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Abstract Genetic diversity at nine isozyme loci was sur-
veyed in an endangered tree species, the argan tree, en-
demic to south-western Morocco. The species is highly di-
verse (3.6 alleles/locus) with populations strongly differ-
entiated from each other (Fg1=0.25). This example is used
to illustrate a method for standardizing measures of alle-
lic richness in samples of unequal sample sizes, which was
developed for the estimation of the number of species and
relies on the technique of rarefaction. In addition, it is
shown that the measure of subdivision, pgy, obtained when
allelic richness is used in place of 4 (Nei’s index of diver-
sity), is much larger than the Fgr [e.g. ps7(40)=0.52, where
(40) indicates the specified sample used to estimate the al-
lelic richness]. This suggests that rare alleles (which
strongly influence measures of allelic richness) have a
more scattered distribution than more frequent ones, a re-
sult which raises special conservation issues for the argan
tree.
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Introduction

The argan tree [Argania spinosa (L.) Skeels, Sapotaceac]
is a multi-purpose tree species endemic to South-Western
Morocco where it plays a key role in the local economy
(Morton and Voss 1987; Benchekroun and Buttoud 1989).
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The high-quality oil extracted from its seeds represents a
significant contribution in fatty acids to the diet of the
local population in the Souss valley. In addition, the leaves
and fruits are used as forage for goats and camels and the
wood is transformed into charcoal. Individual trees can live
up to 250 years (Ehrig 1974). The architecture of the tree
varies from a fully erect to a weeping habit. The flower-
ing and fruiting phenologies are also very variable, and the
nuts, globular or oval, are produced from early spring to
mid summer. The species is now regenerated nearly exclu-
sively by sprouts after clear cutting (Monnier 1965). In-
deed, although the seeds can germinate readily, overgraz-
ing generally prevents regeneration by seeds.

Its main range is limited to the south-west of the coun-
try, in the Agadir region, north of Qued Draa and south of
Oued Tensift (Emberger 1925; Pelletier 1982) (Fig. 1). The
area covered by this species (800 000 hectares, Ayad 1989)
probably represents less than half of its distribution at the
beginning of this century (Monnier 1965). The presence of
asmall, isolated population in the high valley of Oued Grou
near Rabat, and the existence of a larger population grow-
ing on the northern slopes of the Beni-Snassen mountains
north-east of Oujda near the Mediterranean coast (Maire
1939), could be evidence of this former more-widespread
distribution (Tregubov 1963).

The situation of the argan tree forests is becoming very
serious. In 1949 Dupin mentioned average densities rang-
ing from 150 to 250 trees per hectare in the Souss plain
and 50 trees per hectare in the Anti Atlas. Now the density
has shrunk to about 30 trees per hectare and some ““forests”
have less than ten trees per hectare (Nouaim et al. 1991).
Damage caused by human pressure and by goats and cam-
els has probably been accelerated by climatic hazards.

Since the disappearance of argan trees will often result
in a rapid desertification process, its conservation fepre-
sents a high priority. In particular, given the various cli-
mates under which it grows (arid or sub-arid, with coastal
or more continental influences), and the variety of edaphic
conditions encountered across its range, the description
and conservation of its genetical resources seem particu-
larly important. Except for the preliminary study of
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Fig. 1 Map of the location of the populations of argan trees and
main range of the species

Msanda (1993), who identified two polymorphic enzyme
systems, the present study provides the first data on the ge-
netic diversity of this species across its range, and includes
the two marginal populations mentioned above.

In the population genetic literature, very few measures
of gene diversity are used. The most successful is the Simp-
son (1949) index popularized in genetics by Nei (1973).
However, this measure emphasizes differences in allelic
frequencies rather than in the number of alleles. Since for
conservation purposes an emphasis on the number of al-
leles seems more adequate, measures such as the percent-
age of polymorphic loci or allele numbers per locus may
be more appropriate. However, these measures depend on
sample size and can not therefore be compared across stud-
ies. Hence, although often reported, measures of allelic
richness are little discussed and exploited. Here, we apply
the method of rarefaction, previously described in the ec-
ological literature (Hurlbert 1971), to the alielic data of ar-
gan tree populations and show that simple, immediately
interpretable, and comparable measures of allelic richness
can be easily obtained.
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Materials and methods

Ten populations were sampled from diverse ecogeographic sites
throughout the species range. Among them, two represent the relic
populations of Oued Grou and Beni-Snassen (Table 1 and Fig. 1).
The sampled area was 1 to 2 hectares, except for the low-density
Saharan population of Goulimine where about 100 hectares had to
be sampled to have enough trees represented. Seeds were collected
from each site as open-pollinated families and germinated. The mul-
tilocus genotype of 292 seedlings (one per mother tree) was obtained
at nine different polymorphic isozyme loci.

Protein extracts were produced by grinding 200 mg/0.2 ml of
young leaves in Tris-HCl (pH 7.6) buffer containing: 0.1 M Tris, 10%
glycerol, 1% polyethyleneglycol 20000, 1% polyvinylpyrrolidone
and 2.5% 2-mercaptoethanol. After centrifugation at 20000 g for
30 mn at 2°C, the supernatants were stored at —20°C before use.

Electrophoresis was performed on 8.5% polyacrylamide gels at
300 V during 4 h, in a cooled Biorad vertical gel-apparatus. For the
Lap system, a continuous buffer (Tris Borate EDTA pH 8.3) was used
(Peacock and Dingman 1967), while for the four other enzymatic
systems, a discontinuous mode was preferred (Ornstein and Davis
1964). The staining procedures were those of Gabriel (1971) for Est,
Brunel (1979) for Amy and Lap, and Pasteur et al. (1987) for Got and
Adh. A total of nine putative polymorphic loci were interpreted from
the zymograms. These loci are characterised by a classical mono-
meric or dimeric quaternary structure depending on the enzyme
system (Table 2)

F-statistics were computed according to Pons and Chaouche
(1995) with a computer program provided by O. Pons. Nei’s genet-
ic distances were computed with the GD program of Ritland (1989).

Allelic richness was computed using the rarefaction method as
described in Hurlbert (1971) for ecological diversity when sample
sizes are unequal. Here we adapted this method to population genet-
ics. Let us first define the allelic richness at a locus, for a fixed sam-
ple size, as 7, the number of different alleles found when n genes
are examined at this locus. The corrected allelic richness at this lo-
cus is then r{,,=r(,—1, since the diversity must be zero when there is
a single allele fixed in the population (Patil and Taillie 1982). If a
total of N (>n) genes are examined at this locus, the expected num-
ber of different alleles in a sample of n genes is obtained with the
rarefaction method of Hurlbert (1971):

o=l = (o R

i

where N, represents the number of occurrences of the ith allele among
the N sampled genes. The average within-population allelic richness
is simply the mean across populations of the allelic richness for the
locus, rg,), whereas the allelic richness of the total population, rr,.
is obtained by first computing a weighted sum for each allele across
all k& populations and then applying formula (1) above; that is, com-
puting the expected number of different alleles when n genes are
sampled in the total population. Populations are weighted in inverse
proportion to their sample sizes, in order to give the same weight to
all populations. Because the rarefaction method supposes the use of
whole numbers, the weighted total is rounded to the nearest integer.

Table 1 Geographic origins of

the studied populations Population Abbreviation  Geographic origin Altitude (m)  Climate
Ademine AD Souss plain 90 Arid
Alt Baha AB Northern side of the Anti Atlas 550 Arid
Argana AR Southern side of the High Atlas 600 Arid
Beni-Snassen BS North-East of Oujda 260 Arid
Goulimine GO Northern limit of the Sahara 530 Arid
Mijji M1 Chichaoua plateau 350 Arid
Oued Grou oG South-East of Rabat 400 Sub-arid
Tafraout TA Northern side of the Anti Atlas 1150 Arid
Tamanar ™ Atlantic coast 170 Sub-arid
Tizint’est TT Southern side of the High Atlas 1200 Arid
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A measure of differentiation for allelic richness follows as: pgy=
1-7§ (ny/Prny- Mean measures of allelic richness and differentiation
are obtained by averaging over loci, R =274 /L, R'l:(n)=§ r$ Lo
and Pgre) =1-Ré )/ Ri ) where [ indexes the loci and L is the total

Table 2 Description of the enzyme systems used and number of al-
leles detected

Enzyme Locus Quaternary Alleles

(EC number) structure

Est

(EC3.1.1.6.) Est-1 Monomeric 3
Est-2 Monomeric 5

Got

(EC2.6.1.1.) Got-1 Dimeric 2
Got-2 Dimeric 5
Got-3 Dimeric 5

Amy

(EC3.2.1.1.) Amy-1 Monomeric 5

Lap

(EC34.11.1) Lap-1 Monomeric 3
Lap-2 Monomeric 2

Adh

(EC1.1.1.1) Adh-3 Dimeric 2

Total 9 32

number of loci. Note that the Simpson index may be considered as
a particular measure of corrected allelic richness since it becomes
identical to the expected number of different alleles in a sample of
two genes, minus one, when N is large enough. As a consequence,
Psty=Fsr

Results

Altogether, 32 alleles were identified for the nine loci (2-5
per locus, with amean of 3.6). Allelic frequencies are given
in Table 3. Note the presence of eight specific alleles: the
two populations growing at altitudes higher than 1 000 m,
Tizint’est (High Atlas) and Tafraout (Anti Atlas), both have
three specific alleles. The population of Goulimine, at the
northern limit of the Sahara, has one specific allele. More-
over, it has a second allele (Adh-3A) at high frequency
(0.688) which is found elsewhere only in the Ademine for-
est, at low frequency. The relic population of Beni-Snas-
sen also has one specific allele, Lap-1B, with a frequency
of 0.433. In addition, it is fixed for the Got-1A allele, which
is found only at much lower frequency in the Tafraout pop-
ulation. Finally, both northern relic populations (Oued
Grou and Beni-Snassen), are characterised by a high fre-
quency of the Amy-1D allele (higher than 0.45) which is

Table 3 Allelic frequencies in the ten Moroccan populations. Alleles of special interest are in bold characters. Population-specific alleles

are underlined

Allele Population
TT AR AD AB TA GO MI ™ oG BS

Est-1A 0.520 0.475 0.512 0.475 0.517 0.047 0475 0.550 0.517 0.467
Est-1B 0.040 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.017 0.000
Est-1C 0.440 0.525 0.450 0.525 0.483 0.953 0.525 0.450 0.467 0.533
Est-2A 0.070 0.050 0.038 0.000 0.000 0.000 0.000 0.000 0.000 0.083
Est-2B 0.510 0.550 0.438 0.400 0.483 0.688 0.525 0.475 0.467 0.917
Est -2C 0.050 0.000 0.087 0.075 0.117 0.000 0.000 0.050 0.000 0.000
Est-2D 0.370 0.400 0.438 0.525 0.400 0.203 0.475 0.475 0.533 0.000
Est-2E 0.000 0.000 0.000 0.000 0.000 0.109 0.000 0.000 0.000 0.000
Got-1A 0.000 0.000 0.000 0.000 0.250 0.000 0.000 0.000 0.000 1.000
Gor-1B 1.000 1.000 1.000 1.000 0.750 1.000 1.000 1.000 1.000 0.000
Got-2A 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.000 0.000 0.000
Got-2B 0.520 0.450 0.375 0.525 0.467 0.922 0.525 0.500 1.000 0.517
Got-2C 0.060 0.050 0.237 0.375 0.433 0.000 0.000 0.050 0.000 0.000
Got-2D 0.410 0.500 0.387 0.100 0.050 0.078 0.475 0.450 0.000 0.483
Got-2E 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Got-3A 0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Got-3B 0.450 0.525 0.538 0.525 0.133 0.000 0.000 0.000 0.000 0.000
Got-3C 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000
Got-3D 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.000
Got-3E 0.510 0.475 0.463 0.475 0.817 1.000 1.000 1.000 1.000 1.000
Amy-1A 0.530 0.900 0.538 0.850 0.517 0.922 0.575 0.550 0.550 0.533
Amy-1B 0.450 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Amy-1C 0.000 0.100 0.063 0.050 0.000 0.000 0.000 0.000 0.000 0.000
Amy-1D 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.450 0.467
Amy-1E 0.000 0.000 0.400 0.100 0.483 0.078 0.425 0.450 0.000 0.000
Lap-1A 0.000 0.000 0.000 0.000 0.033 0.078 0.100 0.000 0.000 0.000
Lap-1B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.433
Lap-1C 1.000 1.000 1.000 1.000 0.967 0.922 0.900 1.000 1.000 0.567
Lap-2A 0.970 1.000 1.000 1.000 1.000 1.000 1.000 0.575 1.000 1.000
Lap-2B 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.425 0.000 0.000
Adh-3A 0.000 0.000 0.063 0.000 0.000 0.688 0.000 0.000 0.000 0.000
Adh-3B 1.000 1.000 0.938 1.000 1.000 0.313 1.000 1.000 1.000 1.000




nearly absent in the other populations. Hence, it appears
from this preliminary survey that important genetic differ-
ences exist among populations of the argan tree.

Intrapopulation genetic structure

The mean observed heterozygosity, the mean expected ge-
netic diversity, and the multilocus heterozygote deficit

Table 4 Intrapopulation genetic measures. N: number of diploid in-
dividuals sampled per population. Nb. All./locus: means the number
of alleles per locus observed (Obs.) and expected in samples of
40 genes and 10 genes. H, and H,: observed and expected heterozy-
gosity. Fig: heterozygote deficit
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(Fis) were computed for each of the ten populations (Ta-
ble 4). In addition, the mean number of alleles per locus
was computed for all these populations, as well as the ex-
pected mean number of alleles per locus, in samples of 40
genes or of ten genes, with the rarefaction method de-
scribed above (Table 4). A detail of the computations in-
volved is provided for one of the loci (Es#-2, Table 5). In
each population, the probability of sampling each of the
five alleles of this locus is computed if only ten genes had
been scored. The sum of these probabilities is the expected
number of different alleles in a sample of ten genes ob-
served and corresponds to formula (1).

For each population, the mean number of alleles per lo-
cus for uniform sample sizes of ten and 40 genes can then
be compared with the results observed with uneven sam-
ple sizes. The effect of the correction is clear: for instance,

Pop. N Nb. All./locus H, H, Fig
the Tizint’est population, where 50 trees had been sampled
Obs. 40 10 (more than in any other population), was characterised by
- S0 244 205 185 0276 0314 012 the highest r_xumber of alleles per locus. This was clearly
AR 20 178 178 162 0.233 0.258 009 an artefact since, after correction, two populations where
AD 40 292 219 191 0.306 0.333 0.08 the sample sizes were smaller turned out to be actually
AB 20 1.89 189 160 0267 0273 002 more diverse. Figure 2 further illustrates the relationship
TA 30233 227 190 027 0.333 0.19  petween the three measures of diversity, He, R0y, and
GO 32 1.78  1.77 142 0.156 0.161 0.03 R A ted. the best lati . btained
MI 20 156 156 152 0200 0248 0.9 ‘ir@oy AS eXpected, the best correlalion 15 oblaine
™ 20 178 178  1.65 0267 0294 0.09 between the allelic richness R, and Nei’s diversity He:
0G 30 144 141 135 0.163 0170  0.04 r=0.95 (P<0.01) (recall that He is nearly identical to R,
B3 30 156 156 151 0244 0242 -0.01 a5 mentioned in the Materials and methods section). The
Mean 29 188 182 163 0214 0238 0.09 correlat‘iog l?etween R%(40y and He is smaller, though st_ill
very significant (r=0.70, P<0.01). Populations with
Table 5 An illustration of the
use of the rarefaction technique Population Est-2A Est-2B Est-2C Est-2D Est-2E Total
using the Esz-2 locus
TT Obs. Nb. 7 51 5 37 0 100
Prob. (10) 0.533 1.000 0.416 0.993 0.000 2.942
AR Obs. Nb. 2 22 0 16 0 40
Prob. (10) 0.442 1.000 0.000 0.998 0.000 2.440
AD Obs. Nb. 3 35 7 35 0 80
Prob. (10) 0.334 0.998 0.623 0.998 0.000 2.953
AB Obs. Nb. 0 16 3 21 0 40
Prob. (10) 0.000 0.998 0.589 1.000 0.000 2.587
TA Obs. Nb. 0 29 7 24 0 60
Prob. (10) 0.000 0.999 0.741 0.997 0.000 2.737
GO Obs. Nb. 0 44 0 13 7 64
Prob. (10) 0.000 1.000 0.000 0.916 0.715 2.631
MI Obs. Nb. 0 21 0 19 0 40
Prob. (10) 0.000 1.000 0.000 1.000 0.000 2.000
™ Obs. Nb. 0 19 2 19 0 40
Prob. (10) 0.000 1.000 0.442 1.000 0.000 2.442
oG Obs. Nb. 0 28 0 32 0 60
Prob. (10) 0.000 1.000 0.000 1.000 0.000 2.000
BS Obs. Nb. 5 55 0 0 0 60
Prob. (10) 0.612 1.000 0.000 0.000 0.000 1.612
Mean Prob. (10) 0.192 0.999 0.281 0.890 0.071 2.434
Total Weight. tot. 14 318 22 223 6 583
Prob. (10) 0.217 1.000 0.321 0.992 0.099 2.629
$010) 1.434
a0y 1.629
PsT10) 0.119
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similar values of He do have differences in allele numbers,
as for instance in the case of Goulimine (He=0.161,
R740=1.77) and Oued Grou (He=0.170, Riyg=1.41).
This Iatter relic population is actually characterised by the
smallest allelic richness. Finally, all populations except the
relic one of Beni-Snassen are characterised by a deficit of
heterozygotes (Fig>0).

Interpopulation genetic structure

The summary of the interpopulation statistics is given in
Table 6. In addition to the traditional measures of diver-
sity (i.e. the observed heterozygosity, the mean intrapop-
ulation and the total diversity kg, hg and Ay, and the dif-
ferent F-statistics), measures of allelic richness, r“and pgr,
are also provided. The details of their computation is
provided in Table 5 for the Est-2 locus. The parameter
rs10y=2-43 corresponds to the mean within-population al-
lelic richness. The expected number of distinct alleles
when ten genes from the total population are sampled at
this locus 18 rp0=2.63. The differentiation is then
Pstaoy=1-(2.43-1)/(2.63-1)=0.12.

The mean estimate of Fg=0.09 indicates limited, but
general, departure from panmixia. On the other hand, the
level of subdivision, measured by Fgqr, is very high for a
forest-tree species, 0.25. However, the two other measures
of differentiation, pgr(10y=0.38 and Pgr40)=0.52, indicate
that the partitioning of genetic diversity as measured by
the allelic richness is even stronger. In Fig. 3, the relation-
ship between the three measures of differentiation is illus-
trated by plotting, the pgr values as a function of the Fgy
for each locus. In most cases, Psrwuo>Pst0>Fst
[=Ps1(2)]> although there are exceptions. For instance, for
the Gor-1 locus, pgr(10)<Fst Whereas for the Got-3 locus,
Pstaoy<Pst(10y- Overall, the correlation at the single locus
level between Fgr and pgr(iq) is high: 0.87 (P<0.01);
between Fgr and pgr4q) it is 0.81 (P<0.01).

The genetic relationship between the populations is
illustrated by the dendrogram with standard error bars con-
structed with Nei’s measure of genetic distances (Fig. 4).
The clusters are significant if the bars are roughly less than
half the branch length (Ritland 1989). All populations can

| -
1901 = 40 <10 .

Allelic richness -1

0.30

0.25
Nei's diversity

0.35

Fig. 2 Correlation between genetic diversity measured with Nei’s
index in each population and corrected allelic richness R’ of that pop-
ulation (i.e. the mean number of alleles per locus in samples of ten
and 40 genes, minus one). Note the better correlation when allelic
richness is measured in samples of ten genes
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Fig. 3 Relation between single-locus measures of subdivision for
allelic richness [pgr(0) and Pgrgy] and Fsy at this locus. In most
cases, differentiation for allelic richness is higher than Fgy

Table 6 Interpopulation genetic measures: F-statistics and allele-richness statistics

Locus ho hs hr Fis Fgr Fir 1510y 310y Pstioy TS0 740y Pst o)
Est-1 0.46 0.48 0.51 0.04 0.07 0.11 1.02 1.08 0.05 1.14 1.30 0.13
Est-2 0.46 0.52 0.56 0.10 0.08 0.17 1.43 1.63 0.12 1.78 2.78 0.36
Got-1 0.02 0.04 0.24 0.39 0.84 0.90 0.20 0.74 0.73 0.10 1.00 0.90
Got-2 0.42 0.47 0.57 0.10 0.18 0.26 1.25 1.76 0.29 1.63 2.26 0.28
Got-3 0.22 0.24 0.37 0.10  0.35 041 0.46 1.00 0.54 0.74 1.33 0.44
Amy-1 0.39 0.42 0.55 0.07 0.23 0.28 1.01 2.07 0.51 1.26 341 0.63
Lap-1 0.06 0.09 0.13 0.31 0.29 0.51 0.26 0.55 0.52 0.40 1.41 0.73
Lap-2 0.05 0.06 0.09 0.09 0.38 0.44 0.23 0.38 0.40 0.18 0.86 0.79
Adh-3 0.06 0.06 0.15 -0.01 0.63 0.62 0.15 0.55 0.73 0.20 0.96 0.79
Mean 0.24 0.26 0.35 0.09 0.25 0.32 0.67 1.08 0.38 0.82 1.70 0.52
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Fig. 4 Dendrogram of Nei’s genetic distances between populations

be significantly distinguished. The relic Mediterranean
population of Beni-Snassen is well separated from the
other populations (d=0.31). The southern population of
Goulimine is also strongly differentiated (d=0.18). Other-
wise the closest groupings (d<0.05) identify groups of geo-
graphically close populations.

Discussion

Hamrick et al. (1992) have summarized parameters of ge-
netic diversity in plant species in general with a particular
emphasis on trees. The data obtained here for the argan tree
can be compared with this survey. If the results of Table 6
(in particular £7=0.35, hg=0.26, and F¢=0.25) are com-
pared with those of the published survey, it appears that
the argan tree has a higher level of total diversity and sub-
division than many Angiosperms where on average
h=0.29, he=0.25, and Ggy[=Fy1]=0.10. Some of the fac-
tors that could contribute to these genetic features can be
deduced from the examination of Table 4 in the review of
Hamrick et al. (1992) and from Moran (1992). In particu-
lar, the high value of differentiation among populations
could originate from the combination of some of the fol-
lowing factors, all associated with a high Ggy: a reduced
geographicrange, the presence of disjunct populations, and
atemperate-tropical distribution. Insect pollination, which
is often associated with a reduced gene flow among pop-
ulations, could also be involved. Moreover, the low den-
sity of argan-tree populations, particularly under the Saha-
ran and arid interior climates, could lower the effective
population sizes, in conjunction with the asynchronous
flowering among and within sites. Hence, despite the fact
that these trees are apparently largely outcrossing, as seen
from the limited heterozygote deficit found in the popu-
lations, strong divergence between populations could
quickly build up.

In conservation biology, immediate threats are gener-
ally due to demographic factors. Genetic criteria such as
genetic diversity are more relevant for the long-term via-
bility of the species. Measures of genetic diversity based
on allelic richness have long been considered as important,
especially in the field of conservation genetics. Indeed, for
conservation purposes, it is essential to safeguard the larg-
est possible collection of alleles (e.g., Marshall and Brown
1975; Asins and Carbonell 1987; Millar and Westfall 1992;
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Schoen and Brown 1993). Allelic richness is particularly
vulnerable to a decrease in population size, such as a bot-
tleneck or a founder effect (Nei et al. 1975), contrary to
those measures of diversity which rely mostly on the more
frequent alleles, such as Nei’s measure. For instance, Nei
et al. (1975, their Table 3) showed that for two represen-
tative loci, 100 individuals sampled in the source popula-
tion will have 99.5% of the average heterozygosities of the
parental population but only 42-53% of its allelic rich-
ness. Surprisingly, to-date, no helpful method to compare
allelic richness across populations or species is available.
The effective number of alleles Ae (Kimura and Crow
1964) is independent of sample size but measures the even-
ness of allelic frequencies, not allelic richness. The mean
number of alleles per locus for the whole species or aver-
aged over populations, which is often reported (e.g. Ham-
rick etal. 1992), is obviously dependent on the sample size.
There are two possible solutions to obtain comparable
measures of allelic richness. One of them would consist in
extrapolating the number of alleles from a sample to the
whole population. In ecology, the problem of estimating
species richness through extrapolation has been given re-
cent attention (Colwell and Coddington 1994). But much
earlier, ecologists realized that the converse (estimating the
species richness in smaller samples of specified sizes) was
relatively easy. Sanders (1968) first introduced the method
of rarefaction, which was later refined by Hurlbert (1971).
Although cited in the well-known work of Marshall and
Brown (1975) on the optimal sampling strategies for ge-
netic conservation, the paper of Hurlbert does not seem to
have received much attention from geneticists.

In the present paper, an application of this method of
rarefaction to genetic data of special conservation interest
was presented. The data consisted of a set of populations
of an endangered tree species assessed for isozyme mark-
ers, in which the allelic richness is relatively high. Like the
traditional measure of diversity, allelic richness combined
with the technique of rarefaction may be used to derive a
measure of the subdivision of gene diversity. An analogue
to Ggr can be obtained, which we called pgry. Interest-
ingly, we found that in the case of the argan tree when n
increases, Pgry, also increases. Since with larger samples
rare alleles are increasingly taken into account, these re-
sults indicate that the rarer alleles have a less uniform dis-
tribution than the more frequent ones. Although expected
on theoretical grounds, this is not a trivial result. In a pre-
vious paper Petit et al. (1995) concluded that the Fgr mea-
sure was poorly suited to test the hypothesis that rare al-
leles, on average of more recent origin, should have more
circumscribed distributions than more frequent (i.e. older)
ones. Indeed these rare alleles may not have had enough
time to spread across the whole range of the species since
they appeared through mutation. In addition, as mentioned
above, they are much more susceptible to drift than more-
frequent ones.

The classical opinion that in many cases “most of the
genetic diversity resides within populations” seems to have
been largely misleading, since it is valid for a particular
interpretation of diversity which underestimates the impor-
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tance of the less frequent alleles, and is therefore not very
relevant in conservation genetics. Gregorius and Baradat
(1992) already warned that “in the field of conservation of
genetic resources, where knowledge of the distribution of
genetic variation is of the utmost importance, decisions
based on ambiguous measurements may have grave and ir-
reversible consequences”, and recalled that the use of the
Shannon-Weaver measure of diversity (Shannon and
Weaver 1949), if used in place of Nei’s diversity index,
will yield a different measure of subdivision. Here we dem-
onstrate that if allelic richness is used instead, the meas-
ure of subdivision obtained will increase as a function of
n, the number of genes sampled.

We are not aware of any previous attempt to compare
allelic richness within and among populations. Schoen and
Brown (1991) have noted that estimates of N, (obtained
using a population genetic model) are more variable among
populations of inbreeding plants as compared to outbreed-
ing species. Since this parameter is related to allele num-
bers, they concluded (Schoen and Brown 1993) that in-
breeders exhibit much more variation in allelic richness
among populations than do outbreeders. But this result is
obtained using several important hypotheses, whereas our
approach does not require any such assumptions and is also
more straightforward.

Since rarer alleles turn out to be more localized than
more frequent ones, the consequences of fragmentation are
likely to be more drastic than what could have been ex-
pected. Fragmentation, by impeding migration, and hence
the cohesiveness of the populations (Templeton et al.
1990), leads to the demographic independence of the fo-
rests which become increasingly susceptible to drift and
then to extinction. Therefore, the study of gene flow among
the remaining forests of argan trees would be particularly
important to assess.

The so-called relic populations of the argan tree have a
clearly reduced allelic richness. However, it is difficult, on
the basis of such data, to evaluate the time since they be-
came isolated from the main population. Indeed, the trans-
fer of a few seeds by man during historical time could lead
to an intense drift at the time of establishment, and this can
not be distinguished, with such markers, from a long-last-
ing, but less severe, drift. Additional markers, for which
the alleles can be ordered phylogenetically, may give an
answer to this problem.
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