N

N

Variation of morphological traits in natural populations
of maritime pine (Pinus pinaster Ait.) in Morocco
Nadya Wahid, Santiago C. Gonzalez-Martinez, Ismail El Hadrami, Abdelali
Boulli

» To cite this version:

Nadya Wahid, Santiago C. Gonzalez-Martinez, Ismail El Hadrami, Abdelali Boulli. Variation of
morphological traits in natural populations of maritime pine (Pinus pinaster Ait.) in Morocco. Annals
of Forest Science, 2006, 63 (1), pp.83-92. hal-00883959

HAL Id: hal-00883959
https://hal.science/hal-00883959

Submitted on 11 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00883959
https://hal.archives-ouvertes.fr

Ann. For. Sci. 63 (2006) 83-92 83
© INRA, EDP Sciences, 2006
DOI: 10.1051/forest:20050100

Original article

Variation of morphological traits in natural populations
of maritime pine (Pinus pinaster Ait.) in Morocco

Nadya WAHID*Y*, Santiago C. GONZALEZ-MARTINEZ®, Ismail EL HADRAMIP, Abdelali BOULLI?

4 Laboratoire d’analyse et de valorisation des ressources environnementales, Département de Biologie, Université Cadi Ayyad,
Faculté des Sciences et Technique de Béni Mellal, BP 523, Béni Mellal, Morocco
b Laboratoire de physiologie végétale, Département de Biologie, Université Cadi Ayyad, Faculté des Sciences Semlalia, BP 2390,
40000 Marrakech, Morocco
¢ Unidad de Genética Forestal, CIFOR-INIA, Carretera de La Corufia km 7.5, 28040 Madrid, Spain

(Received 2 June 2004; accepted 26 May 2005)

Abstract — Pinus pinaster Ait. is the main species used for reforestation in Morocco, both in mountain and low lands areas. However, little
information is available about its intraspecific variation and adaptability in this range. This work studied the morphological variation of nine
native populations, covering the distribution area of maritime pine in Morocco (Rif, Middle Atlas and High Atlas). Thirteen morphological and
anatomical traits from cones (length and width), seeds (length, width, thickness and weight), seed wings (length and width) and needles (length,
width, thickness and the number of stomata rows on the dorsal and convex faces of the needle) were measured in 232 trees. A Principal
Component Analysis was used to explain the variation observed in four principal components related to cone (PCA3), seed (PCA1) and needle
(PCA2 and PCA4) traits. Variability in morphological traits was high in Moroccan populations of maritime pine and significant differences
among populations were found. Moreover, cone and needle traits showed clinal variation responding to latitude/altitude gradients. A
hierarchical classification of all populations led to the formation of three major groups: (i) Mediterranean coastal populations, (ii) southeastern
Rif, composed only by one population and (iii) the rest of populations, widely distributed through Moroccan maritime pine range.

maritime pine / geographic variation / morphological traits / natural populations / Mediterranean plants

Résumé - Variation des caracteres morphologiques des populations naturelles du pin maritime (Pinus pinaster Ait.) au Maroc. Pinus
pinaster Ait. est une espece forestiere habituellement choisie pour le reboisement au Maroc, aussi bien dans la montagne que dans la plaine.
Cependant, peu de données sont disponibles sur sa variabilité et adaptabilité intra spécifiques dans ces milieux. Ce travail a permis d’étudier la
variabilité morphologique de neuf populations indigenes, couvrant I’aire du pin maritime au Maroc (Rif, Moyen Atlas et Haut Atlas). Treize
caracteres morphologiques et traits anatomiques des cones (longueur et largeur), des graines (longueur, largeur, épaisseur et poids), des ailes
de graine (longueur et largeur) et des aiguilles (longueur, largeur, épaisseur et le nombre des lignes stomatiques sur les faces dorsales et
convexes de l'aiguille) ont été mesurés sur 232 arbres. Une analyse en composantes principales a été employée pour expliquer la variance
observée. Les quatre principaux axes correspondent a des caracteres liés aux cones (PCA3), aux graines (PCA1) et aux aiguilles (PCA2 et
PCAA4). La variabilité des caractéres morphologiques est importante dans les populations marocaines de pin maritime et des différences inter
populations significatives ont été mises en évidence. D’autre part, les caractéristiques des cOnes et des aiguilles ont montré une variation clinale
répondant aux gradients de latitude/altitude. La classification hiérarchique basée sur les caracteres morphologiques de toutes les populations a
conduit a I’individualisation de trois groupes principaux : (i) les populations de la cote méditerranéenne, (ii) une population du sud-est du Rif
et (iii) le reste des populations, qui sont dispersées dans toute 1’aire de répartition du pin maritime au Maroc.

pin maritime / variation géographique / traits morphologiques / populations naturelles / plantes méditerranéennes

1. INTRODUCTION into plantations to provide greater structural diversity and enhance

aesthetic values and environmental benefits. The development

Patterns of variation within tree species depend on several
factors, including geographic distribution, breeding system and
historical events. The latter may include range fragmentation
associated with climatic and landscape instability and changes
in effective population size (e.g., bottlenecks or population
expansions), which are both strong determinants of population
genetic structure. Recent changes in forest policy in Morocco
require managers to introduce alternative reforestation systems
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and implementation of the New Forest Management (NFM)
plan implies the consideration of within-species genetic varia-
bility and adaptability. Main [32] listed the following five key
scientific areas pertinent to an effective preservation of natural
ecosystems: taxonomy and genetics, biogeography and evolu-
tion, regeneration and replacement ecology, resource recycling
(i.e., how space and nutrients are made available for regeneration
and growth) and risk assessment for land and water management.

http://dx.doi.org/10.1051/forest:20050100
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Table I. Location and geographic characteristics of nine native populations of Pinus pinaster Ait. in Morocco. Tmax and Tmin stand for mean
maximum temperature and mean minimum temperature, NA: not available.

Code Population name Region Latitude Longitude  Altitude (m asl) Size (ha) Rainfall (mm) Tmax (°C) Tmin (°C)
PC Punta cires Rif 35°55'N 5°28° W 40 25-175 709 29.5 10.8
KR Koudiat Erramla Rif 35°28' N 5923’ W 400 140 699 335 55
JB Jbel Bouhacheme Rif 35° 14N 5°25° W 1094 95 2168 28 1.5
ADL Adeldhal Rif 35°08' N 5°09° W 1450 168 1490 30 33
MAD Madisouka Rif 35°1I’N 59100 W 1880 168 1483 31.9 23
TAD Tadiwine Rif 34°56’ N 4°32° W 1520 172 1501 21.6 0.5
TAMJ Tamjout Middle Atlas  33°50° N 3°59°W 1550 130 422 37 4.2
TAL Talaghine Middle Atlas  32°27" N 5014 W 1840 20 362 NA NA
SM Sidi Meskour High Atlas  31°28’ N 6° 50" W 1910 96 556 NA <0

Our work here provides insights related to the first and second
topics of this broad classification of scientific areas.

Maritime pine (Pinus pinaster Ait.) is one of the most impor-
tant forest species of the occidental Mediterranean basin and
the Atlantic coastal region of southern Europe. Maritime pine
is important both for ecosystem conservation (dunes protection)
and economy (wood production and pulp and paper industry).
Intraspecific variation in maritime pine has been investigated
in several common garden experiments established in different
countries: France [e.g. 26-28, 30, 41, 42], Greece [34], Spain
[3, 4], Portugal [2], Turkey [51] and Australia [29]. These
experiments showed that morphological and adaptive traits
vary significantly over the range of maritime pine. On the other
hand, wide-range studies using biochemical markers including
terpenes [8], isozymes [40], denatured proteins [7] and chloro-
plast microsatellites [52] further confirmed high levels of geo-
graphic differentiation among populations in this species.
Burban and Petit [13], based on mtDNA and RFLP analysis,
have identified three maternal lineages in maritime pine, one
of the lineages being specific of Morocco (i.e., the Moroccan
lineage). The broad-scale differentiation indicated by these
maternal lineages is also reflected in a wide range of molecular
markers and quantitative traits [24].

In Morocco, maritime pine grows in natural stands on a vari-
ety of soil types and climatic conditions, both in mountain and
low lands environments [16]. Genetic studies carried out on the
Moroccan maritime pine provenances have primarily addressed
biogeographic distribution [10] and provenance performance
[22, 48]. These results showed, in general, a higher phenotyp-
ical variability among populations growing in different regions
rather than among populations from the same geographical
area. The study by Harfouche et al. [27, 28], relevant to
intraspecific hybrids of this species, revealed that the Moroccan
population in the region of Tamjout was resistant to Matsucoc-
cus feytaudi and that the hybrids of this provenance with other
origins (e.g., Leiriain Portugal or Cazorla and Vivario in Spain)
were also resistant to the pest. Tamjout is also considered as
the most tolerant provenance to water and saline stresses in the
maritime pine native range [25, 31, 37]. A recent study using
allozyme markers showed that genetic variation of maritime
pine in Morocco was highly structured (8 = 10.44%). Three
main groups of populations were distinguished based on

genetic distances, namely (i) Occidental Rif, (ii) Oriental Rif
and Middle Atlas and (iii) High Atlas [53].

In common practice, systematic inferences and taxonomic
relationships are initially based on the analysis of morpholog-
ical traits. Multivariate morphometric studies are considered to
be effective to resole taxonomic uncertainty [ 14] and determine
taxa within species complexes [39]. However, at the intraspe-
cific level, patterns of morphological variation observed in
nature might be misleading because morphological traits can
be affected by environmental variation, so caution in the inter-
pretation of patterns of differentiation is advisable. Nonethe-
less, these studies can be very useful in species or geographical
ranges for which little information is available. Despite of the
interest of Moroccan forest genetic resources, up-to-date only
few studies dealt with variation in morphological traits, being
based mainly on cones and needles [16, 17, 23].

The main objective of the present work is the analysis of the
variation in morphological traits within and among Moroccan
maritime pine populations. In addition, we are interested in the
comparison between patterns of variation in morphological
traits and those found in our previous studies [53] using neutral
allozyme markers.

2. MATERIALS AND METHODS

2.1. Sampling and measurements

The distribution of maritime pine in Morocco is discontinuous,
covering different biogeographic regions, which has resulted in local
adaptation. We sampled nine natural populations corresponding to the
Rif, the Middle Atlas and the High Atlas regions (Tab. I and Fig. 1).
The samples were collected to serve an ambitious research program
on maritime pine, including genetic diversity and ecophysiological
studies, and are intended to fully represent variability among and
within populations of Moroccan maritime pine. Methods of sampling
individual trees and measurement of morphological characters were
inspired in those of previous studies, such as Maley and Parker [33]
and Boulli et al. [11]. A total of 232 trees (68 years old on average)
collected according to population’s size (16 to 35 trees per population)
were sampled: 147 from the Rif region, 50 from the Middle Atlas, and
35 from the High Atlas. For each tree and for each character studied,
we made 12 individual measurements. The main characteristics of the
sampled stands are listed in Table I. Trees were chosen randomly, with
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Table I1. Morphological and anatomical traits measured in Pinus pinaster Ait. populations from Morocco.

Traits Code Unit of measurement Method of measurement
Cone traits
Cone Length LC Caliper
Cone Width wC Caliper
Seed traits
Seed Weight WES Precision balance
Seed Length LS cm Caliper
Seed Width WS cm Caliper
Seed Depth DS cm Caliper
Wing Length LW cm Caliper
Wing Width wWw cm Caliper
Needle traits
Needle Length LN cm Caliper
Needle Width WN mm Caliper
Needle Depth DN mm Caliper
dN;f;?i;szoit?}ll Z:Ize(ri(l)ews on the NSRD counts 100x binocular microscope
Number of stomata rows on the NSRC counts 100x binocular microscope

convex face of the needle

Mediterranean Sea
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Figure 1. Location map of the nine native maritime pine populations
sampled in this study.

no phenotypical selection, and were atleast 50 m away from each other
to avoid sampling from related individuals. On average, 20 ripe cones
and 20 needles were collected from each tree during the summer of 2002.
Measured traits are cone length and width, seed length, width, depth
and weight, wing length and width, needles length width and number
of stomata rows on the convex and dorsal face of the needle. All meas-

ures are carried out on dried and mature cones, healthy seeds and
mature needles (see Tab. II for details). Some morphological traits
were chosen based on previous work on discrimination between tree
species (e.g., needle length [17, 23], seed wing length [9]). Measure-
ments were taken on an average of 12 cones per tree using a caliper,
12 seeds per cone using a precision balance and 12 needles per tree
using a 100x binocular microscope. Per tree averages were computed
and used for further analysis.

2.2. Data analysis

We noticed a high correlation among some of the measured mor-
phological variables (Tab. III). A Principal Component Analysis
(PCA) was conducted on the individual-tree mean for each trait. The
first four principal components (eigenvalue > 1), explaining 66.32%
of the total variance in our dataset, were retained. The first principal
component, PCA1, explained 28.00% of the total variance, while
PCA2, PCA3 and PCA4 explained 18.52%, 10.93% and 8.87%,
respectively. A varimax rotation was applied and differences among
populations for each trait and principal component have been analyzed
using a one-way analysis of variance (ANOV A). Homogeneity of var-
iance was tested by Levene’s statistic and the observation of residual
graphs. In addition, means were compared using Tukey tests for each
series of ANOVA analysis.

Correlation between population means for each morphological trait
and principal component, and environmental factors such as altitude,
latitude, longitude and precipitation were studied using Spearman’s
non-parametric correlation coefficient. This correlation coefficient is
adequate for samples of small size and non-normal distributions.
Finally, a hierarchical cluster analysis was performed and a dissimilarity
matrix was computed and subjected to an agglomeration method using
the average linkage clustering between groups.

The statistical analysis of the data was carried out using the SPSS
version 9.0 and the SAS version 8.0 statistical packages.
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Table III. Pearson coefficient of correlation between pairs of morphological traits determined for seeds, cones, wings and needles of Moroc-

can maritime pine populations (see Tab. II for abreviations).

wWwW WN wC WS LwW LN LC LS NSRD NSRC WES DN DS
wWw 1.000
WN 0.022  1.000
wC 0.018 -0.492 1.000
WS 0.241 -0.879** 0.434 1.000
Lw 0312 -0.532 0.225 0.781%* 1.000
LN 0.159  0916%* -0.505 —0.847**%  -0.496 1.000
LC 0.252  -0.508 0.485 0.778* 0.649 -0.583 1.000
LS 0.252 -0.510 0.384 0.780%* 0.906**  -0.575 0.634 1.000
NSRD  0.097  0.885** -0.543 -0.813**% -0.441 0.814**  —0.661 -0.380  1.000
NSRC -0.057  0.820*%* -0.264 —0.841%*% -0.467 0.885**  —0.702* -0.465  0.740* 1.000
WES 0.280 -0.857**  0.570 0.962*%*  0.712%  —0.873%* 0.780*  -0.756 -0.807** -0.826** 1.000
DN 0.077  0.957** -0.636  —0.823** -0.465 0.839**  —0.501 -0.476  0.903**  0.692* -0.796* 1.000
DS 0.209 -0.600 0.731* 0.628 0.220 -0.656 0.555 0.404 -0.696* -0.515 0.774* -0.635  1.000

* Correlation is significant at the 0.05 level (2-tailed), ** Correlation is significant at the 0.01 level (2-tailed).

Table IV. One-way ANOVA of cone, seed, and needle traits in nine
maritime pine populations in Morocco (see Tab. II for abbrevia-
tions). Significant values are represented by: P < 0.05: *; P < 0.01:
*#; P <0.001: #**,

Trait Mean squares
Among-populations Within-populations d
Cone traits
LC 82.392 44.006 1.872
wC 1.529 0.119 12.859%**
Seed traits
WES 0.00093 0.00012 7.518%**
LS 0.02820 0.00368 7.662%**
WS 0.09700 0.01400 6.897%**
DS 0.00328 0.00088 3.704%%*
LW 1.24700 0.07470 16.697*%*
wWwW 0.04270 0.00946 4.509%**
Needle traits
LN 60.289 2.706 22.283%%*
WN 0.9650 0.0202 47.673%**
DN 0.2740 0.0096 28.607%**
NSRD 68.320 3912 17.463%***
NSRC 58.255 2.173 26.812%%*
3. RESULTS

3.1. Within-population variability

High levels of morphological variation were found. The
ANOVA indicated that most of the variation resided among
populations, although a significant proportion of the total var-

iance could be attributed to individual differences within pop-
ulations (Tab. IV).

To estimate the proportion of intrapopulation variance, we
computed the average within-population coefficient of varia-
tion (CV) based on population means and standard deviations
(SD) for each trait (Tab. V). Our results showed that the seed
weight had the highest intrapopulation variation of all (CV of
15.7%). The number of stomata rows, both on the dorsal and con-
vex faces of the needle, also presented a high variability within
populations. The NSRD, for example, showed a CV of 16.5%
while the WSRC’s CV was 14.6%. On the other hand, the seed
width (WS) had the smallest intrapopulation CV (6.8%). In
general the needle traits showed the highest within population
variability and the seed traits the lowest.

3.2. Among-population variability

Differences among populations for all measured traits were
highly significant as shown by one-way ANOVA tests (P < 10-3)
with the exception of cone length that was only moderately sig-
nificant (P = 0.057). Values of morphological and anatomical
traits for needles, seeds and cones were highly correlated. The
PCA1 had high factor loads of traits related to seed morphology
(LS, DS, WS, WES, LW and WW) whereas PCA2 was corre-
lated with most needles traits (DN, LN, NSRD and NSRC) and
PCA3 represented cone size traits (LC and WC). Finally, PCA4
was highly correlated with needle width (0.92) and marginally
correlated with cone length (-0.49). Among-population variabil-
ity revealed remarkable features for different traits in maritime
pine, as we describe below.

3.2.1. Needle traits (LN, WN, DN, NSRD, NSRC)

The Punta Cires population in the Occidental Rif showed
the highest mean values for most needle characters with a nee-
dle length (LN) of 15.16 + 3.30 cm, a needle width (WN) of
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Figure 2. Population means and Tukey 95% confidence intervals for
PCAZ2, which mainly represents needle traits.

2.38 £ 0.19 mm and a needle depth (DN) of 1.16 + 0.10 mm,
while the lowest values (length = 11.06 + 1.60 cm, width = 1.69 +
0.09 mm and depth=0.71 + 0.08 mm) were found in Tadiwine’s
(TAD) population also located in the Rif mountains but at a
higher altitude (above 1500 m a.s.]). Similarly, the mean values
of the number of stomata rows increased from 8.58 + 1.93 (TAD)
to 14.62 = 1.84 (PC) for the dorsal face and from 9.13 + 1.13
(TAD) to 13.45 + 1.75 (PC) for the convex face of the needle,
respectively. Differences between these characters in the PC
and TAD locations were statistically significant, as shown by
a Tukey test (Tab. V) for four out of the five morphological
traits measured in this group. Additionally, for two of the traits
(DN and NSRD), PC population appears to form a homogene-
ous group with Koudiat Erramla (KR), a nearby Rif population,
suggesting that the populations of the two regions have strong
similarities.

Differences among populations within the Rif region were
obvious when population means for PCA2 (highly correlated
with all needle traits except needle width) were computed (Fig. 2).
In contrast, PCA4, mainly associated with needle width, did not
show appreciable variation among populations (Tab. VI).

The results showed above indicate a subdivision in the Rif
region according to morphological and anatomical traits for
needles. The biggest needles were found at the Mediterranean
coastal populations whereas the smaller ones were found at
southeastern high altitude Rif locations.

3.2.2. Seed traits (WES, LS, WS, DS, LW, WW)

Differences among populations were less clear for seed traits
than for needle traits. TAD population presented the highest mean
values in seed weight (0.065 £0.011 g), width (0.48 £ 0.03 cm)
and depth (0.33 £ 0.05 cm). However, the test of separation of
means using PCA1 (highly correlated with seed traits) did not
clearly differentiate this population from the rest. The highest
mean values for seed length (0.87 + 0.09 cm) were found at
Talaghine (TAL), a Middle Atlas population. Punta Cires (PC)
had low mean values of seed weight (0.044 + 0.0072 g), length
(0.73 £ 0.04 cm), width (0.42 + 0.03 cm) and depth (0.29 +

0.02 cm), but only the differences in seed weight from all the
other populations were significant (Tab. V).

The wing length and wing width ranged from 2.49 +0.22 cm
(PC) to 3.34 £ 0.38 cm (TAL) and 0.88 + 0.09 cm (TAMIJ) to
1.00 £ 0.08 cm (KR), respectively. Longer and larger wings
were found in some populations from Occidental Rif and the
Middle Atlas, but were not restricted to a geographic region.
An inter-population comparison showed that wing width was
more homogeneous, with an among-population coefficient of
variation of 3.74% than wing length, having a coefficient of
variation of 8.49%.

3.2.3. Cone traits

The morphological traits characterizing cone size (length
and width) showed again notable differences between Occi-
dental Rif and southwestern Rif populations. The biggest cones
were found at TAD population whereas PC and KR had some
of the smallest. In fact, cone length and width varied from 10.52 +
1.39 cm (PC) to 12.87 + 1.31 cm (TAD) and 4.58 £ 0.32 cm
(PC) to 5.16 + 0.35 cm (TAD), respectively and the PC mean
score (—1.580 + 1.231) for PCA3 (associated to cone traits) was
significantly different from the TAD score (2.187 + 1.314).

3.3. Geographical structure of morphological
and anatomical traits

The correlation between all morphological and anatomical
traits and principal components from the PCA, with altitude,
latitude, longitude and precipitation is shown in Table VII. Lati-
tude is highly correlated with altitude (-0.83), i.e. the southern
populations are located at higher altitudes and these two effects
cannot be differentiated. Cone traits are related to latitude/alti-
tude. The biggest cones were found in high altitude populations
in southern Morocco (correlation between WC and LC and alti-
tude was 0.73 and 0.52, respectively) but only the WC-altitude
correlation was statistically significant at the 95% level. Most
needle traits, on the contrary, were negatively correlated with
altitude. The PCA3 (highly correlated with needle traits)
showed significant correlation with altitude (0.72). Seed traits
did not clearly correlate with any of the geographic parameters.
Some of these traits were marginally correlated with rainfall
(WES: 0.40, DS: 0.55 and WW: 0.32) but the correlation were
not statistically significant.

Finally, all morphological and anatomical traits were used
in a hierarchical cluster analysis (Fig. 3). The resulting dendro-
gram allowed to distinguish three groups for this species in
Morocco: (i) Mediterranean coastal populations, PC and KR,
(i1) southeastern Rif, composed only by population TAD, and
(iii) the rest of populations, covering most of the range of the
species (JB, ADL, MAD, TAMIJ, TAL and SM), with a slight
differentiation of MAD population.

4. DISCUSSION

We found a high level of morphological variability among
Moroccan populations of maritime pine. In particular, needle traits
varied clinally with latitude/altitude and allowed the subdivision
of Rif’s populations in two groups: coastal and southeastern
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Table VI. Descriptive statistics (mean and standard deviation) for
four principal components summarizing variation in morphological
and anatomical traits of Moroccan maritime pine (see text for a
description of factor loadings). Homogenous groups at 95% confi-
dence (Tukey) are represented by the same letter for each trait.

Descriptive

Population L PCALl PCA2 PCA3 PCA4
statistics
PC Mean -3.800 4.841 -1.580 -0.300
(SD) (2.033) (1.612) (1.231) (0.453)
Tukey A C A A
KR Mean 0.176 2.960 —-0.860 -0.120
(SD) (2.306) (2.249) (1.207) (0.444)
Tukey B,C B AB A
JB Mean 1.113 —-1.000 —-0.280 0.030
(SD) (3.377) (2.000) (1.591) (1.678)
Tukey C D B.C A
ADL Mean -0.290 -0.260 -0.630 -0.260
(SD) (3.408) (2.220) (1.430) (0.478)
Tukey B,C D AB A
MAD Mean —-0.050 —-0.680 -0.010 0.100
(SD) (2.338) (1.872) (1.348) (0.648)
Tukey B,C D B.C A
TAD Mean 2213 -3.290 2.187 0.454
(SD) (3.175) (1.075) (1.314) (2.642)
Tukey C A D A
TAMJ Mean —-1.460 -0.500 -0.300 0.086
(SD) (2.436) (1.331) (1.059) (0.539)
Tukey AB D B,C A
TAL Mean 2.229 -0.610 0.860 -0.010
(SD) (2.419) (1.623) (1.427) (0.563)
Tukey C D CD A
SM Mean —-0.060 -0.550 0.603 -0.110
(SD) (2.669) (1.685) (1.522) (0.464)
Tukey B.C D C A

Mediterranean populations. Cone traits also showed clinal var-
iation with latitude and altitude, the biggest cones being col-
lected in high altitude southern populations.

Our results are in line with those reported by Destremau [16]
showing variation for seed length, wing color and cone weight
in Moroccan maritime pine populations. Several other authors
have shown remarkable differences among Mediterranean
provenances of maritime pine (including Moroccan popula-
tions) in needle (length, depth, width and persistence) and cot-
yledon (length and number) traits [17, 23, 45]. Previous studies
and our own results indicate high levels of morphological vari-
ability in Moroccan maritime pine. Although our samples may
seem small, their independence and the random sampling tech-
nique used to select individuals make them statistically repre-
sentative as each member of the population is equally likely to
be chosen at any stage in the sampling process.

In a study of morphological variability of needles, cones,
seeds and stems of one native Moroccan population from Mid-
dle Atlas (Tamrabta), Achouak [1] found high intra-population
variation. In fact, the analysis of variance based on these mor-
phological criteria showed highly significant differences
among trees for most of the traits with the exception of the

Table VII. Spearman non-parametric coefficient of correlation between
single morphological traits and principal components and geogra-
phic parameters (latitude, longitude, altitude and rainfall. Significant
values are represented by: P < 0.05: *; P < 0.01: **; P < 0.001: ***,

Trait Latitude Longitude Altitude Rainfall
Cone traits
LC -0.433 -0.133 0.517 0.083
wC —0.867%** —-0.083 0.733%* -0.183
Seed traits
WES -0.350 0.050 0.333 0.400
LS -0.267 -0.100 0.233 0.033
WS -0.600 —-0.100 0.533 0.100
DS —0.268 -0.017 0.200 0.550
LW -0.133 -0.333 -0.017 0.100
wWWwW 0.300 0.067 -0.283 0.316
Needle traits
LN 0.633 0.650 —0.667* 0.067
WN 0.667* 0.100 —0.667* 0.400
DN 0.417 0.450 —-0.333 -0.267
NSRD 0.183 0.483 -0.267 —0.683*
NSRC 0.617 0.383 —-0.500 -0.217
Principal components
PCALl -0.317 0.017 0.217 0.067
PCA2 0.367 0.250 -0.467 —0.400
PCA3 -0.717* -0.200 0.717* -0.017
PCA4 —-0.400 -0.600 0.467 0.117
SM
_|: TAL
TAMJ
—|: ADL
JB
MAD
PC
| «
| TAD
—tt—
25 20 15 10 5 0

Figure 3. Dendrogram (hierarchical clustering) of nine natural popu-
lation of Moroccan maritime pine based on morphological and ana-
tomical traits.

number of whorls per tree, the number of branches per tree and
stem straightness. High levels of morphological variation have
also been found in other pine species from Morocco. Boulli et al.
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[11], studying 15 natural populations of Aleppo pine (Pinus
halepensis Mill.) representing its natural distribution in Morocco,
found a significant differentiation among localities. The higher
variability was found in seed size, cone length and width and
needle length, seed wing traits being more homogeneous
throughout the entire Moroccan Aleppo pine range. Aleppo
pine showed a clinal pattern of variation (latitudinal, altitudinal
and longitudinal) in cone, needle and seed traits similar to that
described here for maritime pine [11]. Other tree species have
also shown high morphological variation in natural populations
from Morocco (e.g., cork oak; [47]).

Our sampling covered a wide latitudinal (from 35° 55’ N to
36° 28’ N) and longitudinal (from 5° 28* W to 6° 50 W) range,
including populations from costal regions at 40 m a.s.l. to
1910 m a.s.l. the High Atlas. The variation in climatic condi-
tions might explain the differences in morphological traits
between populations. The highest differences among popula-
tions were found in needle traits between Mediterranean coastal
populations (PC and KR) and the southeastern Rif population
TAD, which also had marked climatic differences (see Tab. I).
Needles were largest in the lower lands of the Rif (PC) and
smaller in the high-altitude population of TAD. In contrast,
seeds and cones were largest in the high Rif and smaller in the
low lands. Precipitation in the high-altitude Rif is two-fold the
precipitation in the lowlands. In fact, populations PC and KR
grow in major alluvial plains with Mediterranean influence
(semi-arid to sub-humid climate) whereas the rest of the pop-
ulations sampled belong to the humid climatic zone. Climate
conditions appear to be important determinants of the morpho-
logical traits of pine trees. Needle morphology traits, such as
stomatal density, appear to be linked to variations in water
availability and temperature stress tolerance. It has been shown
in some pine species that seedlings from drought-tolerant
sources have shorter needles and fewer stomata per needle than
seedlings from the drought-sensitive sources [15]. Our results
suggest that the population of maritime pine in the higher Rif
(TAD) might have adapted to drought conditions as it is char-
acterized by shorter needles and smaller number of stomata
compared to similar populations at lower altitude (PC) with
moderate temperature and humidity regimes. In other study,
using neutral allozyme markers [53] genetic differences were
also found among Rif populations (PC/KR and TAD). Hence,
a genetic component in the observed differences in morphology
cannot be ruled out. In particular, Punta Cires population (PC)
has previously been reported as belonging to a lineage different
from the rest of Moroccan populations [13]. The evolutionary
history of a region determines the distribution of the genetic
variability within and among populations of a given species [6,
20, 49]. In Morocco, population differentiation of Rif’s popu-
lations might have been favored by a complex geological his-
tory, including major glacial events, which led to a mosaic of
soil types and climatic conditions [19, 43]. Alternatively, the
differentiation of these populations could have been promoted
by old plantations using Iberian seed sources during the Span-
ish Protectorate in the region (1912-1956). Maritime pine was
a frequent choice for reforestation in the 1940-1950’s and the
putative artificial origin of Punca Cires population has been
suggested in early botanic studies of northern Morocco [46].

Variability of morphological and anatomical traits in needles
and cones was correlated with latitude/altitude in Moroccan

maritime pine. Early studies of variation in morphological traits
in conifers have shown that phenotypic variation is frequently
arrayed clinally in response to environmental gradients such as
those for temperature or rainfall [S0]. Monson and Grant [35]
showed that the number of stomata rows on dorsal and convex
faces in needles was, in part, related to an altitudinal gradient.
Boulli et al. [11] and Parker et al. [38] showed clinal gradients
(altitude, latitude and longitude) of morphological variation in
cone, seed and needle traits and suggested an important role of
natural selection and adaptation to a rapidly changing environ-
ment in the establishment of these patterns. Morphological and
physiological acclimation responses are frequently reported in
tree species [21, 33, 44]. For example, anatomical and morpho-
logical traits, such as those related to stomata or needle mor-
phology, may be indirectly correlated with rainfall gradients
because crown needles have different photosynthetic responses
depending on their characteristics [5], a fact which has been
linked to drought tolerance and preferences for a particular hab-
itat [12], as well as to intraspecific population differentiation
[18]. In maritime pine, significant differences among prove-
nances were found concerning physiological adaptation to
water stress in young seedlings [21, 29, 37].

In Morocco, anew framework for a fully integrated planning
process in forest conservation and management is needed. Inte-
grated goals need to be developed at various spatial scales to
obtain an adequate arrangement of different serial stages and
habitat types in Moroccan forests available for timber harvest-
ing [36]. This would provide habitat diversity and facilitate
post-logging regeneration. Knowledge on variability and iden-
tification of genetic and/or taxonomic units is critical in the
domestication of any species. Morphometric and morphologi-
cal trait analyses are useful to identify taxonomic units and to
develop model bio-indicators to predict phenotypic responses
to environmental variation. Key findings in this field could have
important implications for habitat and biodiversity conservation
and breeding. In our study, we found notable differences in
morphological traits among maritime pine populations in
Morocco. This information can be useful for the reforestation
programs in Morocco as we identified some differences among
populations that belong to the same geographic area. Indeed, the
pattern of variation described for maritime pine in this paper
reflected a larger variation in morphological traits than previ-
ously reported in the Moroccan range of this species. However,
multisite common garden experiments would be needed in order
to completely separate environmental and genetic factors
explaining the observed level of natural variability.
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