were reported from the fossils of Tertiary
cedars (Gaussen 1964; Velitzelos et al. 2000). On that
background C. brevifolia was believed to conserve the
most ancestral type of the needle, while C. deodara, which
has the longest needle, should represent the most advanced
evolutionary line (Gaussen 1964; Maheshwari and Biswas

1970). This opinion was recently confirmed by a phylo-
genetic study (Qiao et al. 2007).

The needle width (NW and NH) was reported as
1-1.5 mm for all studied species (Vidakovi¢ 1991; Farjon
2010). We found the average values of these characters
much smaller and discriminating among species at a sta-
tistically significant level (Table 2).
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Among all the other tested characters the VBH, DY,
CD, NC, EH, HH, EW, HW, NS, NSC, PSCT, HS, PNVB
and PNRC discriminated between compared species at a
statistically significant level. This finding was confirmed in
the Tukey’s test and Kruskal-Wallis test for percentage
PSCT, PSCI and PSCT three combinations, which addi-
tionally detected seven characters differentiating at least
between two of three compared species (Table 2).

Our investigation did not confirm the occurrence of
three layers of the hypodermis under epidermis and
reduced cell lumen of epidermis within individuals of
C. atlantica, reported by Gaussen (1964). We found only a
single additional hypodermis layer at the angles of the
needle cross-section and no difference in the epidermis
cells of compared taxa. These differences might be
resulting from brachyblast needles we analyzed, in contrast
to Gaussen (1964) who probably analyzed the leaves of the
long shoots. The same reason would explain the predomi-
nantly one resin canal detected in our study in contrast to
two resin canals reported in all three cedar species studied.

The CD appeared discriminating at very high signifi-
cance between C. brevifolia and both other species. This
difference has not been described till now, similarly as
different proportions of fibrous versus thin-walled cells
around the resin canals (PSCF, PSCI and PSCT).

Relations among species

Analysis of discrimination on the individuals revealed,
surprisingly, the highest level of distance between
C. brevifolia and the two other compared cedars. No one
individual of that species enters the 95 % confidential area
of individual dispersion neither for C. libani nor for
C. atlantica, while the several individuals of the two latter
are intermingling (Fig. 3a). This can indicate that needle
morphological and anatomical characteristics allow dis-
tinguishing 100 % of individuals of C. brevifolia from
C. libani and C. atlantica, but not all individuals of
C. libani from C. atlantica. The scatter-plot of discrimi-
nation analysis for population centroids of the three com-
pared species also pointed out the high level of differences
between C. brevifolia and populations of the two remaining
species (Fig. 3b). The agglomeration on the shortest
Euclidean distances among populations confirmed this
result and, surprisingly, showed a stronger relation of
C. brevifolia to geographically distant C. atlantica, than to
C. libani (Fig. 3b). These results support rather the idea of
the taxonomic position of C. brevifolia as a species (Farjon
2001). However, the population genetics and phylogenetic
studies suggest a close or even very close relationship
between C. brevifolia and C. libani (Scaltsoyiannes 1999:
based on isoenzymes; Qiao et al. 2007: based on cpDNA
and mtDNA sequences; Bou Dagher-Kharrat et al. 2007:
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based on AFLP markers). These former studies have shown
that all taxa around the Mediterranean basin are subspecies
of C. libani (Scaltsoyiannes 1999; Qiao et al. 2007; Bou
Dagher-Kharrat et al. 2007). Only one study using a iso-
enzyme banding pattern indicated quite a high level of
difference between C. libani and C. brevifolia (Panetsos
et al. 1992). The close affiliation of C. brevifolia to
C. libani was also detected in the karyotype analysis of the
cedars (Bou Dagher-Kharrat et al. 2001).

The estimation of the divergence time of C. brevifolia
from C. libani was proposed as before about 6 Mya (Qiao
et al. 2007), which is approximated to the Messinian Salt
Crisis time (Mai 1989; Krijgsman 2002; Hellwig 2004).
When accepting this hypothesis, the Cypriote environ-
mental conditions should influence the needle morphology,
resulting in formation of different values of most of the
characters (Tables 2, 3). The high level of genetic diversity
detected within C. brevifolia can indicate the long-term
presence of the species in the mountains of Cyprus (Bou
Dagher-Kharrat et al. 2007; Eliades et al. 2011). The sig-
nificant level of divergence among particular populations
of the species is characteristic for the narrow endemics
(e.g., Carri6 et al. 2010; Eliades et al. 2011), and indicate
their spatial isolation but also can be a signal of origin from
a widespread ancestor (Eliades et al. 2011). The historical
events, which could allow for direct contact between
populations of Cypriote and Anatolian cedars taking place
during the Miocene Messinian Salt Crisis, when the level
of the Mediterranean Sea subsided forming several land
bridges between the Asiatic continent and Cyprus (Pons
and Quézel 1985; Thompson 2005). The cedar seeds from
the various regions of continent, transported during that
time by animals were the source of the remnant C. brevi-
folia population on the Cyprus (Eliades et al. 2011). The
possible origin from different regions (Taurus, Antitaurus,
Lebanon mountain ridges) can be also a reason for the high
level of genetic variation of the species (Bou Dagher-
Kharrat et al. 2007; Eliades et al. 2011).

Relationships among Cedrus libani populations

The differences between Lebanese and Anatolian popula-
tions of C. libani were recently described based on isozyme
and cpDNA investigations (Bou Dagher-Kharrat et al.
2007; Fady et al. 2008:93, Figs. 2, 3). The multivariate
examination of the short shoot needle characteristics allow
for detecting differentiation of the species to three groups
of populations (Figs. 3b, 4). The detected morphological
differentiation is partly similar to AFLP-based genetic
differentiation of the species described by Bou Dagher-
Kharrat et al. (2007:280; Fig. 3). The geographically close
populations from the same or very near mountain ridges
appeared to be genetically more similar, than those coming
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from distant locations. Also a low level of differentiation
among Lebanese populations based on the RAPDs markers
(Semaan and Dodd 2008) confirm this assumption. The
described pattern of genetic and morphological differenti-
ation can result from adaptation to local environmental
conditions of the three regions, but also can be, at least
partly genetically conditioned. When the latter is true, the
differences among the populations from the West Taurus,
the Antitaurus and the Lebanon mountains can be con-
served or even intensified due to lack of gene flow among
them.
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